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ABSTRACT

Water purification for human consumption, ecological management, agricultural
production, and industrial usage is quickly becoming one of the world’s top priorities.
The current level of water filtration technology must eventually be improved to provide
greater access to clean water in adequate quantities. In recent decades, much research has
focused on membrane technology for water filtration; however, more sophisticated
membrane technologies are emerging as advances in analytical and manufacturing
techniques continue.

Membranes enable water flow while blocking contaminants. Benefits include energy
efficiency, customization, and reduced operating requirements compared to other
methods, crucial for maintaining water quality and environmental preservation.
Hydrogels are three-dimensional networks of polymers that can absorb large amounts of
water. similar in structure to living tissues and have physical and chemical properties that
allow them to absorb water. Hydrogels can respond to changes in acidity, temperature,
light, electrical current, and salt concentration. The balance between hydrophilic and
hydrophobic components influences the swelling behavior of their network structures.
Hydrogels can be recycled without losing their adsorption capacity, making them
economically and environmentally sustainable. Kappa carrageenan, a linear anionic
sulfated polysaccharide derived from seaweeds, has a strong gel-forming capacity and is
thermoreversible. The unique physicochemical characteristics make it a viable option for
water filtration, and its ability to adsorb various toxins and pollutants provides an
alternative to traditional water treatment methods.

Kappa carrageenan is applied as a standalone filtration medium or in combination with

other nanomaterials, such as vanillin, activated carbon, and cellulose nanofibers, to
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improve its characteristic performance. Vanillin has been studied for its potential use in
water purification, particularly as a membrane surface modifier to improve antifouling
and filtration properties, and exhibits antibacterial properties, adsorption properties for
heavy metals and organic pollutants, and biodegradability. Activated carbon is another
adsorbent produced from various organic materials. It can remove organic compounds
and other impurities from water due to its large surface area and pore structure. Cellulose
nanofibers (CNFs) are nanoparticles derived from biodegradable natural sources and have
been used in water filtration due to their unique mechanical strength, large surface area,
and flexibility. The hydrophilic character of CNFs allows them to retain water effectively,
creating an ideal environment for hydrogel-based systems and environmental
applications. The potential of integrating kappa carrageenan hydrogel with vanillin,
activated carbon, or cellulose nanofibers to provide exceptional filtration media for water
purification, organic and heavy metal removal, and ion recovery from seawater and

wastewater solutions has been explored here.
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Chapter 1: Introduction

1.1 Global water scarcity

Water is a precious and indispensable natural resource, but unfortunately, there has been
rampant overexploitation of surface and groundwater in the past decade, which has led to
water scarcity in several regions across the globe. Although water envelops 70% of the
earth's surface, a mere 3% is freshwater, and a proportion of this freshwater reservoir is
trapped in ice, rendering it inaccessible. In addition to the increased demands on
freshwater, misuse of water resources, contamination, industrial growth, and climate
change are often blamed for water shortage. There are more than one billion individuals
around the world who do not have access to potable water, while 41% of the world
population lives in areas suffering from water stress (Service, 2006). As a result, this
increase in water demand has created many local and international conflicts for the
continuation of survival.

To address the water shortage problem, scientists focused on developing sustainable
methods for freshwater supply from unconventional sources, such as seawater and
wastewater. Arnal et al. 2010 reported that various technologies were created to provide
freshwater, including seawater desalination, wastewater treatment, and water reuse (Arnal
et al., 2010). Alternative water reuse methods, such as greywater, New water, and
wastewater, have reduced freshwater demand (Hoekstra, 2014). Several solutions for
addressing water scarcity include increasing water use efficiency, reducing water
pollution, adopting sustainable agricultural practices, promoting rainwater harvesting,
investing in water infrastructure, raising public awareness, implementing water pricing

policies, and developing new water supply technologies, illustrated in Figure 1.1.
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Figurel. 1. Factors contributing to water scarcity and various methods to mitigate it.

1.2 Research significance

Hydrogel membranes and filters were proposed for water purification and wastewater
treatment. Most developed and tested HGMs were for oil-water separation to achieve high
water flux and selectivity, whilst work on the HGM for desalination/ions separation was
scarce. The unique characteristics of good mechanical strength, thermo-reversibility,
biodegradability, and excellent adsorption capacity make kappa-Carrageenan (kC)
hydrogel novel for water purification and treatment. However, most kC applications in
separation technology are a facile method used for dye removal from wastewater by
adsorption on kC-based adsorbents. Despite kC being an excellent adsorbent for heavy

metals removal from aqueous solution with high performance during wastewater
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treatment, adsorption technology experiences shortcomings due to difficulties in
separating adsorbates, preparation cost, and requirements for high surface area. Besides,
adsorbent technology is a relatively slow treatment process and generates secondary
wastewater. This project aims to develop and test super flux kC composite HG filters for
purification and wastewater treatment by crosslinking the hydrogel with nanoparticle
additives to enhance the water permeability, membrane selectivity, and mechanical

strength. The proposed composite hydrogel filter addresses the concerns mentioned above

by:
1. Introducing a facile method to prepare a crosslinked kC hydrogel integrated with
nanoparticles for improved water flux and pollutant rejection.
il. Reducing capital and operating costs of water treatment using gravity or low-
pressure filtration methods.
1. Using environmental-friendly materials, biodegradable and recyclable, for

sustainable water treatment processes.

1.3 Research aims and objectives

This research aims to develop hydrogel filter media for water and wastewater purification
and resource recovery. The developed hydrogel filter is gravity-driven or ultra-low-
pressure to reduce operating costs. It will be a cheaper alternative for pressurized
membrane technologies, especially when no infrastructures for filtration processes are in
place or emergencies. The thesis work objectives are:

1. To investigate the feasibility and performance of kC hydrogel crosslinked with vanillin

for water and wastewater treatment. The experimental work will study the impact of feed



pH, concentration, hydrogel thickness, and kC concentration on the performance of the
filtration process.

2. To evaluate activated carbon powder and vanillin as a crosslinker with the kC hydrogel
for organic-contaminated wastewater treatment. Perfluorooctanoic acid (PFOA)-
contaminated wastewater was tested for the hydrogel treatment. The study will also assess
the impact of the hydrogel thickness, feed pH, and AC concentration on the water flux
and rejection rate.

3. To investigate the feasibility of resource recovery from wastewater by the kC hydrogel.
Desorption tests will be conducted for heavy metals recovery from the hydrogel at the
end of the filtration process, followed by reverse osmosis treatment of the brine solution
for valuable meyal ions recovery. Hydrogel recycling for reuse will also be investigated
to reduce the filtration cost.

4. To investigate the feasibility of cellulose nanofibers (CNF) crosslinker to improve the
hydrogel membrane's rejection rate and water flux. A parametric study will investigate
the impact of CNF concentration, hydrogel thickness, etc., on the water flux and rejection

rate for seawater treatment.

1.4 Research questions

1. Will the kC hydrogel be capable of separating a mixture of organic pollutants and
dissolved metal ions in an aqueous solution at a high selectivity level?

2. Can a low-pressure kC hydrogel with a high recovery rate be developed to eliminate
brine waste production?

3. How readily can sorbed heavy metals be desorbed and recovered?



1.5 The research hypothesis

1. Nanomaterials are crosslinked with kC to control the porosity, functional groups, and
hydrophilicity of the composite hydrogel membrane for organic and heavy metals
removal from aqueous solution and

2. kC is a thermoreversible hydrogel, i.e. can be melted and hardened by heating and
cooling and thermally or chemically treated for metal ions recovery and reused when

cooled down.

1.6 Thesis structure

This study focuses on developing and applying novel membrane materials, fabrication
techniques to control filtration size, performance testing using analytical tools, and
molecular modeling for transport and separation processes. Furthermore, it evaluates the
membranes' chemical stability, fouling resistance, and environmental impact.
Consequently, the need arose to develop gel-based materials for water filtration,
purification, and resource recovery. The dissertation is organized into six chapters.
Chapter 1 highlights the global issue of water scarcity and emphasizes the urgent need
for technological advancements in water treatment. It outlines the research hypothesis
and significance and defines the study's objectives. Additionally, it provides a
comprehensive description of the primary tasks required to fulfill the study's aims and
outlines the scope of the research.

Chapter 2 provides a literature review covering recent advancements and fundamental
principles of membrane technology.

Chapter 3 explores the utilization of Kappa Carrageenan-Vanillin Composite Hydrogel
for landfill leachate wastewater treatment to reduce the treatment cost and brine

management problem.



Chapter 4 presents developed an environmentally friendly and cost-effective gravity-
driven kappa-carrageenan (kC)-based hydrogel with (Vanillin-activated carbon) for
perfluorooctanoic acid (PFOA) removal from synthetic and actual wastewater.

Chapter 5 investigates the effectiveness of a kappa-carrageenan-activated
carbon/polyethyleneimine (kC-AC/PEI) hydrogel in removing and recovering metal ions
from leachate wastewater.

Chapter 6 investigates the synthesis, optimization, and assessment of kappa-
carrageenan-cellulose nanofiber/glutaraldehyde coated with graphene oxide (kC-
CNF/GO-GA) hydrogel to improve seawater treatment and divalent and monovalent ions.

Chapter 7 presents the conclusions, recommendations, and future work.



Chapter 2: Literature review

A Review of Hydrogel Application in Wastewater Purification
Alsaka, L., Alsaka, L., Altace, A., Zaidi, S. J., Zhou, J., & Kazwini, T. (2025). A Review
of Hydrogel Application in Wastewater Purification. Separations, 12(2), 51.
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Abstract

This chapter provides a literature review that thoroughly examines the use of hydrogels
in wastewater treatment. It encompasses their categorization and separation procedures,
including size exclusion, adsorption, electrostatic interactions, and non-sieving processes.
Furthermore, it examines how functional groups improve the efficiency of pollutant
removal. The review examines hydrogel composites and their filtering processes,
measuring their adsorption efficacy and evaluating hydrogels' benefits and limits,
especially regarding regeneration capabilities. It explores hydration processes in

hydrogels, emphasizing the fundamental mechanisms and measuring methods involved.



2.1 Introduction

Two million metric tons of pollutants from sewage, industry, and agriculture are released
into the water, threatening public health and resulting in 1.4 million fatalities (Bolisetty
et al.,, 2019). Efficient methodologies are necessary for converting seawater and
wastewater into potable water via water purification. The specific procedures used depend
on the source of water and its intended application (Ray & Iroegbu, 2021). Many
technologies have been used to desalinate seawater and wastewater to provide fresh water.
Conventional biological processes are an example of wastewater treatment and reuse in
farming activities instead of rivers and groundwaters. Several countries use tertiary
treated wastewater for irrigation, compensating for the shortage of freshwater resources.
Biological and membrane bioreactors (MBR) technologies for wastewater treatment are
widely used for domestic wastewater treatment to supply a source of clean water for
irrigation (Acikgoz et al., 2016; Prajapati et al., 2021). Hyperfiltration technology
desalinates seawater for various purposes, such as irrigation, industrial use, and drinking
water. Membranes with different molecular weight cut-offs are developed for various
applications. Nanofiltration (NF) membranes, derived from ultrafiltration (UF), are
designed to separate divalent ions and partially remove monovalent ions, showing less
than 20% rejection rate for the latter (Mulyanti & Susanto, 2018; Shon et al., 2013). NF
membranes are used for water softening, industrial wastewater treatment, and
desalinating low-salinity water. Reverse osmosis (RO) membranes can selectively
eliminate solutes, making them energy-efficient and adaptable (Anis et al., 2019).
Developed in the 1970s, RO membranes for seawater desalination achieved a 99%
rejection rate for monovalent ions like NaCl, replacing thermal processes as the dominant
technology (Macedonio et al., 2012). Despite their advantages, NF and RO membranes
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face challenges such as intensive pretreatment, fouling, and high energy and cost
requirements.

Seawater desalination often needs over 60 bars for a TDS above 40 g/L (Jiang et al., 2017;
Qasim et al., 2019). Chemical purification techniques are slow and generate large
quantities of wastewater, while adsorption methods face challenges in finding ideal
adsorbents and high regeneration costs. New, cost-effective water purification methods
are needed, especially in emergencies (Mishra et al., 2017; Parsons, 2004). In recent
years, the research focus has shifted to designing and developing new polymeric
adsorption matrixes that provide economical and efficient treatment technology. In this
view, hydrogel materials provide a novel technology that enables cost-effective, reusable,
and highly effective methods for purifying and decontaminating water. Hydrogel
materials consist of an interconnected three-dimensional polymer network. These
materials possess a high surface area, which enables them to adsorb a wide range of
pollutants from water, such as heavy metals, organic contaminants, and colors, with
significant selectivity. In addition, hydrogel materials have a rapid regenerative capacity,
which reduces the amount of waste produced during the purifying process, making them
a possible substitute for conventional purification methods and significantly reducing
waste production(Lee et al., 2016). Hydrogels have received considerable interest
because they can be used in many different sectors, such as water treatment, agriculture,
and biomedicine. Chitosan-based hydrogels successfully remove pollutants like heavy
metals and organic contaminants from water because they have a high capacity for
adsorption (Chelu et al., 2023). In agriculture, hydrogels serve as soil conditioners,
augmenting water retention and nutrient accessibility and promoting crop productivity

and resilience in dry areas (Patra et al., 2022). In the biomedical domain, hydrogels are



used in drug delivery systems, wound dressings, and tissue engineering owing to their
biocompatibility and capacity to replicate natural tissue characteristics (Ho et al., 2022).
Hydrogel technology remains challenging to use industrially. Scalability, cost-
effectiveness, and environmental impact must be considered. Some hydrogels need
sophisticated, non-scalable production techniques (Ansar et al., 2022). Furthermore, a
comprehensive assessment of the environmental consequences of hydrogel degrading
products is necessary to guarantee sustainability. The limited mechanical strength and
possible toxicity of some hydrogel components may also prevent them from being widely
used in industry. Despite the improvements in this field, several gaps still exist; firstly,
understanding how hydrogel matrices interact with various contaminants is essential for
optimizing their design and functionality. Second, although hydrogels have demonstrated
potential in laboratory settings, their production and application for large-scale water
treatment remain challenging. Key issues that need to be addressed include mechanical
stability, regeneration efficiency, and long-term performance for effective practical
implementation. Third, it is crucial to thoroughly evaluate the environmental impact of
hydrogel synthesis, usage, and disposal to ensure sustainability. Filling these research
gaps is vital for advancing hydrogel-based technologies in water purification. This review
provides insight into the hydrogel materials used in wastewater treatment, emphasizing
the mechanisms involved in removing organic and inorganic pollutants from
contaminated solutions and the advantages of hydrogels as an alternative technology for

wastewater treatment.
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2.2 Hydrogel classification

Hydrogels may be categorized in several different ways depending on the processes used
in their production. Homopolymeric hydrogels are characterized by a crosslinked skeletal
structure produced from a specific monomer or an essential structural component. Table
1 categorizes hydrogels based on various criteria, including polymer composition, charge,
crosslinking method, crystallinity, source, and application, highlighting their diverse
structures and functionalities. The polymer and the manner of crosslinking impact this
structure. Copolymeric hydrogels are made up of two or more monomer species, with at
least one of them being hydrophilic, that are organized in a variety of configurations
inside the framework of the hydrogel (Cai et al., 2023). Networks that are formed of two
distinct natural or synthetic polymers that have been crosslinked together are known as
multipolymeric hydrogels. In addition, hydrogels may be categorized according to their
charges (nonionic, ionic, amphoteric electrolyte, and zwitterionic), the procedures used
to crosslink them (chemical or physical), and their crystalline state (amorphous,
semicrystalline, or crystalline) (Zhao et al., 2023). The polymer scaffold may be made
from natural, synthetic, or hybrid hydrogels. Hydrogels are formed using natural
biopolymers such as gelatine and collagen and polysaccharides like starch, cellulose,
chitosan, etc. The use of pHEMA, polyvinyl alcohol, poly(N-isopropyl acrylamide),
polyethylene glycol, and polyacrylamide in the production of synthetic hydrogels results
in products that exhibit exceptional water absorption and retention capabilities, as well as
extended shelf life and enhanced gel strength. Hydrogels derived from biological sources
are more durable, porous, biocompatible, and biodegradable (Kalendova et al., 2021).
Technology advancements in materials science have made it possible to manufacture
composite hydrogel materials, creating novel hybrid structures with distinctive physico-
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mechanical properties. Physical and chemical methods synthesize and modify these
systems, including crosslinking, impregnation, grafting, interpenetration, incorporation,
mixing, and imprinting. Depending on their stability, water absorption, and strength, bio-
based hydrogels and their modified forms are used in environmental, biomedical, and
agricultural applications.

The hydrogel’s properties are influenced by the kind of polymer used and the presence of
hydrophilic groups (—-OH, -COOH, -CONHa>, and -SOsH) attached to the polymer chains.
The presence of hydrophilic moieties, including alcohol, amides, and carboxylic acids,
among other types of molecules, enhances the hydrogel’s stiffness and capacity to absorb
water (Bashir et al., 2020; Bhat et al., 2025). Furthermore, the presence of functional
groups affects the specific crosslinking approach required to create hydrogel from scratch.
Hydrogels, which are elastic and soft, have limited applications due to their mechanical
weakness. Numerous functional groups and the ease with which they may be crosslinked
contribute to the mechanical solid strength of these materials. Hydrogel water absorption
depends on polymer and network density. Most polymers absorb more water than their
bulk. Hydrogels are available in various sizes and forms, such as slabs, membranes,
nanogels, beads, microgels, cryogels, and aerogels (Kuddushi et al., 2019).

Three variables are crucial for successfully manufacturing crosslinked hydrogels: (I) The
liquid absorption capacity of the hydrogel network relies on the volume at which the
polymer swells. (II) The median molecular weight of the crosslinks determines the
crosslinking of the hydrogel. (IIT) The network mesh’s size influences the hydrogel’s

mechanical strength, degradability, and diffusivity.
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Table2. 1: Hydrogel classification.

monomer species, at least one of which is
hydrophilic and organized in different

configurations.

Multipolymeric hydrogels

Crosslinked networks consist of two distinct

natural or synthetic polymers that are

Classification Criteria Types of Hydrogels Description References

Based on polymer Homopolymeric Crosslinked skeletal networks based on a (Singhal & Gupta, 2016;

composition hydrogels monomer or key structural component. Ullah et al., 2015)
Copolymeric hydrogels | The hydrogel framework consists of many

Based on charge

interconnected.
Nonionic Hydrogels without any ionic charges.
Ionic Hydrogels with ionic charges.

Amphoteric electrolyte

Hydrogels contain both positive and negative

charges.

(Erathodiyil et al., 2020;
Mehta et al., 2023; Sargeant

et al., 2012)
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Zwitterionic

Hydrogels with both positive and negative

charges but are neutral overall.

Based on crosslinking

Chemically crosslinked

Hydrogels are crosslinked using chemical

(Maitra & Shukla, 2014)

method hydrogels methods.
Physically crosslinked Hydrogels crosslinked using physical methods.
hydrogels
Based on crystallinity Amorphous hydrogels Hydrogels without a crystalline structure. (Bustamante-Torres et al.,

Semicrystalline hydrogels

Hydrogels with partial crystalline structure.

2021; Ullah et al., 2015)

Crystalline hydrogels Hydrogels with a crystalline structure.
Based on source Natural hydrogels Made from natural biopolymers such as proteins | (Khansari et al., 2017; Ullah
(gelatin, collagen) and polysaccharides (starch, | etal., 2015)
cellulose, chitosan).
Synthetic hydrogels Made from synthetic polymer compounds such

as pHEMA, polyvinyl alcohol, poly(N-isopropyl
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acrylamide), polyethylene glycol,

polyacrylamide, and their derivatives.

Hybrid hydrogels

Made from a combination of natural and

synthetic polymers.

Based on application

Environmental hydrogels

Sorbents and flocculants that purify wastewater

and sludge.

Biomedical hydrogels

Biomedical applications include medication
delivery systems, tissue engineering, and contact

lenses.

Agricultural hydrogels

Used to release water reservoirs and

agrochemicals.

(Liu et al., 2022; Rabajczyk

et al., 2024)
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2.3 Hydrogel separation mechanisms

The main methods of hydrogel separation rely on their distinct three-dimensional,
crosslinked structures, which enable selective absorption and filtering. Size exclusion is
a fundamental process in which the pore size of a hydrogel controls the molecules that
can flow through it, thereby capturing bigger molecules (Ahmed, 2015). Charge
interactions are also significant since hydrogels that are ionic or zwitterionic may either
attract or repel charged particles, hence increasing separation efficiency (Pooresmaeil &
Namazi, 2020). Moreover, due to their hydrophilic properties, the water-absorbing
capability of hydrogels facilitates the separation of water from impurities. Hydrogels are
essential in water purification and medicine administration (Calé & Khutoryanskiy,

2015).

2.3.1. Size exclusion

Size exclusion is a fundamental separation approach based on the idea that particles
cannot flow through holes that are smaller than their diameter (Figure 2.1a). It is rejected
when the particles’ hydrated ionic diameters exceed the pore size (R. Zhang et al., 2020).
Many studies have been performed on the influence of size exclusion on the separation
process, particularly emphasizing various molecular features such as size, shape, and
molecular weight (MW). Yoon and Lueptow (2005) and Van der Bruggen and
Vandecasteele (2002) have confirmed the vital necessity of knowing these molecular
features to increase the predictability and effectiveness of size exclusion approaches (Van
der Bruggen & Vandecasteele, 2002; Yoon & Lueptow, 2005). MW has been used as an
essential parameter for assessing rejection, especially for chemicals that are not charged;

nonetheless, its capacity to provide comprehensive insights is restricted. In particular,
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molecular weight does not consider molecule shape, significantly affecting how
chemicals interact with membrane pores (Chang et al., 2012). Recent research has reached
for a more thorough analysis of molecular size features other than MW to satisfy this
problem. For example, Miron et al. emphasized the need to precisely describe the size
properties of molecules to have a more accurate knowledge of the separation process
(Miron et al., 2019). This process enhances the design and use of membrane technologies
for targeted solute separation in various industries, from water purification to biochemical

processing, and helps explain the dynamics of size exclusion.
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2.3.2. Adsorption

Adsorption is vital in hydrological membrane-based techniques, serving as a critical
separation mechanism. Some aspects in the liquid phase, such as organic compounds,
heavy metals, or impurities, attach to the membrane’s surface through these methods.
This method improves filtration and purification efficiency by selectively eliminating
undesired substances and enhancing permeate quality (Figure 2.1b). This process is
driven by attractive forces between the molecules, including chemical affinity, hydrogen
bonding, electrostatic interactions, and Van der Waals forces (Huber et al., 2019). The
effectiveness of adsorption is influenced by the characteristics of the adsorbent, such as
hydrophobicity, the presence of functional groups, and density, as well as the properties
of the adsorbate, including solubility and molecular size. The competitive dynamics
between inorganic and organic substances at active adsorptive sites can enhance or hinder
adsorption. Environmental conditions like solution pH, temperature, and other factors
critically impact adsorption performance, modifying how substances interact with the
membrane (de Andrade et al., 2018; Grassi et al., 2012). The performance of adsorbents
is also affected by several operational factors, including the initial ion concentration,
temperature, pH, adsorbent dosage, contact time, stirring speed, and ionic strength
(Ambashta & Sillanpéé, 2010). Hydrophobic interactions further influence the adsorption
of solute molecules onto membranes, playing a pivotal role in the selective rejection of
specific micropollutants. Adsorption offers a highly efficient and cost-effective approach
to pollutant removal from wastewater. At the same time, membrane filtration, although
more costly and requiring a smaller operational area, is particularly effective in removing
heavy metal ions (Ahmed & Ahmaruzzaman, 2016). Materials like activated carbon are

favored in adsorption processes for their extensive surface area, effectively eliminating
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micropollutants and adsorbing microbes and organic matter from contaminated waters.
Similarly, silica gel, with its vast network of voids and a surface area of about 800 m%/g,
shows a remarkable capacity for moisture absorption, especially at 40 °C, underscoring

its utility in various adsorptive applications.

2.3.3. Electrostatic interactions

The electrostatic interactions during the use of hydrogel for filtration are crucial and affect
the degree to which various materials are separated (Mulder, 2012). A porous hydrogel
functions as a physical barrier within a particular filtration system, allowing some
molecules or ions to flow through while preventing others from doing so. The charge on
the hydrogel’s surface and the particles in the feed solution are essential aspects of this
process. These charges can either attract or repel particles, substantially impacting the
selectivity and efficiency of the separated particles. Electrostatic interactions may be
classified as either electrostatic attraction or electrostatic repulsion. When the hydrogel
and the particles have the same charge, they repel each other. This repulsion prevents the
particles from approaching the hydrogel surface, hindering the particles from getting
close to the surface. Alternatively, attraction can facilitate the separation of certain species
when the charges are of opposite polarities, promoting adsorption or deposition onto the
hydrogel. The efficiency of electrostatic interaction is determined by several factors,
including the magnitude and distribution of charges on the hydrogel surface, the charge
density of the particles or solutes, the ionic strength of the solution, functional groups in
the hydrogel, and pH affecting the hydrogel and contaminants’ ionization state
(Pendergast & Hoek, 2011). Many theoretical models have been developed to quantify

these interactions. Additionally, experimental methods such as zeta potential
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measurements have been used to obtain information on the surface charge (Hilal et al.,

2004; Verliefde et al., 2007).

2.3.4. Non-sieving process

The diffusion of ions in two solutions separated by a semipermeable barrier is known as
Donnan exclusion. The membrane restricts ionic transport selectively. The electrostatic
repulsion between ionic compounds and the fixed charges of the membrane matrix causes
Donnan exclusion (Yaroshchuk, 1998). Figure 2.1c shows the Donnan exclusion and
dielectric exclusion processes. The membranes reject the negative charges while allowing
positive charges to pass through them; thus, some of the dissolved substances are
transported, and the ions are trapped in the pores of the membranes. Substances are moved
by electromigration, diffusion, and convection depending on the membrane potential
gradient (Roy et al., 2017). According to Donnan’s exclusion principle, ions with
significant charges are rejected more than those with lower charges; hence, it is more
effective with divalent ions (Y. Liu et al., 2018).

Dielectric exclusion occurs because of ion interactions with bound electric charges at
interfaces between dielectrically distinct media, such as a membrane structure and a
medium. The well-known forces operating on an electric charge near an infinite planar
interface are caused by interactions with polarized interfaces. The reaction with a
polarized interface is comparable to an imaginary charge on the opposite side of the
interface at the same distance from it as the real charge (Bowen & Welfoot, 2002; Geng
et al., 2021; Ritt et al., 2020).

Figure 2.2 shows techniques for removing pollutants from a water system using hydrogel,
these techniques enable separation based on various factors such as the size, chemical

composition, hydrophilicity, and charge of the contaminants.
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2.4 Functional groups in hydrogels
Based on the crosslinking technique, hydrogen is physically entangled with transitory

bonds or chemically linked with excellent stability. Functional groups such as hydroxyl,
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carboxyl, and amine provide essential qualities such as hydrophilicity and reactive
potential, allowing their use in different fields, including medication delivery and water
purification (Calé & Khutoryanskiy, 2015). According to, hydrogels respond to
motivating such as via pH and temperature. Therefore, they can be used to develop
intelligent materials for sophisticated applications (Hoare & Kohane, 2008). Hydrogels
are increasingly used because they selectively remove contaminants via functionalized
networks. Preparing hydrogels for this purpose often involves integrating specific
functional groups that improve their interaction with pollutants. For instance, hydrogels
containing carboxyl groups (-COOH) are effective in binding heavy metal ions such as
lead and cadmium, leveraging the ionic interactions between the negative charge of the
carboxyl and the positive charge of the metal ions (Perumal et al., 2021). In addition,
using amine groups (—NH>2) in hydrogels can effectively remove anionic dyes and other
negatively charged contaminants from water through electrostatic attraction (Dalalibera
et al., 2020; Ferfera-Harrar et al., 2022). It was discovered that composite hydrogels,
including natural and synthetic polymers, can improve their structural and functional
properties (Table 2.2). For example, a chitosan—polyacrylamide composite hydrogel has
shown remarkable effectiveness in removing dyes and heavy metals from aqueous
solutions. This hydrogel combines the biocompatibility and cationic character of chitosan

with the strength of polyacrylamide (Wang et al., 2020).
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Table2. 2: The functional groups for different hydrogels for contaminant removal from

water.
Functional Contaminan | Example of
Hydrogel Type Reference
Group(s) ts Removed Application
Carboxymethyl
Heavy metals| Removal of
cellulose
hydrogel Carboxyl(- (Cd, Pb, Cu, heavy metals | (Perumal et
COOH) and from al., 2021)
Polyacrylic acid phosphates) wastewater
hydrogel
Electrostatic (Dalalibera et
Amine- removal of al., 2020;
Amine (- Anionic dyes,
functionalized negatively Ferfera-
NH>») heavy metals
hydrogel charged Harrar et al.,
contaminants | 2022)
Dual
functionality
Chitosan— Amine (-
Dyes, heavy for broad- (Wang et al.,
polyacrylamide NHz), Amide
metals spectrum 2020)
hydrogel (-CONH>»)
contaminant
removal
Effective in
Kappa Heavy metals
Sulfate (- binding with (Kalaiselvi et
carrageenan and organic
0S03) divalent al., 2023)
hydrogel pollutants
metal ions
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and various

organics
Poly(N- Temperature-
Temperature-
isopropyl Amide (- responsive (Saito et al.,
sensitive
acrylamide) CONH>) contaminant 2006)
pollutants
hydrogel capture
Magnetic
Iron oxide separation of
Magnetic Arsenic, (Zhang & Li,
nanocomposite heavy metals
groups chromium 2017)
hydrogel from drinking
water
Encapsulatio
Organic n and
Cyclodextrin Hydroxyl (- (Covaetal.,
pollutants, removal of
hydrogel OH) 2018)
pesticides organic
chemicals

2.5 Hydrogel composites

Polymerization is a simple procedure involving the utilization of monomers and initiators
carried out at high temperatures, and it produces very dense hydrogels. Upon contact with
water, these hydrogels become more pliable and are stabilized by surfactants. Ionic or
neutral monomers are used in solution polymerization, and UV or redox initiators are
used to commence the process. Following the polymerization process, the solvents are

extracted by immersing the hydrogel in water, which results in phase separation and
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purification. Hydrogels are characterized by significant swelling, hydrophilicity, and
coordination interactions with heavy metals. FTIR, XPS, SEM, optical microscopy, and
compressive strength tests are some methods used for characterization (Chen et al., 2020).
Hydrogel composites are becoming more critical in environmental applications and water
purification. These composites combine hydrogels with biodegradable, inexpensive
materials such as starch, cellulose, lignin, and charcoal, successfully addressing the
problems associated with the cost and environmental impact of artificial hydrogels
(Sanyang et al., 2016; Sun Yalie et al., 2016). This integration enhances the composite’s
adsorptive capacity, augments its surface properties, and introduces essential functional
groups such as carboxylic, amino, and hydroxyl groups, increasing hydrophilicity and
improving pollutant removal efficiency. Integrating biochar with hydrogels, for instance,
substantially elevates the composite’s swelling capacity and contaminant adsorption
effectiveness. Hydrophilic functional groups in the hydrogel-biochar composite allow for
more effective capture and removal of waterborne pollutants than either material alone
(Karakoyun et al., 2011; Sanyang et al., 2016). Research suggests that these composites
may significantly enhance the rate at which pollutants like arsenic are absorbed, showing
a higher sorption capacity than more straightforward biochar settings. Moreover, these
composites can be tailored according to individual water treatment needs by including
different essential ingredients and functional groups. For instance, adding biochar high in
silica improves the strength of hydrogel composites and optimizes their ability to adsorb
substances due to silica’s involvement in the composite synthesis (Sanyang et al., 2016).
Researchers have developed a dual-network hydrogel composed of PEDOT:PSS and
PAAm, which effectively produces solar steam for desalination and sewage purification.

This hydrogel demonstrates a high solar absorption rate of approximately 99.8% and a
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steam production rate of 2.15 kg m2-h™!, providing a sustainable solution for water
purification (Q. Zhao, Z. Wu, et al., 2022).

Additionally, a TisO7; membrane, modified with a hydrophobic surface and a thermal
insulation layer, attained a high evaporation rate of 7.51 kg-m -h™!, producing water that
met WHO drinkable water requirements (Qiu et al., 2022). A Ti4O7-PV A nanocomposite
hydrogel has also been designed to generate solar steam efficiently, achieving an
evaporation rate of 4.45 kg-m 2-h"! under one-sun irradiation and demonstrating an
energy efficiency of 90.69%. This hydrogel effectively desalinated and purified water
samples containing high salinity, strong acids or bases, heavy metals, and organic colors
(Xu et al., 2024). Moreover, researchers blended and crosslinked PEDOT:PSS nanofibrils
with poly(vinyl alcohol), resulting in a mechanically resilient nanocomposite hydrogel.
In a 60-day seawater evaporation test, this hydrogel maintained an average energy
efficiency of approximately 93.3%. Its scalable manufacturing process enables these solar
water evaporators to desalinate saltwater and purify wastewater to meet WHO drinking
standards (Q. Zhao, J. Liu, et al., 2022). Researchers are making significant strides in
water purification technologies. By incorporating TiO- nanoparticles and single-walled
carbon nanotubes into a polyacrylamide matrix, they developed a cost-effective hydrogel
composite with 88.40% porosity, significantly enhancing photothermal and
photocatalytic properties for solar-driven purification (Xu et al., 2025).
Kaolin/CNTs/PAM hydrogel (KCAH), a clay-based hydrogel evaporator, exhibits over
99% desalination efficiency and efficient photothermal evaporation, adsorbing heavy
metal ions at different salinities (Li et al., 2025). The co-gelation of reduced graphene
oxide (rGO), polyvinyl alcohol (PVA), and poly(acrylamide oxime) has produced an

integrated solar-driven hydrogel evaporator (GPPH) with 1289 mg/g uranium adsorption
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capacity in simulated seawater with 64 ppm uranium (Wang et al., 2025). The
development of hydrogel composites represents a notable improvement in water
treatment technology, providing an efficient, cost-effective, and environmentally friendly

solution to address water contaminants.

2.6 Hydrogel filtration mechanisms

Hydrogels play an essential part in the removal of contaminants via a variety of methods
that are controlled by the characteristics of the hydrogel as well as the parameters of the
environment, such as the pH and the ionic strength (Benguella & Benaissa, 2002; Zhou
et al., 2005), and ion exchange (Figure 2.3). These mechanisms are brought about by
functional groups within the hydrogel composition. According to Zhou et al., the
adsorption capabilities of hydrogels are mainly influenced by the physical and chemical
characteristics of the pollutants as well as the circumstances of the microenvironment that
exist in the surrounding area (Zhou et al., 2005). For example, using FTIR analysis, Zhou
et al. demonstrated functional groups’ role in adsorption. They found that shifts in the
bands of the hydroxyl and acetyl groups indicated changes in chemical interactions that
occurred after the binding of contaminants. As validated by this research, complexation
promoted by electron donation from nitrogen atoms inside the hydrogel structure was
shown to be the predominant mechanism for the adsorption of lead ions into the hydrogel
structure.

As a consequence, the molecular weight of the hydrogel gradually increased (Zhou et al.,
2005). X-ray diffraction (XRD) examination showed changes in the hydrogel’s
crystalline structure after the contaminants’ adsorption, which indicates interactions with
contaminants affect the crystalline phases of the hydrogel (Ahmed, 2015). The XRD

patterns demonstrated a decrease in crystallinity, which indicates that the amorphous
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regions of the hydrogel did play a substantial part in the adsorption process, which was
accomplished by the hydrolysis product precipitation and complexation processes. The
pH rise detected throughout the adsorption process supported these results, similar to the
results on chitin cadmium absorption(Zhou et al., 2005). Moreover, cationic hydrogels
have a relatively straightforward mechanism in terms of how they incorporate ionic
contaminants into their structure. According to Barakat and Sahiner (Benguella &
Benaissa, 2002), these hydrogels can absorb water in aqueous conditions, expanding the
network. Because of this, negatively charged metal ions, such as arsenate, can diffuse into
the network and participate in electrostatic interactions, making it feasible for other ions
to do the same. The pH significantly influences the solution, which in turn has a

significant effect on the electrostatic interactions (Barakat & Sahiner, 2008).
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2.7 Hydrogel adsorption effectiveness

Hydrogels are three-dimensional networks that retain water. Polar or nonpolar monomers
make hydrophilic or hydrophobic hydrogels, although application-specific hydrophobic
hydrogels are made. Monomers, initiators, and crosslinkers are typical. Polar monomers
are polymerized in situ to make hydrophilic hydrogels. Hydrogels are made by bulk,
emulsion, and solution polymerization. In removing pollutants from water, the adsorption
effectiveness of hydrogels is affected by several parameters, such as the hydrogel’s
surface morphology, the functional group involved, and ambient circumstances, such as
pH and the presence of other ions (Tang et al., 2011). Hydrogels have a network structure,
making their surface area much more significant than their monomers or other adsorbents.
This characteristic is one of the most critical factors in increasing the adsorption capacity
of hydrogels. This surface area may be considerably improved using techniques such as
freeze-drying during hydrogel manufacturing. These techniques include creating a highly
porous structure with a broad pore size distribution, ultimately improving the hydrogel’s
total adsorption capacity (Sun et al., 2009). Adsorption efficiency is also significantly
impacted by environmental conditions, which play a vital effect. Hydrogels’ efficiency in
removing contaminants may be diminished by the presence of inorganic ions or natural
organic materials that compete with them. Studies conducted by Tang et al. indicated that
when the sulfate concentration in groundwater increased, the Cr(VI) adsorption capacity
decreased because of the decrease in the number of competitive ion exchange sites.
Furthermore, pH variations may substantially impact the performance of hydrogels (Tang
et al., 2011). These changes affect the speciation of pollutants such as Cr (VI) and the
surface charge of the hydrogel, which in turn modify the properties of adsorption (Barakat
& Sahiner, 2008; Gao et al., 2013).
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2.8 Pros and cons of hydrogels and regeneration

Modifying hydrogels’ physical and chemical properties also increases their adsorption
capacities. Ali et al. and Sanyang et al. discovered that adjusting parameters impacted the
hydrogel’s swelling capacity and mechanical strength. These factors included the
monomer content and the crosslinking density. These characteristics are necessary for
efficient adsorption and stability during several usage cycles (Ali et al., 2003; Sanyang et
al., 2016). Compared to other adsorbents, hydrogels have several significant benefits
when removing contaminants. Even though some adsorbents may have more excellent
adsorption capabilities, hydrogels are especially advantageous since they are simple to
separate from water, which contrasts with other materials, such as activated carbon and
biochar, that are difficult to recover after treatment. In addition, hydrogels may be used
in a simplified purification method that only requires one step. According to Liang et al.,
alternative adsorbents, on the other hand, often need intricate pH modifications to
function well, which ultimately limits their use in natural water circumstances (Liang et
al., 2011). Because of this pH dependence, the application of many adsorbents is
restricted. One example is carbon nanofiber membranes, which only work best within
particular pH ranges for certain pollutants, such as Cr (VI) and Pb. Hydrogels, however,
are effective throughout a more comprehensive pH range, increasing their applicability
in various situations. They are economically more viable, especially in low-income
regions, due to the lower production costs than those of synthetic adsorbents. Hydrogels
can be regenerated and reused multiple times, offering long-term sustainability and cost-
effectiveness that is not achievable with most low-cost adsorbents when used

independently.
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One of the distinguishing characteristics of hydrogels is their capacity to be regenerated
and reused, making them an environmentally friendly choice for removing contaminants.
Desorbing the adsorbed pollutants is often a part of the regeneration process, which can
be accomplished by either pH modifications or magnetic separations (Liu et al., 2012).
More specifically, it has been shown that successful desorption may be accomplished
using both strong and weak acids, influencing the hydrogel’s ability for desorption and
its lifetime (Ali et al., 2003; Ozay et al., 2010). HNO3 and HCI, for example, break down
the hydrogel after a few cycles, but H2SO4 retains its efficacy even after several cycles
(Ozay et al., 2010). Also, magnetic hydrogels have demonstrated various degrees of
endurance when subjected to different acids. UV irradiation is another unique method
that may be used to regenerate graphene oxide—TiO> hydrogels. These hydrogels maintain
a high adsorption capacity even after being subjected to several cycles (Zhang et al.,
2013). Tang et al. also showed the regeneration and reusability of hydrogels via a column
experiment for removing Cr(VI) by a cationic hydrogel (Tang et al., 2011).

Interestingly, after six adsorption and desorption cycles, the adsorption capacity remained
unchanged (27 mg/g, 90%), and the desorption efficiency was 93% of the average for
each cycle (Tang et al., 2011). During seven adsorption cycles, Liu et al. demonstrated
that 95% of copper, iron, and lead could be extracted from an aqueous solution.
Furthermore, they revealed that the hydrogel retained its ability to adsorb metals. It has
been shown that hydrogels may be reused for an extended period, increasing their
efficiency and reducing the amount of money spent on manufacturing the contaminant
removal procedures that take place in aqueous medium (Liu et al., 2012). The capacity to
reuse hydrogels increases their economic feasibility and demonstrates that they are safe

for use in water purification operations from an environmental standpoint. In contrast to

32



some sorbents, which lose their efficacy over time, hydrogels keep their adsorptive
capabilities even after regenerating them. This trait makes hydrogels an excellent option
for applications that involve the removal of contaminants over short periods.

Table 2.3 presents a comparison of various hydrogels for contaminant removal. Overall,
natural hydrogels, such as lignin, kappa carrageenan, and chitosan, are biodegradable,
reusable, and cost-effective media for contaminant removal from aqueous solution. They
can be applied as standalone or composite hydrogels for heavy metals and dye treatment.
Natural hydrogels’ mechanical strength and stability were reported to control their
applications in water and wastewater treatment. Combining natural hydrogels with
organic and nonorganic nanoparticles was suggested to overcome these problems.
Graphene oxide and carbonaceous nanofiber hydrogels were also used for contaminant
treatment, although they are more expensive and complicated to fabricate than kappa
carrageenan and chitosan ones.

Lignin hydrogels are biodegradable and cost-effective but have limited mechanical
strength. They have the ability to remove metals like pb**, Cr**, and Cu®" via various
interactions, with adsorption capacities of 308, 65.72, and 541 mg/g, respectively (Kwak
et al., 2016; Thakur et al., 2017; L. Zhang et al., 2018). The vast surface area of graphene
oxide-based hydrogels makes them particularly effective in removing dyes; nevertheless,
manufacturing them is expensive and hazardous. Their adsorption capacities for
methylene blue are 324 mg/g, whereas their adsorption capacities for rhodamine B are
114.4 mg/g (Guo et al., 2015).

Carbonaceous nanofiber membranes eliminate Pb**, Cr**, and methylene blue by
electrostatic interactions and complexation, with high adsorption capacity but possible

performance reduction over cycles (Liang et al., 2011). Chitosan, maltodextrin, and gum

33



arabic hydrogels efficiently remove Cd>" while retaining biodegradability but lacking
mechanical strength. Chitosan hydrogels are low cost and biodegradable; they have poor
mechanical strength (Paulino et al., 2011). Aluminum hydroxide polyhydrate hydrogels
reject multiple ions but perform poorly with monovalent ions (Karbassiyazdi et al.,
2023a). Kappa carrageenan—vanillin hydrogels are biodegradable and efficient but need
optimization owing to the limited mechanical strength to remove metal ions (Ibrar et al.,
2023).

The  kappa  carrageenan—graft—poly(N  hydroxyethyl  acrylamide)/magnetite
nanocomposite hydrogel removes cationic dyes and heavy metals via adsorption and
magnetic separation. However, manufacturing is complex, and stability is uncertain
(Kulal & Badalamoole, 2020b). Kappa carrageenan/tamarind kernel powder hydrogel
absorbs brilliant green and Rose Bengal colors. Biodegradable and cost-effective, it may
need regeneration and has water stability difficulties (Vaid & Jindal, 2022). Kappa
carrageenan-coated magnetic nanoparticles remove methylene blue swiftly, are eco-
friendly, magnetically separate easily, and may be reused four times. While the kappa
carrageenan/cellulose hydrogel is cost-effective and eco-friendly, it may lose its
adsorption capacity at low pH and in overuse cycles (Salgueiro et al., 2013).

The kappa carrageenan/graphene oxide hydrogel efficiently removes Na* and Mg" ions
via electrostatic interactions and increased surface area, resulting in higher capacity and
mechanical strength. While graphene oxide has a 95% removal efficiency for MgSO4 and
23% for NaCl, its high cost and production complexity prevent its widespread application
(Yadav, Ibrar, Altaee, et al., 2022b). Despite high manufacturing costs and complex
synthesis, the titanium dioxide nanoparticle-loaded hydrogel degrades methylene blue via

adsorption and photocatalytic degradation under UV light, resulting in excellent
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adsorption capacity, mechanical strength, and biocompatibility. Adsorption capabilities
range from 349.65 mg/g to 465.12 mg/g, depending on the TiO> concentration (Patel et
al., 2023).

Chitosan and cellulose composites efficiently remove heavy metals (e.g., Cu, Zn, Cr, Ni,
and Pb) by chelation and ion exchange. Biodegradable and eco-friendly, they lack
mechanical stability (Sun et al, 2009). The Fe3;Os—polyvinyl alcohol/chitosan
combination adsorbs Cr®" by electrostatic attraction and electron sharing, allowing
magnetic separation and recycling, although efficiency drops at neutral pH(Yan et al.,
2018). Through multiple interactions, the dual-network chitosan-based hydrogel
(CMAPP) eliminates methylene blue (MB) and malachite green (MG) dyes at >2000
mg/g and high recyclability, but not anionic dyes (Miao et al., 2024). Though swelling is
minimized, the CMC-g-poly(AM-co-ITA)/clay nanocomposite removes vivid green dye
at 1513.55 mg/g (Aljeboree et al., 2024). Finally, the chitosan—ethylene glycol hydrogel
(CEGH) eliminates perfluorooctanoic acid (PFOA) via ionic hydrogen bonding at 1275.9

mg/g, but just PFOA (Long et al., 2019).
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Table2. 3:Comparison of various hydrogels for contaminant removal.

ion exchange,

complexation,

ether groups

and lower swelling

capacity.

Hydrogels Type Removal Metal Ions | Advantage Disadvantage Adsorption References
Mechanism Capacity (mg/g)

Lignin hydrogels Hydrogen bonding, | Pb** The ability to Lignin hydrogels 308 (Kwak et al.,

(lignosulphonate- electrostatic, and Cr** biodegrade, a suffer from limited | 65.72 2016; Thakur et

based graphene covalent interactions | Cu®* natural polymer, mechanical 541 al., 2017; L.

hydrogel Lignin-grafted cost-effective, strength, poor Zhang et al.,

Lignin grafted polyacrylic hydrogel renewable, and hydrolysis, and 2018)

polyacrylic and lignocellulose- versatile, with chemical resistance,

hydrogel based composite hydroxyl, require

Lignocellulose- hydrogels remove methoxy, pretreatment, and

based composite contaminants carboxyl, demonstrate

hydrogel through adsorption, phenolic, and potential leaching
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hydrogen bonding, enhancing
and electrostatic adsorption
interactions.
Graphene oxide- Graphene oxide- Food Blue | Superior High synthesis and | For both methylene | (Guo et al.,
based hydrogels based hydrogels can | 2 adsorption for processing costs blue (MB) and 2015)
effectively remove | and Food dyes due to the Possible toxicity if | rhodamine B (RhB),
dyes by using m—n Red 17 large surface area | not adequately the absorption

interactions, van der
Waals forces,
hydrogen bonding,
electrostatic
interactions, and the
utilization of their
large surface area

and porosity.

and functional
groups

Easily
functionalized to
target specific
contaminants
Robust and

durable due to GO

purified
Environmental
impact

Potential long-term

stability issues

capacity was 324

mg/g and 114.4

mg/g.
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Maintains
performance
under varying
temperatures
Safe for the
environment
Efficient dye
removal within
approximately 4 h
Reusable 3-5
times, with some
loss of

effectiveness
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Carbonaceous Adsorption through | Pb?", Cr**, | High surface area, | Potential for Methylene blue: up | (Liang et al.,
nanofiber electrostatic methylene | fast adsorption performance to 818.6 mg/g 2011)
membranes interactions, blue rates, high decline over Pb(II): up to 423.7
hydrogen bonding, adsorption multiple use cycles, | mg/g
and surface capacity, complex Cr(VI): up to 221.3
complexation regenerable and manufacturing mg/g
reusable over process
multiple cycles,
and efficient at
high flux
Hydrogels based Adsorption by Cd** Biodegradable, Limited mechanical | 80—150 mg/g (Paulino et al.,
on chitosan, physical forces, ion low cost, strength, 2011)
maltodextrin, and | exchange, abundant, high biodegradability
gum arabic complexation efficiency
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Polyvinyl PVA/chitosan Mn?* Biodegradable, Biodegradability, 10.5 mg/g (Abdeen et al.,
alcohol/chitosan hydrogels remove high adsorption limited mechanical 2015)

Mn (II) ions from capacity, low cost | strength

aqueous solutions

by physical

adsorption, ion

exchange, and

complexation.
Aluminum Adsorption, ion Pb**, Cu?*, | High rejection Limited Removal efficiency | (Karbassiyazdi
hydroxide exchange, Mg?*, Ca**, | rates, stable effectiveness for for Pb, Cu, and Zn et al., 2023a)
Polyhydrate electrostatic Ni'*, Zn**, | performance, easy | monovalent ions, was 99.9%, Ni:
hydrogel attraction As>". to fabricate, the potential for 100%, Mg: 85%,

reusable 4 times

clogging

Ca: 84%
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Kappa Adsorption, ion Pb%**, Cu**, | High removal Low mechanical Cu: 1.22 mg/g (Ibrar et al.,
carrageenan— exchange, chelation | Mg?", Ca**, | efficiency, low strength requires Removal efficiency | 2023)
vanillin hydrogel mechanism Na!®, energy optimization for for Mg: 88%, pb:

consumption, stability 79%, Cu: 82%, Ca:

biodegradable 82%, Na: 38%
Kappa Adsorption, Cationic High adsorption Complex synthesis, | MB: 196.1, R6G: (Kulal &
carrageenan— magnetic separation | dyes (MB, | capacity and potential stability 307.8, Cu(Il): 243.4, | Badalamoole,
graft—poly(N R6G), reusable, magnetic | issues Hg(II): 229.9 2020b)
hydroxyethyl heavy properties
acrylamide)/magne metals facilitate
tite nanocomposite (Cu?, separation
(k-g- Hg*")
PHEAA/Fe304)
hydrogel
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Kappa Adsorption Brilliant Biodegradable, It may require 840.33 mg/g (BG), | (Vaid & Jindal,
carrageenan/tamar green (BG), | cost-effective, regeneration, 168.06 mg/g (RB) 2022)
ind kernel powder Rose high adsorption stability issues in
hydrogel Bengal capacity, pH- water

(RB) responsive
Kappa Kappa carrageenan | Methylene | High adsorption This product 185.3 mg/gatpH 9 | (Salgueiro et al.,
carrageenan- sulfonate groups blue (MB) | capacity, quick features rapid 2013)

coated magnetic

nanoparticles

adsorb and
electrostatically
interact with
methylene blue

(MB).

removal (5 min),
eco-friendly,
facile magnetic
separation, and
neutral and
alkaline chemical
stability. Reusable

4 times

removal (5 min)
and high adsorption
capacity, is eco-
friendly, has quick
magnetic
separation, and
shows excellent

chemical stability in
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neutral and alkaline

environments.

Kappa Adsorption, Pb%* ions High adsorption At low pH, 486 + 28.5 mg/g (Kalaiselvi et al.,
carrageenan/cellul | electrostatic capacity, eco- adsorption 2023)
ose hydrogel interactions, and ion friendly, reusable | capability may

exchange between (with an decrease during

Pb*" ions and effectiveness of reuse cycles.

functional groups over 79% after

(such as —OH and — eight cycles), and

COOH) cost-effective
Kappa Electrostatic Nal!*, Mg?* | High adsorption Graphene oxide is Removal efficiency | (Yadav, Ibrar,
carrageenan/graph | interactions, capacity, expensive, and MgS04: 95%, Altaee, et al.,
ene oxide hydrogel | increased surface improved manufacturing NaCl: 23% 2022b)

area, and mechanical complex and

hydrophilicity strength, enhanced | performance
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caused by graphene

selectivity, and

deteriorate over

oxide and kappa antifouling numerous cycles.

carrageenan properties

contribute to

adsorption.
Titanium dioxide Adsorption and Methylene | High adsorption High production Methylene blue: (Patel et al.,
nanoparticle- photocatalytic blue capacity, costs, complex 349.65 mg/g to 2023)
loaded k- degradation TiO2 improved synthesis process 465.12 mg/g
carrageenan nanoparticles, when mechanical depending on TiO:
hydrogel exposed to strength, UV- concentration and

ultraviolet light, responsive crosslinking

produce reactive
oxygen species,

which contribute to

degradation, and

biocompatibility
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the degradation of

dyes.
Chitosan Adsorption via Cu**, Zn*", | High adsorption | Limited mechanical | Cu®* (0.417 (Sun et al., 2009)
(chitin)/cellulose chelation and ion Cre", Ni?*, | efficiency, eco- stability requires mmol/g), Zn**
composite hydrogel | exchange through Pb** friendly, regeneration (0.303 mmol/g),

hydroxyl and amine biodegradable, Cr®" (0.251

groups improved stability mmol/g), Ni**

with freeze-drying (0.225 mmol/g),
Pb** (0.127 mmol/g)

Fe3O4-polyvinyl Adsorption via Cr¢* High adsorption Decreased swelling | Cr¢" (0.267 g/g) (Yan et al.,
alcohol/chitosan electrostatic efficiency, ratio, limited 2018)
composite hydrogel | attraction and magnetic adsorption under

electron-sharing

separability, good

repeatability

neutral conditions
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Dual-network Adsorption via Methylene | High adsorption Limited adsorption | MB: 1800 mg/g, (Miao et al.,
chitosan-based electrostatic blue (MB), | efficiency, strong | for anionic dyes MG: 1797 mg/g, 2024)
hydrogel (CMAPP) | attraction, hydrogen | malachite anti-interference, CV: 2495 mg/g, BF:
bonding, and n-nt green excellent 2938 mg/g
interactions MG), recyclability
crystalline
violet
(CV), basic
fuchsin
(BF)
Carboxymethyl Adsorption via Brilliant High adsorption Reduced swelling BG: 1513.55 mg/g (Aljeboree et al.,
cellulose(CMC)-g- | electrostatic green (BG) | capacity, ratio with higher 2024)
poly(AM-co- interactions and dye enhanced stability | clay content
ITA)/clay multilayer with clay, easy
adsorption

46




nanocomposite separation, strong

hydrogel reusability.

Novel chitosan— Ionic hydrogen bond | Perfluorooc | High adsorption Limited to specific | PFOA: 1275.9 mg/g | (Long et al.,
ethylene glycol interaction between | tanoic acid | capacity, simple contaminants like 2019)
hydrogel (CEGH) | carbonyl groups of | (PFOA) synthesis via PFOA

PFOA and
protonated amine

groups of CEGH

freeze-thawing,

eco-friendly
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2.9 Hydration phenomena in hydrogel: mechanisms, measurements

Hydrogel hydration phenomena include water absorption and swelling, which affect their
physical and chemical characteristics. Hydrogels made from kappa carrageenan, chitosan,
and cellulose absorb water well owing to their hydrophilic and porous properties. When
these gels come into contact with water, they undergo swelling driven by osmosis, where
water molecules penetrate the gel matrix, causing it to expand. This hydration enhances
the gel’s mechanical strength and flexibility, making it appropriate for medication
administration, wound healing, and environmental cleanup. The gel’s crosslinking
density affects swelling, water absorption, ionic groups, pH, and temperature. Hydration
mechanisms are crucial to the polymer hydrogel sol-gel transition, as responsive hydrogel
systems show. A polymer hydrogel’s structural makeup is 90% water; hence,
understanding hydration processes is vital. Hydrogels may expand their dry weight 1000-
fold in water or salt water (Ahmed, 2015), with Gibas and Janik (Gibas & Janik, 2010)

expressing sorbed water as equilibrium water content (EWC) in Equation (2.1).

ww
EWC% = - % 100 2.1

Ww is the dry gel weight, and W7 is the hydrated gel weight.

Figure 2.4 shows a multi-step technique for hydrating and expanding swellable polymer
systems (Gibas & Janik, 2010; Pasqui et al., 2012). Water molecules first hydrate the
hydrogel matrix’s most polar, hydrophilic active spots to generate primary bound water.
This water is essential to the hydrogel structure and cannot be separated. Hydrophobic
sites interact with water molecules to create secondary bonded water in the next phase.

Total bound water has intermediate qualities from primary and secondary bound fluids
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(Pasqui et al., 2012). In the next stage, the covalent or physical crosslinks resist the
polymer network’s osmotic driving force toward infinite dilution. Thus, they absorb water
equal to the polymer’s equilibrium swelling capacity. Most free water is between network
chains and bigger holes, micropores, or voids (Hoffman, 2012). Due to electrostatic
repulsion, polymer chains stretch, generating vacuum regions in the polymer network
where much loosely bound water may be absorbed. Thus, the polymer crosslinking
strategy during hydrogel fabrication is crucial to network formation. It increases the
number of surface-active sites and interstitial domains, makes the copolymer insoluble in

water, and increases the polymer network’s mechanical strength and swelling.
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Figure 2. 4. Illustration depicting the structure of a polymer network.
To quantify polymer networks” water absorption (uptake) features, water
adsorption/desorption, water retention time (WRt), swelling rates, and repeatability
performance were estimated. Equations (2.2) and (2.3) are used to calculate the water

adsorption/swelling rate and the reproducibility performance of a hydrogel substance.
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WR(t) is defined as the ratio of the weight of the water retained by the hydrogel at a

specific time to the weight of the dry hydrogel by Equation (2.4).

w2-wi

Swelling ratio(SR%) = — X 100 (2.2)
Water uptake(WU %) = % (2.3)
Water retention time(WRt%) = % (2.4)
Deswelling(DS%) = % x 100 (2.5)

Equations (2.2) and (2.3) measure the swelling ratio and water uptake. After 24 h of
equilibrium swelling, the hydrogel weighs W2 in g, and W1 is the dry material’s weight
after filtering or oven drying to constant weight. In Equation (2.4), Wt is the weight of
the hydrogel at time t after it has absorbed water, and Wd is the hydrogel’s initial dry
weight. Deswelling refers to the process by which a hydrogel releases absorbed water and
contracts, returning closer to its original dry state. This characteristic is essential for
applications that require hydrogels to undergo multiple swelling—deswelling cycles while
maintaining their structural integrity and functionality. Deswelling (DS) was calculated
using Equation (2.5), with Ws representing the weight of the swollen hydrogel and Wo
the weight after vacuum drying for 30 min.

The hydrogel’s swelling and deswelling phenomenon demonstrates its ability to retain
and release water. Equation (2.6) calculates the moisture desorption rate by allowing a
sample with a known weight W (g) to absorb and release water at a particular temperature,
relative humidity, and time. W1 and W2 are sample weights after sorption and desorption,

while WD is the water desorption rate.
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wi-w?2

Water desorption (WD%) = — X 100% (2.6)

The elastic response of polymer chains and chemical and physical factors affect hydrogel
composite water absorption and swelling. Polymer networks swell when water enters the
hydrophilic matrix via diffusion and capillary action. The flexibility of crosslink sites
allows hydrogel structures to expand and contract in response to physical or chemical
stimuli. Hydrogel swelling is affected by crosslinking density, particular surface area,
hydrophile—lipophile character, and medium ionic strength.

The salt sensitivity factor Equation (2.7), calculated from equilibrium swelling in saline
solution to deionized water, assesses how ionic strength affects polymer swelling. Smaller
f-values suggest a lesser electrolyte swelling reaction. Higher cation charges promote
crosslinking, diminishing swelling dynamics. Zhang and Francisco et al. examined the
effects of monovalent (K*, Na*, NH4"), divalent (Ca*>"), and trivalent (AI*") ions on
chitosan- and starch-based hydrogel swelling. Monovalent, divalent, and trivalent cations
limit water absorption. Cationic charge enhances crosslinking density, minimizing
swelling (Rodrigues et al., 2012; Q. Zhang et al., 2020). The salt sensitivity factor (f)
shows this link, with higher f-values affecting swelling more. The swelling capacity (g/g)
of chitosan-based polymers declines with larger f-values: NH4" (0.69; 43.3 g/g) < Na*
(0.76; 33.6 g/g) < Ca*" (0.93; 10.2 g/g) < AI** (0.97; 4.7g/g). Chemical complexation and
electrostatic interaction with polymer matrix let multivalent cations produce more
crosslinks (Alam & Christopher, 2018). Higher crosslink density reduces swelling by
limiting access to interstitial polymer domains. Increased ionic strength also lowers
osmotic swelling pressure, causing the gel to contract. Alam et al. found that cellulose-

based hydrogels’ swelling and WR significantly decreased from 725 g/g in deionized
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water to 118 g/g in saline water due to the charge screening effect (M. N. Alam et al.,

2019).

Wsaline

Salt sensitivity factor =1 — 2.7)

Wwater

Water absorption and swelling are stronger in hydrogels of hydrophilic polymers like
hydroxyl or carboxyl groups. Due to charge screening, cellulose-based hydrogels expand
greatly in deionized water but less in saline (M. N. Alam et al.,, 2019). Higher
environmental ionic strength minimizes the osmotic pressure differential, contracting the
hydrogel. The polymer’s molecular weight and chemical structure impact the hydrogel’s
environmental response. Due to differences in polymeric chains and functional groups,
chitosan-based hydrogels swell differently than cellulose-based ones (Q. Zhang et al.,
2020). Higher-molecular-weight polymers make stronger, more durable hydrogels but

may expand less.

2.10 Conclusion

Water purification methods have undergone tremendous development to meet the rising
concerns over water pollution produced by contaminants from industrial, agricultural, and
sewage sources. The efficiency of membrane technologies such as microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) in removing a wide
variety of pollutants depends on size exclusion, adsorption, and electrostatic interactions.
These technologies have become a vital part of the different approaches. Fouling, high
energy consumption, and high operating expenses are obstacles these technologies
confront, even though they have beneficial applications. In light of this, novel materials
such as hydrogels provide potentially promising alternatives. Because of their one-of-a-

kind three-dimensional polymer networks, large surface area, and quick regeneration
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capabilities, hydrogels provide a solution for water purification that is both cost-effective
and efficient. They can absorb various pollutants, including organic toxins and heavy
metals, making them appropriate for emergencies and environmentally responsible water
treatment procedures. Hydrogel composites have been developed to further improve their
functioning by merging the characteristics of natural and synthetic materials, increasing
these composites’ adsorptive capacity and compatibility with the environment. The
adsorption processes of hydrogels, which functional groups and ambient circumstances
regulate, make it possible for hydrogels to effectively remove pollutants via
complexation, ion exchange, and physical adsorption. Hydrogels are a better option than
traditional adsorbents because they can undergo regeneration via various mechanisms.
This guarantee of long-term sustainability and cost-effectiveness positions hydrogels as
a superior choice. Despite these advantages, several challenges remain that require further
investigation. These include improving the structural integrity of hydrogels to withstand
prolonged operational use, tailoring hydrogel compositions to maximize adsorption
capacity for specific pollutants and developing cost-effective synthesis methods for large-
scale production and real-world implementation. Additionally, there is a need to explore
the long-term environmental impact and degradation mechanisms of hydrogel-based
materials and investigate multifunctional hydrogels that incorporate nanomaterials for
selective adsorption and self-regeneration properties. Addressing these research gaps will
pave the way for more effective, sustainable, and commercially viable hydrogel-based

water purification technologies.
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Chapter 3: Kappa Carrageenan-Vanillin Composite Hydrogel
for Landfill Leachate Wastewater Treatment

Ibrar, I°., Alsaka, L., Yadav, S., Altaee, A., Zhou, J. L., & Shon, H. K. (2023). Kappa
carrageenan-vanillin composite hydrogel for landfill leachate wastewater treatment.
Desalination, 565, 116826.
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Abstract

Removing heavy metals from landfill leachate wastewater treatment is an environmental
challenge because of its complicated characteristics and composition. Although several
chemical and physical processes were developed for landfill wastewater treatment,
membrane technologies are still common. Nevertheless, membrane fouling, energy
requirements and brine management are drawbacks of membrane technologies. This
study proposed a biodegradable, gravity-driven kappa-Carrageenan-vanillin hydrogel for

biologically treated leachate wastewater treatment to reduce the treatment cost and brine
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management problem. The composite hydrogel was synthesized using a facile method,
with an average pore size of 2.58+0.5 nm and acts as a water filter with super high flux
and excellent rejection for heavy metal ions, divalent ions and other contaminants in the
landfill leachate wastewater. The hydrogel filter achieved high rejection for divalent ions
from salt feed solutions such as sodium chloride, magnesium sulphate, and copper
sulphate. An average rejection of 42 £5% was achieved for sodium chloride, 78%+5%
for copper, 72%+5% for divalent magnesium ion, and 17%=+5% for sulphate rejection.
The hydrogel filter achieved a flux of 27 £5 LMH for landfill leachate wastewater with
high rejection efficiency for total organic carbon, turbidity, and heavy metal separation.
The filtration of the landfill leachate with the hydrogel resulted in a high rejection of total
organic carbon (7743 %), 95£3 % turbidity removal, 73 £5 % TDS removal, and 95-97%
colour removal. Heavy metal ions were rejected in the following order: Al (80+3%)> Ba
(88 £2%) > Pb (79 £3%) > Cd (72+3%). The composite hydrogel filter is inexpensive,
reliable, and highly efficient in removing contaminants under gravity filtration, requiring
no external energy or high hydraulic pressures and ease of scalability for commercial

applications.

3.1 Introduction

Rapid urbanization and industrialization have led to increased heavy metal pollution,
which is detrimental to our environment, food chain, water bodies, and agriculture (Oves
et al., 2012). Every year, millions of industries worldwide discharge waste laden with
heavy metals into soil, water and the environment (Umoren & Eduok, 2016; Zhou et al.,
2023). Heavy metals generally refer to metals having densities greater than 5 g/cm® such
as Copper (Cu), lead (Pb), zinc (Zn), barium (Ba), cadmium (Cd), mercury (Hg), and

chromium (Cr) are the most well-known in literature on heavy metals (Fang et al., 2018;
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Li et al., 2014; Oves et al., 2012). At least 20 metals are classified as toxic and pose a
significant risk if discharged into the environment in high concentrations (Akpor &
Muchie, 2010). These metals have hazardous effects on living beings and the
environment. For instance, lead can disrupt our food chain, decrease plant growth, and
cause human cancer (Ahmed et al., 2022). Cadmium toxicity can also promote soil
pollution, inhibit plant growth, and can cause damage to human kidneys, renal tubular
impairment, and other pulmonary diseases (Mahajan & Kaushal, 2018). Chromium in
water above regulatory levels has been linked to human cancer and kidney and liver
damage (Pradhan et al., 2017). Barium is harmful to aquatic organisms, and due to its
high solubility in water, it can travel easily in the aquatic environment, such as lakes,
oceans, etc., covering longer distances (Ghaemi et al., 2011). Hence, there is a dire need
for robust wastewater treatment technologies to remove heavy metal ions efficiently,
besides the stricter regulations for environmental protection. At the same time, new cost
and energy-efficient technologies should be developed for water purification and
wastewater treatment where alternative technologies remain questionable.

Over the past few decades, several technologies have been adapted for removing heavy
metals from wastewater, such as membrane technologies, adsorption, and several others,
such as coagulation/flocculation and precipitation (N. Abdullah et al., 2019). Membrane
processes such as reverse osmosis, ultrafiltration, and nanofiltration are more effective
for removing heavy metal ions from wastewater effluent. However, these technologies
are not cost-effective, require hands-on experience, and require expensive capital
investment. Additionally, these technologies are prone to fouling and high energy
consumption (X. Zhang et al., 2018). Adsorption remains the most cost-effective option

for contaminants such as heavy metal adsorption (Sun et al., 2019), especially
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advancements in graphene-related composites (Qin et al., 2014; Reshmy et al., 2022). The
most common adsorbent commonly used is activated carbon; however, regeneration is a
drawback and cost (Nesic et al., 2012). Several researchers have also reported that
activated carbon is inefficient for heavy metal removal (Barakat, 2011). These
technologies also leave behind toxic by-products, an environmental issue that needs
serious attention.

In addition to heavy metals, organic matter and microorganisms remain significant
challenges for the membranes technology of wastewater treatment (K. Zhao et al., 2022).
Researchers used nanoparticles to improve membrane properties and resistance to fouling
(Yadav, Ibrar, Samal, et al., 2022b). Graphene oxide (GO) membranes were developed
for desalination and water purification due to their excellent water permeability and
fouling resistance of the GO material (Ashfaq et al., 2020). GO-modified polyamide
reverse osmosis membrane exhibited improved antiscaling characteristics to conventional
RO membrane treating CaSO4 feed solution. The antifouling properties of the
polysulfone-GO membrane used to filtrate 200 mg/L bovine serum albumin feed solution
exhibited a 99% rejection rate and 88.55% water flux recovery. Despite the advantages
of GO material, it is still considered expensive to use in membrane applications for water
purification. Vanillin was reported to improve the membrane biofouling properties for
wastewater treatment due to its biocidal properties (Yadav, Ibrar, Samal, et al., 2022b).
Esmaeili et al. (2020) applied vanillin to enhance the hydrophilicity and antifouling
properties of the polyethersulfone (PES) membrane. The PES membrane with 6 wt% of
vanillin showed 40% higher water flux than the PES membrane. The study concluded that
vanillin antifouling and hydrophilic properties would significantly improve the

membrane performance.
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Recently, several researchers have investigated novel hydrogels with chemical
crosslinking, which are recyclable and biodegradable for heavy metal removal from
wastewater (Zeng et al., 2020). These hydrogels, however, are limited to laboratory scale,
as they have complex synthesis and involve rather expensive chemicals coupled with
intricate synthesis. Kappa-Carrageenan (kC) was proposed to remove organic matter and
heavy metals from an aqueous solution (Kulal & Badalamoole, 2020b; Pacheco et al.,
2021; Wang et al., 2017). Researchers applied a hybrid nanocomposite kC-magnetite
adsorbent to remove methylene blue (MB), Hg?" and Cu®" from the solution (Kulal &
Badalamoole, 2020b; Tranquilan-Aranilla et al., 2012). The study found that kC-
magnetite adsorption increased with the adsorbate concentration and reached equilibrium
at 800 mg/L for MB and Hg?* and 600 mg/L for Cu**. In another study, kC-GO hydrogel
for methylene blue adsorption revealed a remarkable adsorption capacity of 658.4 mg/g
at 25 °C (Wang et al., 2017). The adsorption capacity of the kC-GO hydrogel was almost
constant after five cycles. Cafiizares et al. (1994) used kG hydrogel for Spirulina maxima
immobilization in a repeated cycle for 7 to 10 days, depending on the feed concentration.
The removal of total phosphorus and ammonium nitrogen was >90% at 25% wastewater
dilution, but it decreased to >80% for ammonium nitrogen and 90% for total phosphorus
at 50% wastewater dilution. Despite the advantages of adsorption purification technology,
it suffers drawbacks, including low surface area, difficulty separating adsorbent from
adsorbate, and slow operation since it is a time-dependent process. Unlike membrane
technologies, adsorption technology is time-dependent; hence, treatment takes a long
time. In a recent study, Sudesh and coworkers(Yadav, Ibrar, Altaee, et al., 2022a) used a
kC-GO solution for commercial nanofiltration (NF) membrane coating in leachate

wastewater treatment. The modified membrane exhibited 95.73% water flux recovery and
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low fouling percentage compared to the NF without kC-GO coating. As a pressure-driven
membrane technology, kC-GO-coated NF membrane is a relatively energy-intensive
process and generates a brine solution.

There is a need for a cost-effective separation and purification technology with low
environmental impact. In this research, we designed and tested a hydrogel filter media for
the first time, combining the advantages of thin membrane permeability and the
adsorption properties of polymers for heavy metals treatment using landfill leachate
wastewater as a feed solution. The gravity-driven kappa-carrageenan-vanillin (kC-V)
composite hydrogel operates in dead-end mode to address some of the shortcomings of
commercially available filtration systems, such as brine wastewater management,
requirements for expensive infrastructure, and energy consumption. Vanillin was used to
improve the hydrophilicity of kC hydrogel and impart a biocidal effect required for
wastewater treatment (Yadav, Ibrar, Samal, et al., 2022b). The kC hydrogel mixed with
vanillin exhibited increased hydrophilicity and biocidal characteristics for treating
wastewater. The research questions are i) how does kappa-carrageenan concentration
impact the hydrogel water flux and ions rejection? ii) what is the composite kC-V
hydrogel rejection of divalent and monovalent ions? and iii) what is the kC-V
performance when treating real landfill leachate wastewater? Different kC-V hydrogel
concentrations were investigated and optimized for ions and heavy metal separation from
biologically treated landfill leachate wastewater under gravity-assisted filtration. The
experimental work investigated the impact of operating parameters on ions separation,
water flux, and rejection rate for different hydrogel filters. Furthermore, the rejection rate
of the kC-V hydrogel to divalent and monovalent ions in the solution was assessed using

different solutions such as sodium chloride, magnesium sulphate, and copper sulphate,
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and the feasibility of the hydrogel for the separation of heavy metal ions was assessed

using real landfill leachate wastewater.

3.2 Materials and methods

3.2.1 Materials

Analytical grades, kC (sulphated plant polysaccharide), and vanillin were procured from
Sigma-Aldrich (Australia) and used in all experiments. The wastewater sample was
landfill leachate wastewater obtained from the Hurstville Golf Centre, and the wastewater
was collected after biological treatment. Analytical grade sodium chloride (NaCl),
magnesium sulphate (MgSQOs), and copper sulphate (CuSO4) were also procured from
Sigma-Aldrich and used in some experiments for rejection studies. A fabric material of
30 um pore size was used as a support layer for the kC-V hydrogel filter. The hydrogel

was set on the fabric layer in a filtration column for water treatment.

3.2.2 Hydrogel Synthesis and Filtration Setup
The kC hydrogel was made by dissolving different concentrations (1- 3% wt/v) of kappa-
carrageenan powder in DI water at 60 °C and left on a magnetic stirrer for 3 hours to make

a homogenous gelatinous solution (Figure 3.1a).
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Kappa-carrageenan gelling temperature usually ranges from 60 - 80 °C. It was noticed
that a higher temperature of 80 °C affects the separation performance of the hydrogel as
usually a firm hydrogel is formed, and it gets blocked quickly, compared with hydrogel
synthesized at 60 °C. In a separate beaker, 1% wt/v of vanillin powder was dissolved in
DI water and stirred on a magnetic stirrer for homogenization simultaneously. Then, the
vanillin solution was mixed with the hydrogel and vigorously shaken with a shaker
(ThermoScientific, Australia). When kappa-carrageenan and vanillin are mixed, the
vanillin molecules become trapped within the three-dimensional structure of the kappa-
carrageenan molecule, forming a complex. This complexation can result in changes in the
physical properties of the kappa-carrageenan, such as its viscosity and hydrogel strength.
In general, the vanillin molecules can interact with the carrageenan chains through a
combination of hydrogen bonding, -electrostatic interactions, and hydrophobic
interactions. The interaction between kappa-carrageenan and vanillin is believed to be
due to the formation of hydrogen bonds between the sulphate groups of kappa-
carrageenan and the hydroxyl groups of vanillin.

The kC-V hydrogel was cast on a fabric material (pore size about 30 um) to provide a
support layer for the hydrogel. The experimental work was performed using a homemade
column filtration of 30 cm height made of plexiglass material (Figure 3.1b) to facilitate
visual observation with a 0.0007 m? filtration area. In all the experiments, the head was
kept constant at 30 cm. In the filtration setup, the fabric support layer was tightly placed
at the bottom of the filtration column, and the kC-V hydrogel was poured slowly on top
of the substrate using a syringe and allowed 10-15 minutes to settle down. The hydrogel
was allowed to settle and set for 10-15 minutes at least whilst hydrated. The pure water

was then poured slowly on column filtration. Care was taken during the filtration process
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as the sudden falling of the water onto the hydrogel would deform it, compromising its
performance. The feed solution's water flux and rejection rate of contaminants were
measured using analytical equipment. All experiments were repeated at least three times

to confirm the results. The water flux was measured using the following Equation.

w

T 1000%Axt

The rejection of pollutants was measured using Equation (3.2)
—(1-
R=(1 Cf) * 100 (3.2)

In Equation (2), Cp represents the concentration of the pollutants in the permeate solution,
whereas Cr is the initial concentration of the same contaminants in the feed solution. All

experiments for water flux rejection studies were repeated at least three times.

3.2.3 Analytical methods

Fourier Transform infrared spectroscopy (FT-IR) was conducted for functional group
analysis of the kC hydrogel and the kC-V using a Thermo Scientific Nicolet spectrometer
(0.9 cm™ optical resolution) connected to an IR- microscope (Thermofisher, Sydney,
Australia). All samples were dried in an oven at 105 °C for 24 hours. The FT-IR analysis
was performed for the wavenumber ranging from 4000 to 1000 cm™'. Each scan was
conducted three times, and the average of the three scans was reported for the final
spectra. Field-emission scanning electron microscopy (FE-SEM) for the hydrogel
samples was conducted using a Zeiss EVO LS15 SEM (Zeiss, Sydney, Australia). Before
the SEM analysis, all samples were coated with a 6nmlayer of Gold using a sputtering
machine. The EDX (Energy dispersive X-ray) was conducted with a Bruker SDD XFlash
5030 detector (Zeiss, Australia). The same samples were subjected to SEM and EDX

analysis. Pore size analysis was conducted through a porometer (TECHPoro Capillary
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flow Porometer) using the Barret-Joyner-Hallena (BJH) model for adsorption and
desorption. The kC-V hydrogel underwent a standardized procedure for analysis. Initially,
all samples were precisely cut into a 4 cm? area. Subsequently, they were immersed in a
wetting liquid known as Techporo fill liquid for 24 hours before analysis to ensure that
the wetting liquid thoroughly permeated the pores within the samples. Besides, the
hydrogel samples were carefully positioned within the module. A range of nitrogen gas
pressures was applied across the active layer to investigate the characteristics of the
hydrogel. The gas pressure was incrementally increased from 10 Psi (0.68 bar) to 120 Psi
(8.27 bar). This pressure gradient facilitated the displacement of the fluid trapped within
the pore possessing the largest pore throat. It is worth noting that the applied pressure had
to surpass the capillary pressure of the liquid in the largest pore throat, a determination
made through the bubble point method. This process aimed to expel any trapped fluid by
employing a gas pressure that exceeded the capillary pressure. Once the gas was passed
through the membranes under fully saturated conditions, the same pressure range was
applied while the hydrogel samples were dry. Collecting data from both wet and dry states
made it possible to calculate the maximum, mean, and minimum pore sizes exhibited by
the membranes. The Laplace equation was utilized to measure the pore radius. This
Equation considers the change in pore size as the pressure increases.

Consequently, the size of displaced pores decreased progressively from larger to smaller
as the pressure was incrementally raised. The through-pore distribution was determined
by measuring the pressure and flow rate of the gas passing through the membranes.
Finally, the Washburn equation was employed to calculate the pore size, which provides

a method of estimating pore characteristics based on the measured pressure and flow rate.
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The dried hydrogel's pore size diameter (D) was estimated using Equation (3.3), also

called the Washburn equation.

D = 4y cos AP (3.3)

In Equation (3 y represents the surface tension of the liquid, 0 is the contact angle of the
liquid, and P is the differential gas pressure. Nitrogen gas (N2) was used as adsorbate for
BET analysis. One gram of dried hydrogel was placed in a glass column of BET and left
for degas for 5 to 6 hours. The samples were then analyzed for 10 hours for pore size

analysis.

3.2.4 Water contact angle, water uptake, and swelling

The contact angle of the pure kappa carrageenan and different percentages of kappa
carrageenan (1% to 3%) were measured to get an insight into the surface wettability and
the hydrophilicity of the different hydrogel surfaces. The water contact angle was
measured by a sessile-drop method using the DM 211 Contact angle measurement system
(Kyowa Interface Science, Chennai, India). For each sample, at least three different
locations were selected for measurement, and the average water contact angle was
reported as the final result with an error value. Further hydrogel analysis was conducted
for water content analysis and assessment of swelling behaviour. Hydrogel with 2 cm
thickness was subjected to water content and swelling tests. All the tests were conducted
at a neutral pH value. The following Equation measured the water uptake (WU) of the

hydrogel.

_ (Wmoistgel-Wdriedgel) N

wu ,
Wdriedgel

100 (3.4)
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water uptake (WU) was determined using a previously dried membrane by cutting the
membrane into dimensional pieces of (3%x3x1) cm. The hydrogel pieces were dried in an
oven at 105 °C for 6 hours. Dry weight was recorded (Wariednydroger). After drying, the
pieces were immersed in distilled water for 24 hours at room temperature and weighed
after removing all excess m on a surface using blotting paper Wioismyaroger finally, water
uptake was determined by Equation (4). A total of 5 samples were tested, and the average
results were reported. Additionally, the swelling degree of the hydrogel was determined
to measure the anti-swelling properties of the hydrogel. The hydrogel's initial weight
was recorded (Winiia) and placed in DI water for 2 hours or NaCl solution of different
concentrations. The final weight was re-recorded (W), and the swelling degree (SD)

was estimated using Equation (3.5).

__ (Wfinal-Winitial) N
- Winitial

SD 100 (3.5)

3.2.5 Wastewater characterization

The wastewater was obtained from a former landfill site in Sydney, New South Wales.
The landfill site generates mature leachate wastewater, which is hard to treat with
biological treatment processes. The landfill leachate was collected after biological
treatment at the landfill site with a membrane bioreactor (MBR). Despite being
biologically treated, the leachate wastewater still shows high total dissolved solids (TDS),
total organic carbon (TOC) and turbidity, which requires further treatment to meet
environmental discharge guidelines. In the case of the landfill generated from this landfill
site (methane formation and matured leachate), biological treatment is ineffective in

treating the toxic pollutants (Andreja Zgajnar & Aleksander, 2015). The wastewater was
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analyzed by Inductively coupled mass spectroscopy (ICP-MS) for the heavy metals
concentrations, and the results are presented in Table (3.1).

Table3. 1:Wastewater analysis and composition

Parameter Measurement tool Value

pH LAQUA-pH meter (Horriba, Japan) 7.9

Conductivity LAQUA meter (Horriba,Japan) 14.53 £2 ms/cm
Total dissolved Solids LAQUA meter (Horriba,Japan) 2600+ 100 mg/L
Salinity LAQUA meter (Horriba,Japan)

Turbidity Turbidity meter (Horriba, Japan) 36 £2 NTU

Total organic Carbon ~ TOC Analyser (Shimatzu, Japan) 155.2 mg/L

Mg ICP-MS (Agilent, United States) 89.3 £3 mg/L

Ca ICP-MS (Agilent, United States) 71 £2 mg/L

Cd ICP-MS (Agilent, United States) 0.008 0.002 mg/L
Pb ICP-MS (Agilent, United States) 0.007 £0.002 mg/L
Al ICP-MS (Agilent, United States) 0.06 £0.01 mg/L
Cr ICP-MS (Agilent, United States) 0.09 £0.01 mg/L
Mn ICP-MS (Agilent, United States) 0.07 £0.01 mg/L
Ba ICP-MS (Agilent, United States) 0.42 £ 0.1 mg/L
Na ICP-MS (Agilent, United States) 132 £5 mg/L

K ICP-MS (Agilent, United States) 39+ 5 mg/L
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3.2.6 Adsorption capacity

The adsorption capacity experiment for Cu?>* ions was conducted using a thermostatic
shaker under pH 6, 25°C, and 150 rpm for 24 hours. A solid-to-liquid ratio of 2 g/L of
CuSO4 was utilized. The investigation encompassed three concentrations (1%, 2%, and
3%) of kappa-carrageenan gel combined with 1% Vanillin. Following the adsorption
process, separation performance of the kappa-carrageenan gel with Vanillin (kC-V) was
accomplished through centrifugation at 5000 rpm for 8 minutes. Copper concentration in
the samples was determined via ICP analysis, and the adsorption capacity (mg.g') was

calculated utilizing Equation (3.6).
Adsorption capacit (@) = (Ci — Cf) X Z (3.6)
p pacity \— W .

Equation (3.6) incorporates Ci (initial concentration of copper sulphate in mg/L), Cf
(residual concentration of copper sulphate at equilibrium in mg/L), V (volume of the
solution in L), and W represents the weight of the hydrogel samples in grammes.

The assessment of pollutants adsorption on the kC-V hydrogel layer involved conducting
experiments to construct breakthrough curves of Cf/Ci. Equation (3.6) was used, with Ci
representing the initial concentration of CuSO4 and Cf indicating the concentration after
passing through the fixed bed at a specific time (t). The breakthrough curve experiments
aimed to determine the breakthrough point, which indicates the moment when the
concentration of pollutants in the effluent reaches a predetermined percentage of the
concentration in the influent. This point serves as a crucial indicator of the adsorption
capacity and efficiency of the hydrogel layer in removing pollutants from the water or gas

stream. By analyzing and interpreting the breakthrough curves, crucial insights can be
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gained into the kinetics and performance of the kC-V hydrogel, allowing for optimization
and further improvement of the adsorption process (N Abdullah et al., 2019). The quantity
(mg-g ") can be calculated using Equation (3.7) to ascertain the maximum adsorption
capacity(Godiya et al., 2019).

Maximum capacity adsorption (mg/g) ZQTCi I} t=t0ml(1 - z—{ (3.7)

t=0

The maximum adsorption capacity in Equation (3.7) takes into account the flow rate (Q
in Liter/minute), the adsorbent mass (g), and Ci (initial concentration of copper sulphate
in mg/L) and Cf (residual concentration of copper sulphate at equilibrium in mg/L). The

integral represents the cumulative adsorption over the specified time.

3.2.7 Desorption

In the desorption test, 50 mL of 0.1 M hydrochloric acid (HCI) was added to the kC-V
hydrogel vial. The desorption process was done using a thermostatic shaker operating at
25°C and a stirring speed of 150 rpm for 2.5 hours. Then, the kC-V hydrogel was
centrifuged at 5000 rpm for 8 minutes to separate from the solution, and copper
concentration was measured using inductively coupled plasma (ICP). Equation (3.8)

determines the desorption capacity (expressed as mg. g™).

CexV
w

Desorption (%) = (3.8)
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Where Ce represents the residual concentration of copper sulphate at equilibrium in mg/L,
V is the volume of the solution in Litres, and W is the weight of the kC-V hydrogel.
Consequently, adsorption-desorption experiments were conducted in three cycles to
evaluate the adsorbents' reusability. The desorption studies were performed in acidic
conditions around pH 1.2. The percentage of desorption (D) was determined using

Equation 13.

Desorption (%) = % (3.9)
In Equation (3.9), Cqrepresents the desorbed ions measured via ICP-MS analysis, and Ca

represents the adsorbed ions.

3.2.8 Statistical analysis
Each experiment was conducted at least three times, and the average result + standard
deviation is reported there. The Analysis of Variance (ANOVA) was used to test the

difference between multiple experimental data.

3.3 Results and discussions

3.3.1 Morphological characterization via FE-SEM, FT-IR, and contact angle

The surface morphology of the kC-V hydrogel was conducted via FE-SEM analysis. It
should be noted that the hydrogel analysis was not conducted in its native state (not
feasible with SEM). The hydrogel was dried for 24 hours and thus shrank before doing

the SEM analysis. All the SEM pictures show no cracks at even smaller resolutions (2
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and 10um), as evident from Figures 3.2a and 3.2b, which show the integrity of the kC-V
hydrogel, even after drying at high temperatures (105 °C). All SEM images reveal tiny
nanostructures of vanillin on the top of the hydrogel surface and ridges and valley-like
structures for contaminants entrapment (Figure 3.2b). The structure resembles a thin-film
composite membrane with a ridge and valley-like structure (Hamid, Abdullah, Yusof,
Lau, Ismail, Wan Salleh, et al., 2021). The kC and vanillin interaction can be visualized
with FT-IR analysis of the kC and the kC hydrogel mixed with vanillin (kC-V). Dry kC
and kC-V hydrogel samples were subjected to FT-IR analysis (n=3). The FT-IR spectra
of the kC and kC with different concentrations (1 to 3%) with 1% vanillin are presented
in Figure 2c for wavenumber 4000 to 1000 cm™. The O-H stretch, C-H stretch, and

possible triple bond formation of C and N are also highlighted in Figure 3.2c.
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Figure3. 2.SEM and FT-IR analysis of the kC-V hydrogel, a) SEM image of the hydrogel
at 10 um at the first focus point, b) SEM images of the hydrogel at 2 um at the first focus
point, ¢) FT-IR spectra of the kC and kC coated with Vanillin (kC-V).

The spectrum of the pure kC shows several characterization bands. These peaks
correspond to wavenumber 3765, 2457, 2244, 1742, and 1527 cm ~!. The bands at 1155,
923, and 844 cm™ in the kC spectrum indicate polysaccharide units, 3,6-anhydride-
galactose and d-galactose-4-sulfate, and are in agreement with the previous literature on
FT-IR analysis of the kC hydrogel (Wang et al., 2017; Pacheco et al., 2021). These peaks
wavenumber 923,1155,1527 cm’!, assigned to stretching bands C-O, O=S=0, C-H, and
O-H groups and the FT-IR spectrum confirmed the existence of carboxyl (-COOH),
hydroxyl (-OH), and additional polar functional groups. All membranes demonstrated
broadband performance between 2457 and 3765 cm . The FT-IR of the kC-V hydrogel
is also presented, and these bands are also present in the kC-V spectra with a slight
stretching of some bands. The presence of new heights confirms the interaction of vanillin
with the kC hydrogel, this confirms that the addition of vanillin to the kappa carrageenan
contributes to increasing the presence of the hydroxyl group, which leads to an increase
in the intensity of the hydroxyl expansion at 3200-3600cm™!, and this is consistent with
the theory that helps to bond with H (Yadav, Ibrar, Altaee, et al., 2022a). Vanillin is a pore-
forming agent to improve the hydrogel's hydrophilicity and biocidal properties. Research
suggests that the membrane porosity increases with increasing concentration of vanillin,
and vanillin functions as a porogen by introducing polar functional groups, such as
alcohol and aldehyde, which result in a negative surface charge on the membrane (X.
Zhang et al., 2022a). The FT-IR of the kC-V also shows the formation of new peaks

compared to the kC spectra in the 1kC-V (1% kC+1%Van). The FT-IR of 2kC-V and
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3kC-V are almost identical. The broad rounded peak at 3765 cm! is slightly suppressed
by adding vanillin, and this peak is a characteristic peak of hydroxyl (OH) groups. The
dense peaks from 1500 to 1000 cm™! can be attributed to the presence of sulphate groups
in the kC and are also visible in the kC-V spectra. These peaks appear very dense, possibly
due to small moisture in the hydrogel after drying. The presence of small moisture usually

introduces an interference in the resulting absorption spectrum (X. Zhang et al., 2022a).

3.3.2 Water uptake, swelling and pore size analysis

The WU was measured by comparing fresh and dried hydrogel samples. The fresh
hydrogel was placed in an oven at 105 °C for 6 hours. The kappa-carrageenan-vanillin
(kC-V) composite hydrogels of similar thickness (2 cm) were tested for the WU. Upon
losing water, the hydrogel shrinks, folds at the sides, and turns into a tiny plastic-like
structure upon heating (Figure S1.1 Supplementary information S1). The WU for the 1%
kC-V hydrogel was the highest, followed by the 2% and 3% hydrogels as presented in
Figure 3.3a. The WU of the hydrogel with 19%kC-V indicates that 1g can take up to 1100g
of water, significantly higher than most hydrogels reported in the literature. The increase
in the water uptake of the hydrogel indicates an increase in the diffusion rate of protons.
The protons are transferred by hydrogen bonding from the water molecule, and the same
happens to the hydroxyl ions, thus increasing the flux (Yadav, Ibrar, Samal, et al., 2022b).
Additional tests were conducted for the swelling behaviour of the different kC-V hydrogel
concentrations in NaCl solution of different concentrations and DI water (Figures 3.3b,
3.3c and 3.3d). The swelling behaviour of different percentages of kC-V hydrogels was
studied by immersing the hydrogel in different concentrations of NaCl (Figure 3.2b and
3.2d) and DI water (Figure 3.3c). Swelling tests were performed for 2 hours for all the

solutions and hydrogel concentrations. Swelling behaviour in the presence of salt is a vital
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metric for practical applications, such as water release systems in agriculture (Hamid,
Abdullah, Yusof, Lau, Ismail, Salleh, et al., 2021). The impact of different concentrations
on swelling is reported here in Figure 3b, and the other results are presented in Figures
3.3c and 3.3d for DI water and 2g/L. NaCl. The swelling degree increases with the
increasing salt concentrations for 1% kC-V hydrogel, compared to the other two
hydrogels following an erratic path. The increase in salt concentrations after 2g leads to
a decline in the swelling degree. It also agrees with the literature, where an increase in
salt concentrations reaches a saturation point and the swelling degree of kappa-
carrageenan declines after this point (Distantina et al., 2016). The sorption ability
behaviour depended on the crosslinker of the hydrogel structure. An increase in the
swelling agent leads to an increase in the hydrogel's hydrophilicity ability to absorb water,
and the ions present in water affect the ability of the hydrogel to absorb water. For DI
water swelling tests (Figure 3.3c¢), the 3% kC-V hydrogel exhibited good anti-swelling
behaviour compared to the 2% and the 1% hydrogel.

The water contact angles were measured for pure kC and kC-V hydrogels to determine
the hydrogel's surface hydrophilicity and wetting ability. Surface wettability refers to how
liquids spread or stick to the hydrogel surface, while hydrophilicity specifically relates to
water's interaction with the hydrogel. Surface wettability determines how well a liquid
spreads or sticks to the hydrogel, while hydrophilicity focuses on water's affinity for the
hydrogel surface. A smaller contact angle indicates high surface wettability and
hydrophilicity (Andreja Zgajnar & Aleksander, 2015). The water contact angle of the pure
kappa carrageenan was reduced substantially by adding 1% vanillin to the 1%, 2% and
3% kC hydrogels, as presented in Figure 3.3e. The decrease in hydrophobic properties of

the pure kappa-carrageenan can be attributed to the addition of highly hydrophilic
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vanillin. The result agrees with previous studies, where incorporating vanillin into PSf
(Polysulfone) membranes decreased the contact angle substantially (Yadav, Ibrar, Samal,
et al., 2022b). The highest decline in the hydrophobicity was in the 1% kC-V hydrogel,
where the water contact angle was dropped to 58 +1°. Increasing the concentrations of
the kappa-carrageenan hydrogel led to a slight increase in the contact angle of the 2% kC-
V and 3% kC-V hydrogels, 61 £1° and 63 £1°, which can be attributed to the increase in
surface tension or high viscosity imparted by the increase in the concentration of the
kappa-carrageenan. Increasing surface tension generally increases the contact angle by
making the liquid more compact (Yadav & Chiu, 2019) (liquid tends to form a sphere).
In contrast, an increase in viscosity may hinder the spreading of the liquid and lead to a
larger contact angle (Keller et al., 2007). Similar results were also reported for the lower
contact angle of sodium alginate hydrogel, where increasing concentration led to an
increase in contact angle (Jin et al., 2022).

BET results for sorption data indicated that the average pore diameter of the 3kC-V
hydrogel is 2.58 +2 nm for a sample weight of 0.0318g. Furthermore, the BJH (Barrett-
Joyner-Halenda) adsorption summary provides information about a material's micropores
and mesopores based on the gas adsorption data analysis. The BJH (Barrett-Joyner-
Halenda) adsorption and desorption summaries were imported from the BET analysis and
are presented in Table3.2. The pore volume of the 3kC-V hydrogel is 0.047cc/g with a
pore diameter of 3.228 nm for adsorption and 0.036 cc/g with a pore diameter of 3.31 nm

for desorption.
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Figure3. 3.a) Water uptake of different concentrations of kC-V hydrogel, b) Swelling
degree of various percentages of hydrogel with NaCl concentrations, ¢) Swelling degree
in DI water for different concentrations, d) Swelling degree in NaCl 2g/L solution, e)
Contact angle measurements of pure kappa-carrageenan, 1% kappa-carrageenan blended
with 1% vanillin, 2% kappa-carrageenan with 1% vanillin and 3% kappa-carrageenan

with 1% vanillin.
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Table3. 2: Adsorption and Desorption summaries of BET analysis

BJH Adsorption summary BJH desorption summary
Surface area 33.15 m%/g Surface area 23.7 m?*/g
Pore Volume 0.047 cc/g Pore Volume 0.036 cc/g
Pore Diameter 3.228 nm Pore Diameter 3.318 nm

3.3.3 Pure water flux

A DI water feed solution was used to estimate the pure water flux of 1% to 3% kappa-
carrageenan hydrogel mixed with 1% vanillin. Different hydrogel thicknesses were tested
for optimal water flux and rejection. The best performance for 2 cm hydrogel regarding
water flux and rejection was obtained. After 15 to 20 minutes of settling time, the
permeate flux initiates as the water penetrates the kC-V hydrogel (Figure 3.4a), making
channels through the gelatinous layer. The column height was fixed at 30 cm (0.29 bar),
and the percentage of vanillin was kept at 1%. An increase in the concentration of vanillin
from 2% to 3 % reduced the water flux due to the increased hydrogel's hydrophilicity
enhanced by the vanillin, making the water difficult to permeate through or leave the
matrix. Higher hydrophilic hydrogels will bind the water molecules inside the hydrogel,
making it harder for the water to leave the porous hydrogel matrix (Sun et al., 2019).
Initial tests were done for different hydrogel concentrations with different thicknesses,
and water flux with DI water feed solution was evaluated, as presented in Figure 3.4b.
The rejection tests with magnesium sulphate solutions were conducted for different
hydrogel concentrations and thicknesses for process optimization, as presented in Figure
3.4c.

Hydrogels with 2 cm thickness exhibited better performance than smaller thicknesses;
therefore, 2 cm thickness is the optimal hydrogel width for good water flux and rejection.

Figure 3.4c presents the rejection of different hydrogel concentrations (1 to 3%) with
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varying thicknesses. The best rejection was observed at 2 cm thickness for all the
hydrogels. The rejection of 1% hydrogel was 36 +£2 %, followed by 48 +2% for 2%
hydrogel, and the highest rejection of 72 £2% was observed for 3%. The rejection and
water flux of the kC-V hydrogel can be tuned by changing the hydrogel thickness and or
the kappa carrageenan concentration to achieve the desired water flux and concentration.
In contrast, 1% and 2% hydrogels exhibited high water flux compared to the 3% hydrogel.
The comparison of various hydrogel concentrations for 2 cm thickness is presented in
Figure 3.4d. The highest water flux was obtained for 1% hydrogel (118 LMH), followed
by 2% (104 LMH), and the lowest water flux was obtained for 3% kC hydrogel (85 LMH)
(Figure 3.4d). Subsequently, higher concentrations of 4% of kC were also tested for water
flux; however, the greater percentage of the kC hydrogel had insignificant water
permeation even after one hour of the experiment and therefore was not further
investigated.

The water permeation through the kC-V hydrogel can be attributed to the molecular
structure of the kC-V hydrogel and the improved kC hydrogel hydrophilicity by vanillin.
The pure kappa-carrageenan chemical consists of anionic sulphate ions. Due to
electrostatic repulsions between these ions, the space between the polymer chain
increases, leading to the penetration of water molecules through the hydrogel structure.
Also, the mechanism of water permeation can be explained via the swelling process of
the kC-V hydrogel. During the swelling process, the water penetrates the kC-V hydrogel's
structure and is opposed by the elastic properties of the hydrogel, which tries to maintain
the structure intact. The gravity filtration setup exerts additional pressure from the top,
leading to a drag of the water across the hydrogel channels and hence the water flux

across. Adding vanillin to the pure kappa-carrageenan improved the hydrogel's porosity,
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as vanillin is a pore-forming agent. Furthermore, using vanillin can significantly influence
the formation of pores and increase the permeation rate in filtration applications (R et al.,
2017). The addition of vanillin also imparts a negative charge on the hydrogel surface and
decreases the contact angle measurement (Yadav, Ibrar, Samal, et al., 2022b). The kC and
vanillin have been successfully used in several membrane fabrication studies to improve
membrane porosity and increase membrane hydrophilicity. Adding the kC and vanillin
also led to enhanced membrane permeability and better antifouling properties (Alam et
al., 2017; Yadav, Ibrar, Altaee, et al., 2022a). The main advantage of using the composite
kC-V hydrogel in filtration processes is reducing desalination's energy requirements since
the hydrogel operates under gravity. The only energy consumed in the process is during
the synthesis of the kC-V hydrogel. The kC-V hydrogel operates in a dead-end mode;

hence, no brine solution would be generated from filtration.
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hydrogel.

3.3.4 Rejection of NaCl and divalent ions

The NaCl water flux and rejection measurements were conducted using a 2 g/L. NaCl feed

solution. The highest rejection was obtained for the 3% kC-V hydrogel (42 +5 %),

followed by the 2% kC-V (13 £ 5%), and 1% kC-V hydrogel had the lowest NaCl

rejection (5 2 %). The average water flux and the rejection of the 3% kC-V hydrogel are
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presented in Figure 3.5. The 3% kC-V hydrogel has the best performance in terms of
NaCl rejection, with an average water flux of 30.8 LMH under a 30 cm gravity head. This
rejection is substantially higher than most of the hydrogels reported in the literature for

NaCl rejection (K. Zhao et al., 2022).

Figure 3.5a also presents the water flux curves for 3% kC-V hydrogel for two
representative divalent feed solutions, CuSO4 and MgSOy4, both in a concentration of 2
g/L. The best performance for divalent ion rejection was obtained for 3% kC-V hydrogel.
Lower percentages of 1% and 2% kappa-carrageenan had a very low rejection for divalent
ions, around 29% for 2% hydrogel and 15% for 1% hydrogel, respectively, for the
MgSO4. The best performance was obtained for 3% kC-V hydrogel for MgSO4 feed
solution with an average water flux of 44 + 3 LMH and rejection rate of 72 + 2% (ICP-
MS for Mg). An average water flux of 36 +2 LMH was obtained for the CuSO4 feed
solution with a rejection rate of 76 +2% (ICP-MS for Cu). Lower rejection of Mg?* ions
compared to the Cu®" ions can be attributed to the smaller ionic radius of the Mg®" ion
(0.65 A) compared to 0.73A for the Cu?* ion. High copper rejection is one of the main
advantages of this filter media since most of the wastewater from different industries

contains copper (Dil et al., 2017).

The rejection of the 3% hydrogel with 2 cm thickness was also investigated in three
consecutive cycles, as presented in Figure S1.2 (Figure S1.2, Supplementary information,
S1). Each cycle lasted one hour. At the end of each cycle, the DI water solution was
filtered through the hydrogel for at least 15 minutes. A fresh solution was poured onto the
hydrogel, and water flux and rejection were recorded again. The hydrogel maintained a

water flux of 45 £5 LMH and 74% +4 rejection for three consecutive filtration cycles.
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The mechanisms of pollutant rejection by the kC-V hydrogel include steric hindrance
when particles are rejected because of their size, adsorption onto the hydrogel surface due
to charge differences such as heavy metals, or Donnan exclusion. The latter mechanism
applies to ionic species, for example, metal salts such as copper sulfate solution. The kC
hydrogel contains immobile, negatively charged —OH™ (hydroxyl) groups. On the
hydrogel-copper sulfate solution interface, some SO~ ions from the feed solution pass
to the product water, while Cu®* ions are rejected due to Donnan's potential. As such, the
gel side of the interface will be negatively charged, and the solution side will be positively
charged. Figure 3.5b shows the colour of the copper sulphate before filtration (B) and
after filtration (A). The permeate water appears slightly yellowish, possibly due to the
reaction of vanillin with the copper sulphate. However, it can be seen that the permeate
seems quite transparent, indicating a high rejection of copper. Additional images of the
permeate before and after filtration are presented in the supplementary information
(Figure S1.2, Supplementary information S1). Figure 3.5¢c shows the kC-V hydrogel after
filtration of CuSOs. The 2 cm hydrogel thickness was cut into two parts, as shown in
Figure 3.5d. Evidently, the Cu®" ions were not rejected on the hydrogel surface since both
parts of the hydrogel were stained in blue due to Cu?" contamination. The results confirm
that Cu?" rejection was achieved by adsorption onto the kC-V hydrogel, as evident from
the light blue colour of the hydrogel. Most copper treatment methods are expensive or
require toxic solutions or solvents. The kC-V hydrogel can also recover copper ions from
wastewater for reuse since contaminants will be trapped on the hydrogel materials in the
dead-end filtration mode. Future studies could investigate the recovery of copper from
wastewater, such as electroplating wastewater (Zhang et al., 2014), which contains high

copper content.
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3.3.5 Adsorption and desorption
The initial concentration of the adsorbate material influences the adsorption capacity.
Figure 3.6 illustrates the influence of the initial adsorbate concentration of CuSO4 on the

adsorption of kC-V, demonstrating a direct correlation between the concentration of the

83



adsorbate and the extent of adsorption. The adsorption enhancement attributable to higher
adsorbate concentrations can be ascribed to the increased availability of adsorption sites
on the adsorbents and the heightened driving force from the amplified solute
concentration. This intensified driving force facilitates the surmounting of mass transfer
resistance between the solid and liquid phases (Mohammadzadeh Pakdel &
Peighambardoust, 2018).

The experimental findings derived from dynamic adsorption experiments conducted with
3% kC-V are presented in Figure 3.6b. The maximum adsorption capacity was
systematically investigated for Cu, and it was found that the gel has the maximum
adsorption capacity of 1.22 mg/g for Cu. Initially, metal ions are rapidly extracted,
signifying a high adsorption rate. However, as the system approaches equilibrium, the
extraction rate gradually declines. This phenomenon can be explained by the proliferation
of unoccupied sites accessible for adsorption during the early stages of the process. As
the adsorbate molecules occupy these vacant sites, a repulsive force emerges between the
adsorbate at the adsorbent site and those in the bulk phase, decelerating the adsorption
process. Moreover, the rate at which adsorbate molecules are eliminated from the solution
is governed by their transfer from surface sites to the interior regions of the adsorbent
material (Zhang et al., 2014). Equilibrium is attained within 60 minutes for the examined
metal ions, where adsorption and desorption rates reach a state of equilibrium.

The potential for reusing adsorbents in multiple cycles provides economic benefits by
reducing the cost associated with the adsorption process. This reusability feature is
particularly advantageous for large-scale industrial applications. Three adsorption-
desorption cycles were conducted using 2000 mg/L. CuSO4 feed concentration to

investigate the adsorption/desorption performance of the hydrogel for Cu®" ions. The
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percentage of copper removal during the three cycles was 81.9 £ 2 %, 80.03 +2 %, and
75.43 £2 %. Furthermore, the desorption concentration for the three cycles was 80.68 +
1.5 %, 78.85 £2 %, and 73.09 +1%, respectively, as shown in Figure 3.6¢. The results
show that the hydrogel adsorption performance can be recovered significantly in multiple
filtration cycles. The hydrogel's desorption mechanism involves releasing previously
adsorbed or absorbed Cu®* ions. This can be achieved through various mechanisms,
including diffusion, exchange reactions, solvent effects, or external stimuli. Diffusion
relies on concentration gradients, where the adsorbed Cu?" ions move from high-
concentration areas to lower-concentration regions. Exchange reactions occur when
species with higher affinity displace the previously adsorbed ones. Solvents can influence
desorption by affecting the interactions between hydrogels and adsorbed species.

Additionally, external stimuli such as changes in temperature or pH can induce structural
modifications in the hydrogel, leading to the release of the adsorbed species. In the case
of an acidic solution, the presence of protons competes with the binding sites of the
adsorbents, weakening the interaction between the adsorbents and the targeted Cu** ions.
Therefore, the adsorbed Cu?* ions are effectively released, highlighting the impact of
solution conditions on the desorption process. Overall, the 3kC-V hydrogel membrane
exhibits promising performance in terms of its ability to be repeatedly used for filtration,

as demonstrated by its good desorption efficiency during consecutive cycles.
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3.3.6 Landfill leachate treatment

Due to its strong metal binding capacity, kappa-carrageenan has been used to create drugs
to remove heavy metal ions from the human body (Khotimchenko et al., 2010). The
feasibility of the kC-V hydrogel filtration for heavy metal separation was evaluated using
real landfill leachate wastewater. The landfill leachate wastewater was analyzed through
a Malvern Particle analyzer for size distribution, as shown in Figure 3.7. The particle size
of the landfill leachate wastewater falls in the two ranges from 0 to 20 nm and 40 to 100

nm.
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Figure3.7.Particle size distribution of the landfill leachate wastewater conducted through

the Malvern Particle Analyser

The filtration of the landfill leachate wastewater with the hydrogel resulted in a high water
flux (Figure 3.8a), colour removal (Figure 3.8b) and a high rejection of total organic
carbon (7743 %), 92% turbidity removal, 60-73% TDS removal and 95-99% (Figure
3.8d). The turbidity removal mechanism involves the steric hindrance mechanism when
particles are rejected because they are larger than the hydrogel pore size (circa 2.5 nm).
The filtration of feed solution with the kappa-carrageenan-vanillin composite filter left
no landfill leachate wastewater/or brine solution behind. The hydrogel achieved high
water flux, excellent turbidity, and an organic matter rejection rate. These features are
particularly important for treating wastewater, where the waste contains potentially toxic
materials, and their management is highly regulated, critical, and costly. Figure 3.8¢c
reveals the SEM micrographs of the hydrogel after the landfill leachate treatment. The

white crystalline structures can be attributed to the fouling due to inorganic contaminants
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in the landfill leachate wastewater. Figure 3.8b shows the water flux and the landfill
leachate colour before (B) and after treatment (A). The landfill leachate is more
transparent than the yellowish appearance before. An average flux of 26 £3 LMH was
obtained for the landfill leachate wastewater (Figure 3.8a). During the 80 minutes
operation for landfill leachate wastewater, 24.5 mL was recovered from 100 mL in 80
minutes, and a 100% recovery rate was achieved at the end of the filtration process. Water
flux in the kC-V hydrogel is governed by the Grouthuss mechanism, where proton (H+)
and hydroxyl ions (OH-) (Figure 3.8¢) diffuse through the hydrogen-bonded network of
kappa-carrageenan and vanillin hydrogel via the formation and simultaneous cleavage of
covalent bonds between neighbouring molecules. Further, the transport mechanism is
believed to include Eigen to Zundel to Eigen (E-Z-E) and Zundel to Zundel (Z-Z)
mechanisms.

Heavy metal ions were rejected in the following order: Pb>Ba>Al>Cr>Cd (Figure 3.8d).
The lowest rejection amongst all the heavy metals was for the Cd** ion, attributed to the
competitive adsorption of different heavy metals and their affinity to the hydrogel
molecules. The rejection efficiency ranges from 65-75% for heavy metal removal.
Amongst all the heavy metals, the highest rejection was for the Pb>* ion, probably due to
the larger ionic radius of the Pb** ion compared to the other ions. For divalent ions in the
landfill feed solution, the rejection of Mg?" was slightly higher than that of Ca®" ions. The
interplay of different ions simultaneously in the landfill leachate wastewater can also
affect the rejection efficiency of each ion. The rejection for Mg?* ions in the landfill
leachate wastewater was 88 +5 % higher than when the synthetic MgSO4 feed solution
(section 3.5) and can be attributed to the bridging of Mg?" ion to the high organic content

(TOC of the landfill in Table 1) in the landfill leachate wastewater, leading to the higher
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rejection. Energy dispersive X-ray (EDX) analysis was conducted for the hydrogel's top
surface and middle part to get insights into the rejection.

All the experiments were conducted at neutral pH (7-8) since the kC-V hydrogel is more
stable at this pH range and has a high affinity towards heavy metal ions. In effect, several
synergistic mechanisms, such as adsorption, ion exchange and chelation, can govern the
hydrogel rejection of metal ions. As an ionic carrageenan polysaccharide, kappa-
carrageenan is significantly affected by other charged species in solution that can reorient
the conformation from ordered to disordered. By forming bridges with the cation at its d-
galactose sulphate group and interacting electrostatically with an anhydrous-O-3,6 ring
of another d-galactose ring, it demonstrates high sensitivity to several metal ions. Kappa-
carrageenan has been shown to have a high affinity for binding to heavy metals such as
cadmium, lead, and mercury. This property is due to sulphate groups in the kappa-
carrageenan molecule, which can form coordinated covalent bonds with heavy metal ions
(Alam et al., 2017). The binding of kappa-carrageenan with heavy metal ions can also be
attributed to chelation. The chelation process involves the formation of coordination
bonds between the sulphate groups on kappa-carrageenan and the heavy metal ions. These
bonds can be quite strong and help remove heavy metals from the solution by forming
insoluble complexes easily removed through filtration or sedimentation. In addition to its
chelation properties, kappa-carrageenan also can sequester heavy metals by adsorption.
This process involves the physical binding of heavy metal ions to the surface of kappa-

carrageenan without forming coordination bonds.
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In addition to heavy metals binding to sulphate ions, the kC-V rejection mechanism also
includes the Donnan exclusion theory mentioned in section 3.5. The binding of heavy
metals to kappa-carrageenan can have several beneficial applications. For example, it can
be used as a means of removing heavy metals from contaminated water sources or as a
way of reducing the levels of heavy metals in food products. Based on these properties,
the kC-V hydrogel can be a viable option for wastewater with heavy metals, such as
landfill leachate wastewater. Figures 3.9a and 3.9b present the EDS analysis of the top
surface and middle section of the kC-V hydrogel after the landfill treatment. The highest
intensities in the EDS spectrum are obtained for Cr, Mn and Fe ions. Besides these
elements, Al, Cu, Ca, and Si were the main occupants of the hydrogel after filtration. The
SEM and EDS of the middle part of the hydrogel after landfill leachate filtration show

much sharper peaks and intensities compared to the top surface (Figure 3.9b).
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Figure3. 9.EDX analysis of hydrogel after filtration with landfill leachate wastewater, a)

top surface of the hydrogel, b) inner section of the hydrogel.
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Further analysis was conducted through FT-IR spectroscopy. The FT-IR spectra (Figure
S1.4, Supplementary Information, S1) show several peaks diminished in the landfill
leachate wastewater fouled hydrogel spectrum compared to the kC-V spectrum. A slight
stretching is observed in the peak at the wavenumber 3765 cm™ (O-H stretching, alcohol)
and 3155 cm™! for the kC-V hydrogel after the landfill leachate wastewater treatment,
which is attributed to several polysaccharides in the landfill, leachate wastewater or
protein fouling. The peaks at 3271 cm™, 2900 cm™ and 2260 cm™ are completely
diminished. The diminished peak at 2900 cm™ reveals the presence of humic acid fouling

from the landfill leachate wastewater.

3.3.7 Commercial implications

The kC-V hydrogel technology is an inexpensive and simple method for wastewater
treatment that operates in dead-end filtration to minimize brine waste generation. Unlike
pressure-driven membranes such as reverse osmosis, kC-V does not require expensive
infrastructure and is easy to use. It is a suitable method for wastewater treatment and
freshwater supply for remote areas or when infrastructures are unavailable. Compared to
existing treatment technologies such as reverse osmosis, composite hydrogel filter
technology is cost-effective, made of biodegradable materials and requires low energy.
The specific power consumption (Es) is a function of feed pressure (P), pump efficiency
(m), feed flow rate (Qr) and the permeate flow rate (Qp) as the following:

QP

E, = (3.14)

n*Qp
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The kC-V hydrogel has high water flux, excellent turbidity, and organic matter removal.
These features are particularly important for treating wastewater, where the waste
contains potentially toxic materials, and their management is highly regulated and costly.
The gravity-driven kC-V hydrogel requires less than 1 bar compared to 10 to 30 bar for
RO membranes (Zhou et al., 2012).Table 6compares the current hydrogel filtration
technology with the RO. The specific energy required for wastewater treatment by
advanced RO technology is between 0.8 kWh/m? and 1.6 kWh/m? (Wakeel et al., 2016).
RO recovery rate in the wastewater treatment plant could reach 85%, depending on the
feed characteristics. For example, for an RO system processing wastewaters of variable
feed concentrations at 30 bar, recovery rates between 75% to 85%, and pump efficiency
of 0.8%, the expected specific power consumption will range from 1.39 kWh/m? to 1.23
kWh/m?, which is in the range reported in the literature. In contrast, the specific power
consumption of the kC-V for leachate wastewater treatment at 1 bar was about 0.034
kWh/m?, significantly reducing power consumption and greenhouse emissions. With a
dead-end filtration process, the recovery rate is almost 100%, eliminating brine waste
generation.

Another main issue in pressure-driven membrane processes such as reverse osmosis is
the fouling and scaling of membranes, and eventually, reverse osmosis membranes
require replacement. The cost of the kC-V hydrogel is very cheap (1$ per m?) and,
therefore, would be very economical for commercial applications. Moreover, the kC-V
hydrogel can recover valuable resources in future applications, such as lithium-ion from
brine and precious metal from industrial wastewater. Industrial wastewaters,
contaminated groundwaters, hospital wastewater, food processing wastewater, and

pharmaceutical wastewater are among the wastewater types suitable for the kC-V
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hydrogel filter treatment. Many businesses could benefit from this new technology for
wastewater treatment to reduce the treatment cost while meeting the environmental
guidelines of wastewater disposal. The hydrogel filter's technology lends itself to treating
wastewater containing heavy metal ions and organic matter, as the hydrogel and vanillin

materials have an affinity to heavy metals and organic matter.
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Table3. 3:Comparison of hydrogel filtration driven by gravity vs RO.

Technology Membrane Membrane | Lifetime | Emissions | Equipment Energy Pressure | Membrane
fabrication mechanical consumption | Required | cost per 1m?
strength kWh/m?
Reverse osmosis | Complicated | High 6 months | High Expensive 0.8to 1.6 1 to 30 102-238%
and requires infrastructure bars
expensive (Sterlitech
infrastructure Corporation,
WA, USA,
2023)
kC-V Hydrogel | Easy Low Low Low Cheap and 0.034 0.1tol 1$
lifetime | emissions | easy to bar
operate
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3.4 Conclusion

Kappa-carrageenan-vanillin composite hydrogel filter was investigated for the treatment
of ions and wastewater. The composite filter shows great potential in contaminants
removal from synthetic and natural landfill leachate feed solutions. Furthermore, the
gravity filtration in a dead-end mode of feed solution with the kappa-carrageenan-vanillin
composite filter leaves no wastewater stream that often occurs in conventional membrane
filtration processes. This advantage is an important feature in the developed composite
hydrogel filter to reduce or eliminate the environmental impact of the treatment method.
Compared to existing treatment technologies, composite hydrogel filter technology is
cost-effective, easy to use, environmentally friendly, and low-energy process for
wastewater treatment. The hydrogel's water flux decreased with increasing its
concentration from 1 to 3%, whilst its rejection increased. Amongst all the hydrogels, the
3% kC-V hydrogel achieved a rejection of 80% =+5 for divalent ions and 42%=+5 for
monovalent ions. Moreover, the hydrogel exhibited a high-water flux, between 30.8
L/m?h and 44 L/m*h for synthetic feed solutions and 26 L/m?h for leachate wastewater,
and an excellent rejection rate to turbidity, organic matter, and metal ions. These features
are particularly important for treating biomedical, and hospital wastewater, where the
waste contains potentially infectious materials and their management is highly regulated,
critical, and costly. The hydrogel filter media can be retrofitted in existing wastewater
treatment as a polishing stage to remove recalcitrant pollutants. The hydrogel has weak
mechanical strength, and long-term stability should be explored in future studies. The
mechanical strength can be improved by adding different additives to the kappa-
carrageenan in the fabrication process. Future research will also focus on tuning the

hydrogel for different types of wastewater treatment and optimizing operational
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parameters. Furthermore, it is important to study fouling mitigation and investigate the

hydrogel for valuable resource recovery from different types of waste streams.

Supplementary information S1

Kappa Carrageenan-Vanillin Composite Hydrogel for Landfill

Leachate Wastewater Treatment
Ibrar Ibrar'$, Lilyan Alsaka'®, Sudesh Yadav', Ali Altaece'”, John L Zhou', Ho Kyong
Shon!

$: Equal effort

Figure S1. 1.Hydrogel shrinking.
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Chapter 4: Performance and analysis of kappa-carrageenan
hydrogel for PFOA-contaminated soil remediation wastewater

treatment

Alsaka, L., ITbrar, 1., Altaee, A., Zhou, J., Chowdhury, M. H., Maryam, A.-E., & Hawari,
A. H. (2024). Performance and analysis of kappa-carrageenan hydrogel for PFOA-

contaminated soil remediation wastewater treatment. Chemosphere, 365, 143371.
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Abstract

Perfluorooctanoic acid is an emerging pollutant with exceptional resistance to
degradation and detrimental environmental and health impacts. Conventional physical
and chemical processes for Perfluorooctanoic acid are either expensive or inefficient. This
study developed an environmentally sustainable and cost-effective gravity-driven kappa-

carrageenan (kC)-based hydrogel for perfluorooctanoic acid (PFOA) removal from
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synthetic and actual wastewater. Two kC filters were prepared by mixing activated carbon
(AC) or vanillin (V) with the kC hydrogel to optimize the hydrogel selectivity and water
permeability. Experimental work revealed that the PFOA rejection and water permeability
increased with the AC and V concentrations in the kC hydrogel. Experiments also
evaluated the impact of feed pH, PFOA concentration, hydrogel composition, and
hydrogel thickness on its performance. Due to pore size shrinkage, the AC-kC and V-kC
hydrogels achieved the highest PFOA rejection at pH 4, whereas the water flux decreased.
Increasing the PFOA concentration reduced water flux and increased PFOA rejection. For
2 cm hydrogel thickness, the water flux of 3%kC-0.3%AC and 3%kC-3%V hydrogels
was 25.6 LMH and 21.5 LMH, and the corresponding PFOA rejection was 86.9% for
3%KkC-0.3%AC and 85.7% for 3%kC-3%V. Finally, the kC-0.3%AC hydrogel removed
81.1% of PFOA from wastewater of 179 mg/L initial concentration compared to 79.3%
for the kC-3%YV hydrogel. After three filtration cycles, the water flux decline of 3%kC-
0.3%AC was less than 10%. The gravity dead-end kC hydrogel provides sustainable

PFOA wastewater treatment with biodegradable and natural materials.

4.1 Introduction

Polyfluoroalkyl substances (PFAS) are synthetic compounds widely utilized for their
water and grease resistance and thermal stability in diverse industrial and consumer
applications. Characterized by robust fluorine-carbon bonds, PFAS exhibit exceptional
chemical stability, contributing to their persistence in the environment. PFAS are
categorized into perfluoroalkyl sulfonates (PFAS) and perfluoroalkyl carboxylates
(PFCA). Despite their versatility, PFAS have raised environmental concerns due to their
pervasive presence and potential adverse effects on human health and ecosystems

globally. Consequently, developing effective PFOA removal strategies has become an
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area of intense research and innovation (Buck et al., 2011; Milley et al., 2018; Zheng et
al., 2017). PFOA, typically found at low concentrations, is treated by one of these
methods: adsorption, ion exchange, or membrane filtration (Appleman et al., 2014).
Adsorbents used for PFAS treatment include activated carbon (AC), silica, zeolites,
aminated rice husk, g-C3N4, MOFs, COFs, and modified chitosan(Lei, 2023). PFAS
adsorption relies on electrostatic and hydrophobic forces influenced by molecular
structure and physicochemical properties. Solution pH, regeneration costs, and ionic
strength affect the adsorption broad application for PFAS treatment. Also, short-chain
PFAS (<C6) presents difficulties for conventional adsorbers like AC (Das & Ronen,
2022).

Several studies recommended nanofiltration (NF) and reverse osmosis (RO) for PFAS
treatment, knowing that RO outperforms NF membranes for PFAS rejection. RO
membranes consistently exhibit rejection rates of over 99% for multiple PFAS species,
including PFOS, PFHxA, PFOA, and PFDA (Tang et al., 2006; Zeng, Tanaka, Suzuki,
Yukioka, et al., 2017), in contrast to approximately 95% rejection observed with NF
membranes (Franke et al., 2019; Tang et al., 2006). In a study by (Flores et al., 2013), RO
effectively removed over 99% of fluorinated compounds (PFOA and PFOS) from
wastewater, resulting in trace concentrations (PFOA <4.2-5.5 ng/L, PFOS 3-21 ng/L)
below the US-recommended limit for drinking water (70 ng/L). However, it is crucial to
note that while membrane technologies, particularly RO, are highly effective, they pose
economic challenges, and handling residual PFAS concentrate remains problematic.
Recent focus has been on innovative hydrogel substances derived from natural and
synthetic polymer sorbents for addressing PFAS contamination in aqueous environments.

The adsorption of PFOA to chitosan and ethylene glycol exhibits a maximum capacity
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adsorption of 1275.9 mg/g, rendering them attractive adsorbents for PFOA removal from
wastewater (Long et al., 2019). For example, hydrogel based on poly(acrylamide) with
incorporated powdered AC demonstrated removal efficiencies of up to 98% for
perfluorooctanoic sulfonic acid (PFOS) and 96% for perfluorooctanoic acid (PFOA)
(Klaus et al., 2023). Ateia et al. reported the functionalized cellulose achieved a rapid 70—
80% removal of PFOA and PFOS within the first 100 seconds (Ateia et al., 2019).
Researchers enhanced PFAS affinity by incorporating ionic fluorogels through thermally
initiated radical copolymerization of perfluoropolyethers PFPE with methacrylate chain-
end functionality (Fluorolink MD 700) and an amine-containing monomer (2-
dimethylaminoethyl methacrylate, DMAEMA). This approach achieved >95% removal
of diverse PFAS, including PFOA and PFOS, from wastewater treatment plant samples
(Kumarasamy et al., 2020). Chitosan, a polysaccharide containing amine groups,
manifests adsorptive properties concerning PFAS through ionic interactions involving the
carboxylic/sulfonic groups of PFAS and the cationic groups inherent in the polymer
(Zhang et al., 2011). Crosslinking with epoxy epichlorohydrin (ECH) enhances affinity,
forming a molecularly imprinted hydrogel that adsorbs over 50% of PFAS, even in
competing pollutants (Yu et al., 2008).

Kappa-carrageenan (kC) is another polysaccharide widely used in adsorption and
membrane filtration. It has a robust gel-forming capacity due to its helicoidal shape,
which plays a crucial role in gelation (Liu & Li, 2016). Ibrar and co-workers developed
a kC-vanillin hydrogel filter for landfill leachate wastewater treatment, which achieved a
27 LMH water flux, 77% rejection of organic carbon (TOC), and 95% for color removal
(Ibrar et al., 2023). Esmaeili et al. (2020) enhanced polyethersulfone (PES) membrane

hydrophilicity and antifouling properties by incorporating 6 wt% vanillin, resulting in a
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40% increase in water flux compared to the control (Esmaeili et al., 2020). The study
examined the influence of kC content in PVDF/kC composite membranes and found that
1.0 wt% of kCg significantly improved membrane properties, enhancing characteristics
and increasing dye rejection and water permeance (J. Alam et al., 2019). Yadav et al.
(2022) enhanced a nanofiltration (NF) membrane with a kC-GO solution for leachate
wastewater treatment, achieving a 95.73% water flux recovery and reduced fouling
compared to the uncoated NF membrane.

Although kC was investigated for wastewater treatment, studies on kC applications for
PFAS removal from wastewater are scarce. kC, with excellent characteristics, such as
plenty of functional groups, high adsorption capacity, biodegradable, thermal stability,
outstanding mechanical strength, and exceptional gelling mechanisms, would be suitable
for treatment from organic and inorganic pollutants (Ibrar et al., 2023). This study has
developed novel gravity-driven kC-based hydrogel filters that operate in dead-end mode
for PFOA removal from aqueous solutions. The dead-end filtration mode will facilitate
hydrogel recovery at the end of the filtration process. The kC hydrogels were mixed with
AC and vanillin (V) nanoparticles to improve their adsorption capacity. Two hydrogel
filters, kC-vanillin (kC-V) and kC-AC, were investigated for PFOA treatment. kC-V,
already used for ions removal from leachate wastewater, will be tested for PFOA removal.
Vanillin was used as a crosslinker and pore-forming agent to enhance the hydrophilicity
and water permeability of the hydrogel. Besides, the kC-AC hydrogel filter was
investigated for the first time for PFOA treatment. Adding AC to hydrogel improved the
hydrogel water permeability and adsorption capacity. A parametric study evaluated the
impact of feed concentration, hydrogel thickness, and feed pH on PFOA removal. The

research questions for this study are: i) What is the efficacy of kC-V and kC-AC hydrogels
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as filters for PFOA removal from aqueous solutions? ii) What is the influence of vanillin
and AC concentration on kC hydrogel performance, and iii) What is the capability of kC
hydrogels to treat PFOA-contaminated wastewater from soil remediation? The outcomes
of this study will provide data about the feasibility of applying a kC-based gravity
hydrogel filter as a potential technology for PFOA treatment. Furthermore, kC is
environmentally friendly, cost-effective, and biodegradable, making it a sustainable water

purifying option.

4.2 Material and methods

4.2.1 Materials

All materials in this research were procured from Sigma Aldrich Australia. The sulphated
plant polysaccharide (kC), vanillin, and AC were acquired from the Australian branch of
Sigma-Aldrich and utilized in all experimental methods. The perfluorooctanoic solution
(POFA) was prepared with different concentrations of 0.5, 1, and 1.5 mg/L to test it with
the novel membrane filter to find the efficiency of rejection and flux. Polyvinyl alcohol

solution (PVA) was obtained from Sigma Aldrich, Australia.

4.2.2 Hydrogel fabrication

The kC hydrogel was prepared by dissolving 3 g in 100 mL (3% wt/v) of kC powder in
deionized (DI) water. The dissolution process took place at temperatures between 60-80
°C. The mixture was then continuously stirred on a magnetic stirrer for 3 hours at 800
rpm, forming a homogeneous hydrogelatinous solution (Figure 4.1). It is worth noting
that the hydrogelling temperature for kC typically falls within the range of 60-80 °C.

Observations revealed that utilizing a higher temperature of 80 °C significantly impacted
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the separation performance of the hydrogel, which led to the formation of a more rigid
hydrogel structure, the result of quick blockage of the filtration system.

In contrast, hydrogels synthesized at a lower temperature of 60 °C exhibited improved
separation performance due to their comparatively softer and more flexible nature. The
hydrogel was then subjected to purification steps, such as washing with DI water, to
remove residual impurities. Finally, the hydrogel was characterized using various
techniques, such as rheological analysis, microscopy, and spectroscopy, to evaluate it.

In a controlled experiment, 1%, 2%, and 3% vanillin and 0.1%, 0.2%, and 0.3% AC
powder (weight/volume) were individually dissolved in deionized water (Figure4.1). The
solutions were then incorporated into separate hydrogel matrices through vigorous mixing
using a shaker apparatus. When kC was combined with either vanillin or AC, the
respective molecules became entrapped within the three-dimensional structure of kC,
forming distinct complexes. This complexation process led to notable alterations in the
physical properties of kC, encompassing changes in viscosity and mechanical strength.
Moreover, vanillin and AC exhibited specific interactions with kC chains, including
hydrogen bonding, electrostatic attractions, and hydrophobic interactions. In the case of
vanillin, hydrogen bonds formed between the sulphate groups of kC and the hydroxyl
groups of vanillin, while AC showed adsorption onto the surface of kC. These interactions
played pivotal roles in influencing the overall structure and properties of the respective
composite materials. The kC-V and kC-AC hydrogel were carefully layered onto fabric
support within a plexiglass column filtration setup 30cm in height. With a filtration area
of 0.0007 m?, the hydrogel was given 10—15 minutes to settle and hydrate. Observational
data revealed that water seepage through the column walls was occurring, potentially

diminishing the efficacy of the filtration process. To address this issue, a PVA solution
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was applied to the outer edges of the hydrogel. Subsequently, pure water was introduced
slowly to prevent any disruption to the hydrogel structure, ensuring optimal performance

Figure S2.1.
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4.2.3 PFOA analysis

PFOA in water samples was analyzed by a triple quadrupole ultra-high-performance

liquid chromatograph-tandem mass spectrometer (UHPLC-MS/MS) from Shimadzu
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(model 8060), following a method by Xu et al. (2020)(Xu et al., 2020). Compound
separation was through a Shim-pack column (1.6 pm, 2.0 mm % 50 mm), using mobile
phase A (Milli-Q water) and mobile phase B (methanol). Under a flow rate of 0.4 mL
min~!, samples of 1 pL were injected. The elution of PFOA from samples began with
50% B for 2.5 min, then 100% B for the next 1 min, followed by 50% B for another 1.5
min, with a total run time of 5 min. The mass spectrometer was operated in multiple
reaction monitoring mode, using ions (m/z 169.1, m/z 219.0) as the qualitative ions and
ion (m/z 369.0) as the quantitation ion. Quality assistance procedures included the regular
checks of blanks, regular calibration by PFOA standards, and derivation of the limit of

detection.

4.3 Methods of analysis for membrane characterization

4.3.1 Membrane morphology

The functional groups in kC gel, kC-V, and kC-AC were analyzed using FT-IR (Fourier
Transform Infrared) with a Thermo Scientific Nicolet spectrometer. The spectrometer was
equipped with an IR microscope with an optical resolution of 0.9 cm™!. Before analysis,
the samples were dried at 105 °C for 24 hours. The study encompassed the wavenumber
range of 4000-500 cm™'. The gel samples were subjected to field-emission scanning
electron microscopy (FE-SEM) using a Zeiss EVO LS15 SEM. Before imaging, a thin
coating of gold with a thickness of 6nm was applied to the samples using a sputtering
machine. Three SEM tests were performed and averaged to generate the final spectra for
precise outcomes. In addition, energy-dispersive X-ray spectroscopy (EDX) was
performed on the same SEM samples using a Bruker SDD X flash 5030 detector. The
TECHPoro Capillary Flow Porometer was utilized for pore size analysis, employing the

BJH model for both the adsorption and desorption processes. The contact angles of 3%kC
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and kC with 1% to 3% concentrations of vanillin and 0.1% to 0.3% AC were measured
to assess hydrogel surface wettability and hydrophilicity. The DM 211 contact angle
measurement system (Kyowa Interface Science, Chennai, India) was used to measure
water contact angles using the sessile-drop method. For each sample, a minimum of three
locations were chosen to obtain contact angle measurements. The result was the average

water contact angle with an error value.

4.3.2 Membrane porosity and pore size

The porosity of the hydrogel membrane was calculated by cutting the membrane into
dimensional pieces of (3x3%1) cm and immersing it in distilled water for 15 hours, then
weighing it after removing all excess water on a surface using blotting paper (weight1).
After that, it was dried in an oven at 60 °C for 6 hours and weighed (weight2). The

porosity was calculated by Equation (4.1).

weightl—weightz)

P% = ( 4.1)

Axlxp

weightl and weight? are the gel membrane's wet and dry weight values, respectively. 4
is the gel membrane sample area cm?. / is the membrane thickness cm, and p is the water
density (1g/cm?).

The gel membrane's average pore radius size rm was calculated using the membrane

porosity and pure water flux through the membrane by Equation (4.2).

— \/(2.9—1.75p)><(8><lQ7)) 4.2)
(pxAXAP)
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AP is the operation pressure, p is the membrane porosity, and / and A4 are the membrane
thickness and effective membrane area. Q is the volume of pure water flux per time

(m3/s)(Alsalhy et al., 2013).

4.3.3 Water uptake and swelling

Water uptake (WU) was determined using a previously dried membrane by cutting the
membrane into dimensional pieces of (3%x3x1) cm. The hydrogel pieces were dried in an
oven at 105 °C for 6 hours. Dry weight was recorded (Wdry). After drying, the pieces
were immersed in distilled water for 24 hours at room temperature and weighed after
removing all excess water on a surface using blotting paper (Wwet). Finally, water uptake
was determined using Equation (4.3). Three samples underwent testing, and the average

outcomes were subsequently reported.

Wwet-Wdry

Wu = ( wdry

)x100 4.3)

The hydrogel's swelling degree was also determined to assess its anti-swelling properties.
The initial weight of the hydrogel (Winitial) was recorded, then placed in DI water and
PFOA solution at 0.5, 1, and 1.5 mg/L concentrations for 2-24 hours. The final weight
(Wfinal) was re-recorded, and the swelling degree (SD) was estimated using Equation

(4.4).

_ (Wfinal-Winitial)
- Winitial

SD

%100 (4.4)
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4.3.4 Membrane performance efficiency

The kC-AC and kC-V hydrogel were cast on a fabric material with a pore size of about
30 um, providing a support layer. Experimental work was conducted using a 30 c¢m tall
homemade plexiglass column Figure.S1 with a filtration area of 0.0007 m? and a constant
head of 30 cm, facilitating visual observation. The fabric support layer was tightly placed
at the bottom of the column, and the kC-AC and kC-V hydrogel were poured slowly on
top of the substrate. It was allowed to settle for 10-15 minutes while remaining hydrated.
Care was taken to avoid sudden impacts that could deform the hydrogel and compromise
its performance. Then, 1 mg/L PFOA solution was gradually poured onto the column for
filtration. Analytical equipment measured the contaminants' water flux and rejection rate.
All experiments were repeated at least three times to ensure reliability. The water flux

was determined using the provided Equation (4.5).

J = (4.5)

V represents the accumulated permeate volume (m?) over time (¢), and 4 denotes the
efficient membrane area (m?) utilized in the filtration process. The rejection of pollutants

was measured using Equation (4.6).

R% = (1— g—]’j) %100 (4.6)

In Equation 6, Cp refers to the pollutant concentration in the permeate solution, and Cf’is
the initial concentration of the same contaminants in the feed solution. Experiments were

repeated at least three times for water flux rejection studies.
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4.3.5 PFOA-contaminated water

The perfluorooctanoic acid (PFOA) solution was prepared at concentrations of 0.5, 1, and
1.5 mg/L to evaluate the novel membrane filter's efficiency in terms of rejection and flux.
PFOA quantification was performed using liquid chromatography-mass spectrometry
(LC-MS). Calibration curves for PFOA quantification were established using a six-point
calibration range from 5 ug/L to 50 ug/L. The data were fitted to a quadratic, weighted
regression equation. The calibration curve's coefficient of determination (R?) exceeded
0.99 in all analyses. The accuracy for PFOA analysis across all quality control (QC)
concentration levels was within +5%.

The hydrogel membrane was tested with PFOA-contaminated wastewater from
electrokinetic soil remediation in Sydney, Australia. Liquid chromatography-mass
spectrometry (LC-MS) and inductively coupled mass spectroscopy (ICP-MS) were used
to measure the PFOA and metal concentrations, respectively (Table 4.1).

Table 4. 1.PFOA-contaminated water analysis and composition.

Parameter Measurement tool Value
pH LAQUA-pH meter (Horriba, Japan) 9.53
Conductivity LAQUA meter (Horriba,Japan) 1.871 £2 ms/cm
Total dissolved Solids LAQUA meter (Horriba,Japan) 1774+ 5 mg/L
Turbidity Turbidity meter (Horriba, Japan) >100 £2 NTU
PFOA LC-MS 179.2+£3 mg/L
Na ICP-MS (Agilent, United States) 25 +5 mg/L
K ICP-MS (Agilent, United States) 18 £ 5 mg/L
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Si ICP-MS (Agilent, United States) 10 + 5 mg/L

Cl ICP-MS (Agilent, United States) 33+ 5 mg/L

Al ICP-MS (Agilent, United States) 104 + 5 mg/L

4.4 Statistical assessment

Every experiment was replicated at least three times, and the outcomes are presented as
the mean values. The Analysis of Variance (ANOVA) was employed to assess variations
among multiple experimental data sets. Single-factor ANOVA analysis for experimental
data showed a P-value less than 0.05, indicating statistically significant differences

between treatment groups.

4.5 Results and discussion

4.5.1 Hydrogel membranes characterization

FE-SEM analysis examined the surface morphology of the kC-AC and kC-V hydrogels
after drying for 24 hours at 60 °C, during which it experienced shrinkage. Figure S2
(Supplementary Materials) shows the surface of the pure kC hydrogel, which exhibits a
relatively smooth texture with irregular folds and indications of brittle fractures. The SEM
image in Figure 4.2a illustrates the presence of diminutive nanostructures composed of
vanillin in the uppermost layer of the hydrogel surface and configurations like canals and
valleys to facilitate the entrapment of contaminants. This structural arrangement
resembles a thin-film composite membrane characterized by ridge and valley-like
topography (Hamid, Abdullah, Yusof, Lau, Ismail, Wan Salleh, et al., 2021). Figure 4.2¢c
describes the surface of kC-0.3%AC hydrogel, which has diverse properties, including

roughness and porosity. AC becomes an integral part of the kC matrix, featuring
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irregularly shaped particles with porous structures, while kC particles exhibit organized,
helical structures. Notably, SEM images unveil the existence of pores or voids within the
composite, impacting its adsorption capacity, particularly when AC assumes the role of
the adsorbent. Figures 4.2b and 4.2d show the alteration of kC-AC and kC-V hydrogel
surface morphology after PFOA filtration, including swelling, pore size, and surface
roughness. It provides evidence of PFOA adsorption on the hydrogel's surface, manifested
by potential pore blockage.

The Fourier-transform infrared spectroscopy (FT-IR) analysis of the kC-(1-3)%V
hydrogel confirmed the presence of discernable peaks (Figure 4.2¢). The heightened
peaks indicated the interaction between vanillin and kC, particularly increased hydroxyl
groups' intensity at 3200-3600 cm™'. This analysis aligns with the theory of hydrogen
bonding, suggesting that vanillin contributes to the hydroxyl groups. Furthermore,
vanillin acted as a pore-forming agent, enhancing hydrogel hydrophilicity and biocidal
properties. Studies showed increased membrane porosity due to vanillin concentration,
attributed to the polar functional groups like alcohols and aldehydes, resulting in a
negatively charged membrane surface (X. Zhang et al., 2022b). Compared to kC spectra,
new peaks were observed in kC-1%V, while kC-2%V and kC-3%V exhibited similar
profiles. A broad peak at 3765 cm™, representing hydroxyl (OH) groups, was slightly
increased in the presence of vanillin.

FT-IR analysis of the kC-(0.1-0.3)%AC hydrogel offers valuable molecular insights. The
kC exhibits - OH groups as a broad absorption band 3000-3500 cm™* signifying O-H
stretching vibrations. The spectrum reveals strong absorption of 1240-1260 cm™
corresponding to sulfate ester bonds (O=S=0) in kC, referring to potential interactions

with AC. In the 1600-1800 cm™ range, absorption bands arise from carbonyl (C=0)
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stretching vibrations originating from various kC and AC surface functional groups (e.g.,
COOH, OH, C=0). AC introduces distinctive peaks, representing its surface functional
groups, notably COOH, OH, and C=0 (Figure 4.2f). Tracking any shifts or changes in
absorption bands during FT-IR analysis can reveal chemical interactions between kC and
AC, including hydrogen bonding or chemical adsorption. Zhou's study highlighted the
complexity of AC adsorption, driven by diverse forces. The AC surface primarily features
oxygen-containing functional groups such as carbonyl, carboxyl, lactone, and phenolic

hydroxyl, influencing its adsorption capabilities (Zhou et al., 2021).

4.5.2 Contact angle and rheology

The hydrogel's surface hydrophobicity was determined by measuring the water contact
angle (Figures 4.3a and 4.3b). According to Bhushan et al. (2011), a contact angle
between 0° and 90° indicates a hydrophilic surface, while angles exceeding 90° indicate
hydrophobicity. Surface wettability is influenced by chemical composition and
morphology, with roughness affecting contact angles through models like the Wenzel or
Cassie—Baxter models (Bhushan & Yong Chae, 2011). kC's chemical structure imparts
hygroscopic properties, making hydrogel surfaces wets hydrophilic with a measured
contact angle of 72°. AC has both hydrophobic and hydrophilic sites on its surface. While
it naturally leans towards hydrophobicity, filtration processes demand hydrophilic
characteristics for enhanced performance, achievable through various treatments (Kostov
et al., 2014). Incorporating 0.1 to 0.3% of AC into a kC solution decreased the contact
angle to 53.8° £ 3 for 0.1%AC, followed by a slight increase to 55.5° + 3 for 0.2%AC
and 57.4° £ 3 for 0.3%AC. Adding 1% to 3% vanillin to kC hydrogels substantially
reduced the water contact angle (Figure 4.3a, and 4.3b), mainly due to vanillin's high

hydrophilicity. The results align with previous studies that showed reduced contact angles
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when vanillin was added to Polysulfone (PSf) membranes (Yadav, Ibrar, Samal, et al.,
2022a). The most significant decrease in hydrophobicity was observed in the kC-1%V
hydrogel, resulting in a water contact angle of 58° & 3. Increasing vanillin concentrations
in the hydrogel led to a slight decrease in contact angles for the kC-2%V and kC-3%V
hydrogels, reaching 55° + 3 and 53° + 3, respectively. During phase inversion, vanillin's
hydrophilic nature migrated to the surface, enhancing membrane hydrophilicity
(Arthanareeswaran et al., 2009).

Essential to understanding the rheological properties of the kC response to shear forces
and deformation when combined with vanillin or AC, examining changes in its viscosity
that measures resistance to flow and shear stress that characterizes the internal stress when
subjected to mechanical forces. Adding vanillin to the kC hydrogel increased viscosity
and was further amplified upon adding AC (Figures 4.3¢ and 4.3d). The viscosity for all
hydrogel decreased with increased shear stress; for the middle point in the graph, the
viscosity values of kC, kC-3%V, and kC-0.3%AC were 61116 mPa.s, 187430 mPa.s, and
420610 mPa.s, respectively. The corresponding shear stress for the 3%kC, kC-3%V, and
kC-0.3%AC hydrogels was 136.4 Pa, 419.63 Pa, and 941.46 Pa, respectively, closely
related to water contact angle changes. Notably, the viscosity properties exhibited marked

distinctions compared to the hydrogel without vanillin or AC serving as controls.
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Figure 4. 2.SEM and FT-IR analysis of the hydrogel, a) SEM of the kC-3% V hydrogel
before filtration at 20 pm at the first focus point, b) SEM of the kC-3% V hydrogel after
filtration at 20 um at the first focus point, ¢) SEM of the 3%kC-0.3%AC hydrogel before
filtration at 20 um at the first focus point, d) SEM of the 3%kC-0.3%AC hydrogel after
filtration at 20 pm at the first focus point, e) FT-IR of kC-(1-3)%YV before filtration, f)

FT-IR of kC-(0.1-0.3)%AC before filtration.
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4.5.3 Porosity and pore size

Figures 4.3¢ and 4.3f depict vanillin and AC influence on the porosity of kC membranes.
The introduction of 1% to 3% vanillin into the kC hydrogel enhanced the membrane
porosity from 62.8% + 5 to 75.8% £ 5, 77.5% + 5, and 79.1% + 5. Similarly, the
incorporation of 0.1% to 0.3% AC into the kC hydrogel increased the porosity from
62.8% + 5t0 85.4% £ 5, 87.6% + 5, and 89.7% + 5, respectively. Hydrophilic additives
help expedite solvent-nonsolvent exchange in hydrogels and facilitate the formation of
highly porous membrane structures.

Furthermore, the increase in porosity is accompanied by a gradual transition in void
morphology within the membranes, shifting from microcavities to valley-like voids
characterized by a more constrained size distribution. According to Equation (4.2) and
Figures 4.3e and 4.3f, the pore radius for kC was 3.2nm + 1, kC-(1-3)%V was 2.63 nm =+
1,259 nm +1,2.57 nm < 1, and kC-(0.1-0.3)%AC was 1.95nm £ 1, 1.86 nm + 1, 1.68
nm =+ 1, respectively. Membranes featuring a confluence of smaller, uniformly dispersed
pores tend to exhibit elevated porosity due to the abundance of void space within the
matrix. Conversely, membranes characterized by larger or irregularly distributed pores
often yield lower porosity. This matches the results obtained for both hydrogels
composite. Surface area is a crucial parameter that characterizes the surface properties of
an adsorbent. The Brunauer-Emmett-Teller (BET) method is widely employed for
quantifying the surface area of an adsorbent, utilizing nitrogen gas as an adsorbate
interacting with the material's surface. The specific surface area of kC is 10.872 m?/g,
33.15 m*/g for kC-3%V, and 95.61 m?/g for kC-0.3%AC (Table 2). In addition, the total
pore volume of the kC hydrogel is 0.015 cc/g compared to 0.047 cc/g and 0.099 cc/g for

the kC-3%V and kC-0.3%AC.
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Figure 4. 3.a) the contact angle for the 3% kC, 3% kC-AC, b) the contact angle for the

3%kC-V, c,d) viscosity and shear stress of the composite hydrogel, e) the effects of AC
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Table 4. 2: Adsorption and Desorption summaries of BET analysis.

BET analysis 3%kC 3%KC-3%V | 3%kC-0.3%AC
Adsorption Surface area | 10.872 m?/g  33.15 m%/g 95.61m?*/g
summary BJH | Pore Volume @ 0.015 cc/g 0.047 ccl/g 0.099 cc/g
Pore 3.231 nm 3.228 nm 5.83 nm
Diameter
Desorption Surface area | 5.776 m*/g | 23.7 m%/g 60.80 m?/g
summary BJH | Pore Volume @ 0.009 cc/g 0.036 cc/g 0.0504 cc/g
Pore 3.309 nm 3.318 nm 3.492 nm
Diameter

4.5.4 Water uptake and swelling degree

Water uptake for the kC hydrogel composite represents its ability to absorb and retain
water, a critical attribute determined by factors such as hydrogel concentration,
formulation, and environmental conditions. The kC-AC and kC-V composite hydrogels
of equal thickness of 2 cm were tested for the water uptake capacity. The hydrogel
contracted during drying, folding at the edges and transforming into a compact, plastic-
like structure (Figures 4.4a and 4.4b). The impact of different concentrations on swelling
degree is reported in Figures 4.4c and 4.4d; water uptake increases with the increasing
vanillin and AC concentrations. The kC-(1-3)%V hydrogel exhibited 966.22% =+ 2,
1038.8% + 2, and 1045.5% + 2, water uptake, respectively. The corresponding kC-(0.1-
0.3)%AC results were 892.31% + 2, 902.2% + 2, and 918.4% =+ 2, respectively. The kC-
3%V and kC-0.3%AC displayed an exceptional water uptake capacity, absorbing

1045.5% + 2 and 918.4% + 2 of water, significantly outperforming most hydrogels. This
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increase in water uptake implies an enhanced proton diffusion rate facilitated by hydrogen
bonding with water molecules and increased hydroxyl ion flux, causing distinct water-
absorbing capabilities for different formulations of the kC hydrogel. Hydroxyl groups in
the hydrogel enhance its hydrophilicity, increasing water uptake as the nanoparticle
percentage rises. Vanillin and AC, forming hydrogen bonds with kC, boost water uptake
in the composite hydrogel. Higher vanillin and AC concentrations significantly amplify
water uptake. The relationship between water uptake and sulphate group content varies,
as sulphate content affects moisture absorption differently. The sulphate content,
molecular weight, crosslinking percentage, and microstructure void volume influence
moisture content in polysaccharide hydrogels. The hydrogel's structure and chemical
composition are vital in water uptake properties (Balasubramanian et al., 2018).

The swelling degree measures how much a hydrogel expands when exposed to a solvent,
typically expressed as the ratio of the swollen volume to its initial dry volume. Factors
like polymer network structure, ionic groups, and solubility influence this degree. In
loosely crosslinked domains, polymer chains deform more upon swelling than densely
crosslinked domains. The kC-based hydrogels consist of polymer chains with charged
sulphate groups that repel each other due to their negative charge. The electrostatic
repulsion increases the distance between chains, making the network more permeable to
large molecules and allowing more water to enter, resulting in a higher swelling degree.
The maximum swelling degree was observed to rise with longer sub-chain lengths,
representing the length of chains between crosslinks. The introduction of PFOA into a
hydrogel may also impact its swelling degree. PFOA's hydrophobic properties can
diminish the hydrogel's attraction to water, potentially reducing swelling. However, it's

essential to consider that the concentration of PFOA and the specific polymer chemistry
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of the hydrogel will determine the extent of this effect. Swelling studies have shown that
hydrogel composites achieve equilibrium swelling after being immersed overnight in
different PFOA concentrations (0.5, 1, 1.5) mg/L. Figures 4.4c and 4.4d illustrate the
extent of swelling in kC-AC and kC-V hydrogel composites. Among the kC-AC
formulations, the kC-0.3% AC hydrogel demonstrated the highest swelling degree of 11.8
+ 1 g/g when exposed to 1 mg/L of PFOA. This result was statistically significant when
compared to other kC-AC formulations.

Additionally, hydrogels exposed to PFOA concentrations of 0.5 and 1.5 mg/L exhibited
11.1+£1g/gand 11.8 + 1 g/g swelling, respectively, with minimal variations in sol fraction
over time. The swelling of the kC-V hydrogels was assessed by immersing them in a
PFOA solution for 24 hours (Figure 4.4d). The kC-3%V hydrogel displayed favourable
swelling behaviour of 11.5 + 1 g/g, outperforming the kC-2%V and the swelling of the
kC-1%V hydrogel of 11.2 = 1 g/g and 10.7 + 1 g/g, respectively. This behavior is
attributed to hydrophilic functional groups, including -OH, -CONH>, -CONH', and -SO°

(Hamidi et al., 2008).

122



1200 o ~ alter drying

Water uptake %
- -]
=

120
Foe
aflter wetting

8923 902.2 918.4

il

kC- () 1AC  kC-0. 2"/nAC kC-0. 3"/uAC

Swelling Degree (g/g)

—#— PFOA 0.5mg/L
—&—PFOA 1mg/L

—A—PFOA 1.5mg/L

Figure 4. 4.a) Water uptake of different concentrations of kC-AC hydrogel, b) Water
uptake of different concentrations of kC-V hydrogel, ¢) Swelling degree of kC with
various concentrations of AC at different concentrations of PFOA, d) Swelling degree of

kC with various concentrations of vanillin at different concentrations of PFOA.The error

bar

kC kC -0.1%AC kC -0.2%AC kC -0.3%AC

= ] standard deviation

1400 -

1200 -

-
=
=
=

Water uptake %

200 4

800 4

600 <

400 +

—

e
after wetting

1038.8 1045.5

Swelling Degree (g/g)

il

kC kC -1%V kC -2%V kC-3%V

—8— PFOA 0.5mg/L]
—8—PFOA Img/L
—&— PFOA 1.5mg/L

4.5.5 kC-AC and kC-V performance

Several factors, including hydrogel thickness, feed concentration, pH of the feed solution,

solute volume, viscosity, and ionic interactions, influence the water flux of the hydrogel.

In

contaminated wastewater from soil remediation. A support layer made of fabric material
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with a pore size of 30 um was selected for the kC-V and kC-AC hydrogel membrane
filter. The hydrogel was manually applied to the fabric layer within a specialized filtration
column designed for water treatment. This support layer serves as a structural foundation

for the hydrogel during filtration.

4.5.5.1 Effect of hydrogel thickness

A feed solution containing 1 mg/L of PFOA was employed to evaluate water flux at 0.5
cm, 1 cm, 1.5 cm, and 2 cm hydrogel thicknesses. The height of the filtration column was
30 cm (0.029 bar. The hydrogel comprises a 3% kC, blended with 1% to 3 % vanillin or
0.1% to 0.3% AC. Hydrogel thicknesses were examined to determine the optimal water
flux and rejection performance. There is a trade-off between the hydrogel water flux and
rejection as the membrane thickness increases from 0.5 cm to 2 cm (Figures 4.5a and
4.5b). In general, the results demonstrate that a substantial enhancement in the water flux
can be achieved by increasing the vanillin and AC content within the kC hydrogel. For
example, the water flux in the kC-0.3%AC decreased from 32.4 LMH in 0.5 cm hydrogel
thickness to 25.6 LMH in 2 cm kC-0.3%AC thickness (Figure 4.5a). On the contrary,
water flux increased with increased AC and vanillin concentration in the kC hydrogel.
The water flux was 23.4 LMH in the kC-0.1%AC, 24.1 LMH in the 0.2%AC, and 25.6
LMH in the kC-0.3%AC (Figure 4.5a). The corresponding water flux for kC-V hydrogel
was 20.9 LMH for kC-1%V, 21 LMH for kC-2%YV, and 21.5 LMH for kC-3%V.
Increasing the water flux with the AC and vanillin concentration in the hydrogel is
attributed to increased surface hydrophilicity, pore density, porosity, and macro voids,
alongside the formation of vertically interconnected finger-like pores (Zhu et al., 2021).
Due to enhanced membrane hydrophilicity, the water flux in the kC-3%V and kC-

0.3%AC membranes achieved 25.6 LMH + 2 and 21.5 LMH = 2, respectively. These
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outcomes align with the increase in porosity and pore size radius for hydrogels composite,
which were 89.7% and 1.68 nm in kC-0.3%AC, 79.1% and 2.57 nm in kC-3%V, 1.68 nm.
The water flux enhancement is facilitated by vanillin and AC additives that accelerate
solvent exchange during membrane preparation, increasing porosity and larger cavities.
Also, the structural changes in the membrane's cross-morphology, from delicate finger-
shaped pores in the kC membrane to broader valley-shaped pores with macro voids in
kC-AC and kC-V membranes, facilitate smoother water molecule passage, further
increasing water flux, and Figures 2a and 2¢ confirm that. Although water flux increased
the AC and vanillin concentration in the hydrogel, PFOA adsorption reduced water flux
due to pore narrowing, exacerbated by higher AC or vanillin particle concentrations,
resulting in a rougher membrane texture. Besides, adding vanillin plays a pivotal role in
the generation of pores and the augmentation of permeation rate (R et al., 2017). Adding
vanillin imparts a negative charge to the hydrogel surface, increasing the hydrophilicity
of hydrogel (Yadav, Ibrar, Samal, et al., 2022a). The interaction between kC and vanillin
further enhances membrane permeability and fortifies its resistance to fouling (Alam et
al., 2017; Yadav, Ibrar, Samal, et al., 2022a). When combined with kC, AC provides a
robust framework for the entrapment of impurities due to its vast surface area and high
porosity. The porous architecture of kC and AC improves the hydrogel's permeability,
allowing water to pass while retaining contaminants (Mahdavinia et al., 2015).

The results demonstrate that a substantial enhancement in rejection was achieved by
increasing the hydrogel thickness or the concentration of AC and vanillin due to the
increased hydrogel adsorption capacity (Supplementary Materials S2.3.1). For example,
the rejection in the kC-0.3%AC increased from 70% in 0.5 cm hydrogel thickness to 82%

in 2 cm kC-0.3%AC thickness (Figure 4.5c). On the contrary, rejection increased with
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increased AC and vanillin concentration in the kC hydrogel. The rejection was 78% in
the kC-0.1%AC, 81% in the 0.2%AC, and 82% in the kC-0.3%AC (Figure 4.5¢). The
corresponding rejection for kC-V hydrogel was 72% for kC-1%V, 75% for kC-2%V, and
80% for kC-3%V (Figure 4.5d). The results showed that 2 cm hydrogels demonstrated
superior PFOA rejection compared to thinner hydrogels, i.e., 0.5 cm, 1 cm, and 1.5 cm. A
2 cm thickness is optimal for achieving high water flux and rejection, as Figures
4.5a,4.5b,4.5c, and 4.5d illustrate. Although the contact angles of kC-AC and kC-V
hydrogels were very close (Figures 3a and 3b), the kC-AC exhibited greater water flux
than kC-V due to the higher porosity (Figures 4.3e¢ and 4.3f). Also, kC-AC hydrogels
exhibited more PFOA rejection than kC-V hydrogels because of i) the smaller average
pore size of kC-AC hydrogels (Figures 4.3¢ and 4.3f) and ii) the higher adsorption
capacity of kC-AC hydrogel compared to kC-V (Figure 4.6a,4.6b). Therefore, kC-AC

hydrogel exhibited better water flux and rejection rates than kC-V.

4.5.5.2 Effect of feed pH

A feed solution containing 0.5 mg/L, 1 mg/L, and 1.5 mg/L of PFOA was used in the
3%kC-0.3%AC and 3%kC-3 %V hydrogels to evaluate water flux and PFOA rejection at
different feed pHs. Changing the feed pH can affect the electrostatic interactions between
the membrane and PFOA compounds (Ouyang et al., 2019; Zhao et al., 2011). The pH
was adjusted to pH 4, 7, and 10 to assess the hydrogel's performance using 0.1M NaOH
and 0.1M HCI. The alkalinity of the feed solution can significantly impact the
performance of the filtration process due to the change in surface charge, pore size, water
flux, and rejection rates. For 2 cm hydrogel thickness, results show an increase in water

flux with a pH increase and an increase in rejection with a pH decrease. The 2 cm hydrogel
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thickness results show increased water flux at alkaline pH and PFOA rejection at acidic
pH (Figures 4.5¢e, 4.5f, 4.5g, and 4.5h).

In general, the results demonstrate that a substantial enhancement in the water flux can
be achieved at feed pH 10 and PFOA concentration 0.5 mg/L. For example, the water flux
in the kC-0.3%AC increased from 27.8 LMH at feed pH 4 to 30.4 LMH at feed pH 10
(Figure 4.5¢). On the contrary, water flux decreased with increased PFOA concentration
in the feed solution. The water flux at feed pH 10 was 30.4 LMH at 0.5 mg/L, 29.9 LMH
at 1 mg/L, and 30.1 LMH at 1.5 mg/L PFOA (Figure 4.5¢). The corresponding water flux
for kC-3%V hydrogel was 29.5 LMH at 0.5mg/L, 28.7 LMH at 1mg/L, and 27.4 LMH at
1.5mg/L PFOA (Figure 4.5f).

For kC-0.3%AC and kC-3%V hydrogels, results show PFOA rejection increased at pH 4
and decreased at pH 10 (Supplementary Materials S2.3.2). For example, the rejection in
kC-0.3%AC at pH 4 was 86.9%, while it decreased to 78.3% at pH 10 for 1.5 mg/L PFOA
concentration. In contrast, the rejection in kC-3%V hydrogel was 85.7% at pH 4 and
decreased to 79.5% at pH 10. The results also exhibit a substantial rejection enhancement
was achievable at increased PFOA concentration. For example, the kC-0.3%AC rejection
of PFOA increased from 81% at 0.5 mg/L feed solution to 86.9% at 1.5 mg/L. Similarly,
in the kC-3%YV hydrogel, the rejection increased with increasing PFOA concentration.
For example, the PFOA rejection was 78.4%, 86.5%, and 85.7% in 0.5 mg/L, 1 mg/L,
and 1.5 mg/L, respectively (Figure 4.5g and 4.5h).

The surface charge of a membrane, determined by functional groups and pKa,
significantly influences PFOA separation efficiency based on the feed pH. Moreover, pH
alterations impact membrane pore size, affecting PFOA removal. A positively charged

surface enhances rejection through electrostatic attraction. Acidic feed pH also reduces
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the repulsion forces, causing pore shrinkage and improved rejection, while higher pH
increases hydrogel porosity, resulting in a lower PFOA rejection. The pH-dependent
behaviour of hydrogel ionizable groups influences the solvent flow and PFOA
interactions, leading to varying rejection rates. Thus, pH is a crucial parameter in
membrane and hydrogel filtration for effective PFAS removal (Jin et al., 2021; Pensini et

al., 2019; Yang et al., 2017; Zeng, Tanaka, et al., 2017a, 2017b).

4.5.5.3 Effect of feed concentration

To investigate the effects of the PFOA feed concentration on the water flux and rejection
by KC-0.3%AC and kC-3%V hydrogels, 0.5, 1, and 1.5 mg/L PFOA concentrations were
tested (Figures 4.51 and 4.5j). For the kC-0.3%AC at 2 cm thickness and pH 7, The water
flux slightly decreased with increasing the PFOA concentration, and it was 29.5 LMH +
0.5 at 0.5 mg/L, 28.4 LMH + 0.5 at 1 mg/L, and 28.4 LMH + 0.5 at 1.5 mg/L. On the
contrary, PFOA rejection increased with an increase in the PFOA concentration, and it
was 60.4 % + 1 at 0.5 mg/L, 65.7 % = 1 at 1 mg/L, and 67.3 % = 1 at 1.5 mg/L. For KC-
3%V at 2 cm and pH 7, the water was 27.8 LMH + 0.25 at 0.5 mg/L, 26.7 LMH + 0.25
at 1 mg/L, and 26.5 LMH + 0.25 at 1.5 mg/L. The corresponding PFOA rejection was
67.6% £ 0.25 at 0.5 mg/L, 69.4 % £ 0.25 at 1 mg/L, and 71.4 % + 0.25 at 1.5 mg/L. Also,
higher PFOA feed concentration decreases water flux since it occupies available pore
spaces, restricting the passage of water. Increased solute concentration reduces the
effective hydrogel porosity. However, the reduction in porosity reduces permeability, i.e.,
water flows more slowly through the hydrogel, increasing the likelihood of interactions
between the solutes and the hydrogel. These interactions can result in more significant
adsorption or trapping of solutes within the hydrogel structure, leading to better removal

efficiency. Therefore, the hydrogel's rejection capability increases with increasing the
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PFOA concentration. The results also agree with the literature (AlSawaftah et al., 2021;
Eke et al., 2020) that delved into the PFAS removal efficiency in scenarios involving
elevated 100 mg/L PFOA concentration. The potential for micelle formation arises at such
PFOA concentrations, particularly as the concentration surpasses the critical micelle

concentration threshold.
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Figure 4. 5.a) The impact of kC-AC hydrogel thickness on water flux with a 1 mg/L
PFOA, b) The impact of kC-V hydrogel thickness on water flux with a 1 mg/L PFOA, c)
The impact of kC-AC hydrogel thickness on 1 mg/L PFOA rejection, d) The impact of
hydrogel thickness (kC-V) on 1 mg/L PFOA rejection, e) The influence pH of a PFOA
feed solution on water flux for kC-0.3%AC hydrogel, f) The influence pH of a PFOA feed
solution on water flux for kC-3%V hydrogel, g) The influence pH of a PFOA feed
solution on rejection for kC-0.3%AC hydrogel, h) The influence pH of a PFOA feed
solution on rejection for kC-3%V hydrogel, i) Effect (0.5, 1, 1.5) mg/L PFOA
concentration on water flux rate and rejection of 2 cm thick kC-0.3%AC hydrogel, j)
Effect (0.5, 1, 1.5) mg/L PFOA concentration on water flux rate and rejection of 2 cm

thick kC-3%V hydrogel.

4.5.6 PFOA-contaminated water treatment

A 2 cm hydrogel gravity filter of 30 cm height was employed to remove 179.2 mg/L
PFOA from electrokinetic soil-remediation wastewater. The kC-0.3%AC hydrogel
exhibited excellent performance with 25.6 LMH +1 water flux and 81.1% PFOA rejection
(Figure 4.6a). The corresponding water flux and rejection for kC-3%V hydrogel were
21.5 LMH=+1 and 79.3%, respectively. The water flux enhancement in the kC-0.3%AC
hydrogel is facilitated by AC, which accelerates solvent exchange during membrane
preparation, increasing porosity and creating larger cavities (Table 4.2). Also, the
structural changes in the membrane's cross-morphology, from delicate finger-shaped
pores in the kC membrane to broader valley-shaped pores with macro voids in the kC-
0.3%AC filter, facilitate smoother water molecule passage. Compared to kC-3%V
hydrogel, kC-0.3%AC hydrogel showed better PFOA rejection due to its higher surface

area (Table 4.2) and adsorption capacity (Supplementary Materials S2.2 and S2.3).
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The long-term performance, i.e., rejection and water flux, of the kC-0.3%AC hydrogel
was also investigated in three consecutive filtration cycles. Each filtration cycle lasted
one hour. The hydrogel was cleaned with DI water for 30 minutes at the end of each cycle
before conducting the following filtration cycle with fresh wastewater. The results show
decreased water flux and rejection of the kC-0.3%AC hydrogel in the consecutive
filtration cycles. For example, the water flux in the kC-0.3%AC decreased slightly from
26.4 LMH in run 1 to 24.1 LMH in run 2 and 23 LMH in run 3. Besides, PFOA rejection
decreased from 81.1% in run 1 to 75.1 in run 2 and 70.5% in run 3 (Figure 4.6b).
Understanding the equilibrium dynamics is crucial for optimizing PFOA removal at
varying concentrations. Particle size or morphology changes can affect the hydrogel's
ability to capture and retain contaminants, influencing its performance in consecutive
filtration cycles. The PFOA-loaded kC-AC hydrogel consistently maintained its capacity
for PFOA removal over three complete cycles. However, the decline in PFOA removal
was noticeable in the second and third cycles. Adsorption tests confirm a decrease in the
hydrogel's PFOA adsorption capacity in multiple filtration cycles. The decreased PFOA
rejection may be attributed to the progressively diminished binding strength between
PFOA and the hydrogel in the consecutive filtration cycles. The reduction in rejection
efficiency likely arises from the saturation of adsorbent sites with adsorbate molecules
after each cycle, resulting in fewer available sites for the adsorbate over time and
consequently influencing the PFOA removal efficiency. The competition between PFOA
and metal ions on the adsorption sites is another reason for the reduced hydrogel rejection
of PFOA in cycles 2 and 3 (Figure 4.6b).

Furthermore, Figures 4.6c and 4.6d show that the kC-0.3%AC hydrogel removed the

colour, 92% turbidity, 59% TDS, and 58% EC. Eliminating turbidity operates through the
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steric hindrance mechanism, wherein particles are excluded due to their size exceeding
the hydrogel pore size, approximately 3.49 nm, as indicated in Table 4.2. In addition, the
hydrogel has removed metal ions, for example, 76% Na, 90% K, 75% Si, 83% CI, and
99% Al. AC's extensive surface area and porous structure facilitate efficient organic and
inorganic adsorption. The kC-0.3%AC, incorporating ionizable groups from kC,
selectively exchanges ions in applications like removing elements. The kC's diverse
functional groups, including hydroxyl and sulfate, enhance element removal through
electrostatic or chemical interactions. Concurrently, complexation contributes to the
holistic capture and removal of specific elements from the solution, outlining the nuanced
mechanisms underlying kC-AC hydrogel's targeted element removal.

Previous studies on the applicability of various hydrogels for PFAS wastewater treatment
are listed in Table 4.3. V/AC-kC hydrogels have competitive performance with other
hydrogels, with 79% to 81% removal of PFOA from contaminated wastewater, knowing
that the concentration of PFOA in this study was at least 1.8 times greater than those in
Table 4.3. Also, this study used mixed wastewater from soil remediation containing metal
ions such as silica, aluminium, and potassium in moderate concentrations. Also, V/AC-
kC hydrogels are easy to fabricate at an affordable cost, about $ 1.5 per kilogram.

The kC-V and kC-AC hydrogels offer sustainable and environmentally friendly water and
wastewater treatment methods. The hydrogel is made of natural and decomposable
materials and does not require high energy for operation. Besides being gravity-driven,
the kC-0.3%AC and kC-3%V hydrogel operate in a dead-end mode, leaving no
wastewater/or brine solution behind, which is a problem in reverse osmosis and
nanofiltration processes. Also, kC-0.3%AC performed better than kC-3%V hydrogel for

PFOA removal from synthetic and actual wastewater.
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Table 4. 3:Comparative analysis of PFAS removal efficiency by various hydrogel

Type of Hydrogel PFAS Type and | Type of
Removal (%) Reference
Concentration Wastewater
CTAB-functionalized (Naim
alginate hydrogel Shaikh &
PFOA/50 mg/L River water matrix | 94.8 +2.1%
Nawaz,
2024)
>95% for C7-C9 | (Lietal.,
PFBA, PFBS,
Quaternized Contaminated PFAS, 0% for 2023)
PFOA, & PFOS
nanocellulose (QNC) groundwater PFBA, 10% for
(N/A)
PFPeA
PEI-modified bio- Up to 279.3 mg/g | (Qin et
Synthetic water
adsorbents (PEI-BA, | PFOA/- adsorption al., 2023)
matrix
PEI-LF, PEI-PP) capacity
Over 88.4% for (He et al.,
three PFASs, 2022)
maximum
adsorption
Chitosan/F-COF PFOS & PFOA/- | Lake water, sewage | capacities: PFOS

(8307.1 mg/g),
PFOA (6177.1
mg/g), GenX

(4603.3 mg/g)
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Maximum (Long et
Chitosan-based Synthetic water adsorption al., 2019)
PFOA/-
hydrogel (CEGH) matrix capacity: 1275.9
mg/g
CNC/PTMAEMA PFOA/(1, 10, and | Synthetic water 61 %, 67 %, and | (Gomri et
nanocomposite film 100 mg/L) matrix 76 % respectively. | al., 2023)
Maximum (Zhang et
COF@CS composite Synthetic water adsorption al., 2024)
PFOA/-
gel matrix capacity: 2.8
mmol/g
Acrylamide-based (Klaus et
PFOS & PFOA Synthetic water 98% for PFOS,
hydrogel composites al., 2023)
(N/A) matrix 96% for PFOA
with PAC
kappa carrageenan - PFOA/(179.2 Soil-remediation This study
81.1%
Activated carbon mg/L) wastewater
kappa carrageenan - PFOA/(179.2 Soil-remediation This study
79.3%
vanillin mg/L) wastewater

135




Rejection (%)

Rejection (%)

120 27 120

Mo D
[ e — n
water flux (LMH)

T
(=]
_—

: Rejection : Rejection
1004 —k— Water Flux | 26 100 - —— water flux [
L 25 = _
80 4 E S 80 -
24 =~ O
- =
60 4 = .g 60
= o
=23 -]
o 'Y
40 4 w2 404
F22 2
20 4 L 21 20+
0 ¥ T 20 0 T T T
kC-0.3%AC kC-3%YV Run 1 Run 2 Run 3
¢
120 d
99
100 4 96.5 ot
80 4
58
0l 4 =
40 4
204
0 T

EC TDS Tu Na K Si ClI Al

Figure 4. 6.a) Water flux rate and rejection of kC-0.3%AC and kC-3%V hydrogel for
PFOA wastewater, b) Water flux and rejection in multiple cycles for PFOA feed solution
in kC-0.3%AC, c¢) Rejection of elements and parameters from the PFOA-contaminated

water kC-0.3%AC, and d) colour and turbidity rejection.

4.5.7 Reusability of kC-AC and kC-V hydrogel

The reusability of adsorbents is crucial for mitigating waste production and reducing
treatment costs. This study investigated the reusability of the kC-0.3%AC and kC-3%V
hydrogels regarding % PFOA removal by repeating adsorption tests. Then, desorption
experiments were carried out to assess the reversibility of the process and quantify the

quantity of adsorbed PFOA in consecutive cycles. In the desorption procedure, methanol
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was introduced into vials containing 20 g of kC-0.3%AC-kC-3%V under monitor
conditions. Subsequently, these isolated hydrogel specimens were suspended in methanol
(MeOH), which can desorb PFOA from the hydrogel matrix. This method can be
employed during regeneration processes, enabling the hydrogel's reutilization in
successive cycles of PFOA adsorption.

In Figures 4.7a and 4.7b, the percentage of PFOA removal in three cycles with kC-
0.3%AC hydrogel was 82.8 2 %,79.6 =2 %, and 77.9 + 2 %, while in the kC-3%V was
81.5% +2,77.7% £ 2, and 74.8 % = 2. The desorption concentration for the three cycles
with kC-0.3%AC hydrogel was 77.8 £ 1 %, 70.9 £ 1%, and 67.7 + 1 %. The corresponding
PFOA desorption values for kC-3%V were 77.2 % = 4,67.1 % + 4, and 60.5 % + 4.
Throughout the experimental procedure, it became evident that the PFOA-loaded kC-
0.3%AC and kC-3%V hydrogels relatively maintained their capacity for PFOA removal
over three complete adsorption-desorption cycles. A noticeable decline in removal
efficiency was observed beyond the third cycle, attributed to the progressively diminished
binding strength between PFOA and the hydrogel with each successive cycle. The
reduction in adsorption efficiency likely arises from the saturation of adsorbent sites with
adsorbate molecules after each cycle, resulting in fewer available sites for the adsorbate
in subsequent cycles and, consequently, influencing the overall efficiency of the removal
process. The capacity for successive adsorption-desorption cycles using the same
adsorbent quantity, coupled with its effectiveness in removing PFOA from water,
underscores the exceptional efficiency of the kC-AC- kC-V hydrogel as an adsorbent,
suggesting a promising and potentially innovative and cost-effective approach for

wastewater treatment.
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4.5.8 Characterization of kC-AC and kC-V hydrogel after PFOA adsorption
SEM imaging enables a detailed assessment of kC-AC and kC-V hydrogel surface
morphology after PFOA adsorption Figures 4.7¢ and 4.7f. It has been observed that upon
exposure to PFOA, the hydrogel's surface undergoes discernible changes manifested by
surface roughening, formation of irregularities, or variations in surface topography. The
nature and extent of these changes depend on factors such as PFOA concentration,
exposure time, and the specific characteristics of the hydrogel material. Investigations
indicated that PFOA can exhibit different distribution patterns, ranging from uniform
coverage to localized clustering. The hydrogel's affinity for PFOA and the prevailing
solution conditions may also influence the nature of the distribution. PFOA may
preferentially adsorb in specific regions, forming aggregates or islands. These clusters'
degree of aggregation and size can offer insights into the adsorption mechanism.

FTIR is a powerful tool for studying hydrogel and PFOA interactions. It detects shifts in
absorption bands and signaling interactions between functional groups in the hydrogel
and PFOA. New bands indicate the formation of chemical bonds. FTIR also confirms
PFOA adsorption and offers insights into the adsorption mechanism, distinguishing
between physical and chemical interactions. The FTIR spectra in Figures 4.7c and 4.7d
reveal discernible bands associated with different concentrations of PFOA (0.5, 1, and
1.5) mg/L, indicating its adsorption by the kC-0.3%AC and kC-3%YV hydrogel. Notably,
a peak at 1,640 cm™ in all kC-0.3%AC and kC-3%V hydrogel spectra post-adsorption
indicates the deprotonated carboxylate group (COO") (Chen et al., 2017). Importantly,
there is an escalation in the intensity of the 1640 cm™ peak, mirroring the increase in the

COO- concentration in the solution. This relationship underscores the role of attractions

138



between the PFOA anion and the positively charged conjugate acid active sites on the kC-
0.3%AC and kC-3%V surface as the principal driving force behind adsorption.
Additionally, the FTIR spectra in the 1000-1250 cm™ capture the typical C-F bonds
associated with PFOA. Various peaks at specific wavenumbers represent distinct features
of the PFOA molecule, including the C-C bond at 1032 cm™', symmetric CF> stretches at
1227 cm™!, asymmetric stretching of CF» and CF3 at 1200-1240 cm-1, and another
asymmetric CF; stretch (Gao & Chorover, 2012). As the pH during adsorption increases,
a noticeable reduction in the intensity of the C-F peaks on kC-0.3%AC and kC-3%V is
observed. This effect can be attributed to decreased positively charged conjugate acid
active sites on the kC-0.3%AC and kC-3%V surfaces, increasing repulsion between the
negatively charged conjugate base active sites on kC-0.3%AC and kC-3%V and the
PFOA anion.

EDS and EDX mapping analyses were conducted to characterize the nanoparticles and
understand their distribution within the hydrogel cross-section. Figures S2.5a, S2.5b,
S2.5¢c, S2.5d, and Table S3 illustrate the EDS analysis of the section of the kC-0.3%AC
and kC-3%YV hydrogel after PFOA filtration. The results revealed the presence of carbon
and oxygen in all membrane structures, indicating the composition of kC with either AC
or vanillin (Figures S2.5a, S2.5b, S2.5¢, and S2.5d). Additionally, the detection of gold
elements can be attributed to the surface deposition of gold during SEM imaging. Carbon,
oxygen, sulfate, and a small amount of fluorine (0.03 wt.%) were identified in the kC-
0.3%AC and kC-3%V membrane structures. The EDS spectrum exhibited the highest
intensities for fluorine and chloride ions, along with the presence of sodium, calcium, and
sulfur as the primary constituents of the hydrogel after filtration. This finding suggests a

relatively uniform distribution of elements within the membrane structure. After
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Adsorption (%)

filtration, increased fluorine was observed in the hydrogel, 5.12 wt% and 4.04 wt% in the

kC-0.3%AC and kC-3%V, respectively. Moreover, chloride was observed in the hydrogel,

with concentrations of 2.24 wt% in kC-0.3%AC and 1.73 wt% in kC-3%V.
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Figure 4. 7.a) adsorption and desorption of 1.5 mg/L. PFOA in three consecutive cycles
of 3%kC-0.3%AC, b) adsorption and desorption of PFOA in three consecutive cycles of
3%Kc-1%V, ¢) FT-IR of the different concentration AC (0.1,0.2,0.3)% with 3%kC after
filtration, d) FT-IR of the different concentration V (1,2,3)% with 3%KkC after filtration,
e) SEM of the 3%kC-0.3%AC hydrogel after filtration at 20 um at the first focus point, f

) SEM of the 3%KkC-3%V hydrogel after filtration at 20 pm at the first focus point.

4.6 Conclusion

The study revealed kC-based hydrogel's exceptional efficiency in adsorbing various
PFOA and pollutants, making it a compelling alternative for water purification.
Incorporating vanillin and AC into the kC hydrogel significantly enhanced the kC-3%V
membrane porosity, from 62.8% =+ 5 to 79.1% + 5 and up to 89.7% in the kC-0.3%AC.
When evaluating the hydrogel's performance against PFOA, notable pH-dependent
variations in rejection were observed. The hydrogel rejection of PFOA is pH-dependent,
with the kC-0.3%AC hydrogel achieving an 86.9% rejection at pH 4, while the kC-3%V
showed 85.7% rejection. Experiments also exhibited a decline in the water flux at higher
PFOA concentrations and pH levels for both kC-0.3%AC and kC-3%YV hydrogels. The
study revealed that PFOA rejection increased with concentration, indicating that elevated
PFOA levels restrict water passage by occupying pore spaces. When it was tested for soil
remediation wastewater treatment, the kC-0.3%AC hydrogel removed 81.1% PFOA at
25.6 LMH water flux, while the kC-3%V hydrogel removed 79.3% PFOA at a water flux
of 21.5 LMH. However, due to pore blocking, consecutive filtration cycles revealed a
slight decline in the hydrogel's performance. More characterization results, such as pH at

zero-point charge (pHpzc), X-ray diffraction (XRD), and X-ray photoelectron
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spectroscopy (XPS), should preferably be included in future work to understand the

mechanisms of PFOA removal better.

Supplementary information S2
Performance and analysis of kappa-carrageenan hydrogel for

PFOA-contaminated soil remediation wastewater treatment

Alsaka, L., Ibrar, 1., Altaee, A., Zhou, J., Chowdhury, M. H., Maryam, A.-E., & Hawari,
A. H. (2024). Performance and analysis of kappa-carrageenan hydrogel for PFOA-

contaminated soil remediation wastewater treatment. Chemosphere, 365, 143371.

S2.1 The filtration device

Figure S2. 1.a schematic of gravity filtration.
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Figure S2. 2.SEM of the 3% kC hydrogel at 100 pm.

S2.2 Adsorption-desorption ability/ Adsorption kinetics models

In a controlled batch study, adsorption capacity was assessed using a thermostatic shaker
at varying pH levels (2.8, 4.2, 7, 9.2) with PFOA solutions. Experiments utilized two
hydrogels: 3%kC mixed with 1-3%vanillin (V) and 3%kC mixed with 0.1-0.3%AC. LC-
MS analysis determined PFOA concentration and adsorption capacity (mg/g), calculated
using Equation S1 in Table S1. Desorption experiments assessed reversibility by
employing a thermostatic shaker with 30 mL methanol. The 3%kC-3%V and 3%kC-
0.3%AC materials were separated via centrifugation, and desorption capacity (mg. g-')
was computed using Equation S2.3 in Table S1. Established mathematical models,
including the pseudo-first-order, pseudo-second-order, intraparticle diffusion, and
Elovich models, were employed to unravel the intricacies of adsorption kinetics PFOA

using kC-AC/V hydrogel in Table S2.1.
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S2.3 Adsorption /Desorption of The PFOA solution

S2.3.1 Effect AC and Vanillin concentrations

Increasing adsorbent amount (Figures S2.3a and S2.3b) correlates with higher PFOA
adsorption capacity, indicating the pivotal role of hydrogel concentration. Higher

concentrations offer more active sites, enhancing mass transfer.

S2.3.2 Effect of pH

Testing PFOA adsorption on kC-0.3%AC and kC-3%V at pH levels 2.8, 4.2, 7, and 9.2
revealed rapid surface adsorption in the initial five hours, followed by slower mesopore
diffusion. Optimal adsorption occurred at pH 4.2, with lower capacities at 2.8, 7, and 9.2

due to protonation and charge variations (Figures S2.3c and S2.3d).

S2.4 Adsorption Kkinetics

Figures S2.4a to S2.4h illustrate PFOA (1 mg/L) adsorption kinetics in kC-0.3%AC and
kC-3%V hydrogels at pH levels 2.8, 4.2, 7, and 9.2. Table S2.2 details parameters for
diverse adsorption models, with the pseudo-second-order (PSO) model exhibiting a
strong correlation (R? = 0.992 to 0.998). The pseudo-first-order (PFO) model also
demonstrates a good correlation (R? = 0.995 to 0.999). The PSO model effectively
captures chemisorption-dominated PFOA adsorption across pH ranges, depicting rapid
initial adsorption followed by slower diffusion into hydrogel mesopores. The Elovich
equations align closely with experimental results at pH 4.2, indicating prolonged
adsorption. Intra-particle diffusion analysis reveals multi-phased dynamics, emphasizing
process complexity. The relatively lower R? value for intra-particle diffusion suggests

potential for better-fitting kinetic models, as indicated in Table S2.2.
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Table S2. 1:Kinetic Equations for different models.

Eq No.

Equations

Definition of parameters

S2.1

myg

. . (CiPFOA — CfPFOA) * VPFOA
Adsorption capacity (7) =

Wgel

CiPFOA (initial PFOA concentration in mg/L)
CfPFOA(equilibrium residual PFOA concentration in mg/L)
VPFOA (solution volume in L)

Wgel (weight of kC-AC and kC-V in g).

S2.2

Ci t=total C
Q. (1- _f)

Maximum capacity adsorption (mg/g) = -
m Ji—o Ci

0 the flow rate (L/min)
m is the quantity of adsorbent (hydrogel) in g.
(i is the initial concentration of the PFOA solution (mg/L).

(fis the redidual concentration of the PFOA solution at
equilibrium (mg/L).

S2.3

5 . (mg) _ (CrPFOA xVPFOA)
esorption g = Wgel

CrPFOA represents the residual concentration of PFOA
(mg/L)

VPFOA is the volume solution of methanol in Liters (L),

Wgel is the weight of gel in grams (g).

S2.4

CPFOA desorbed
D% = (

CPFOA adsorbed) X100

D% (degree of desorbed).
CPFOA desorbed (concentration of PFOA mg/g).
CPFOA adsorbed (concentration of PFOA mg/g).

S2.5

qt = ge(1 — ek1t)

gt(mg/g) amount adsorbed at time t.
ge (mg/g) amount remaining after of adsorption reaction.

K1 Pseudo first rate constant (mg/(g*min)).
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S2.6

qt

~ 1+ qtk2t

qt(mg/g) amount adsorbed at time t.
ge (mg/g) amount remaining after of adsorption reaction.

K2 Pseudo second rate constant (mg/(g*min)).

S2.7

qt = kdifft*/? + ¢

Kdiff denotes the intraparticle diffusion rate
constant(mg/(g*min)).

c signifies the boundary layer thickness.

S2.8

qt =

1

B In(aB) + ilnt

o. the initial adsorption rate (mg/(g*min)).

[ desorption constant (mg/(g*min)).




Table S2. 2:Kinetic parameters of kC-AC/V hydrogel for different models.

Kinetic adsorption for 3%kC-3%V

Kinetic model Parameters pH 2.8 pH 4.2 pH 7 pH 9.2
Pseudo first KI(I/min) 3.06+0.33 2.84+0.11 3.08+0.25 2.33+0.24
order qe cal (mg/g) 0.00174+9.2E-6 0.0018+3.9E-6 0.0016+6.2E-6 0.0016941.4E-5
ge exp(mg/g) 0.001742 0.001799 0.00161 0.001605
R? 0.998 0.999 0.998 0.995
Pesudo K2 mg/(g min) 11425.94+4839.95 9116.12+2270.2 10615.99+215.9 4393.75+746.7
second order ge cal (mg/g) 0.00176+1.4E-5 0.00182+1.02E-5 0.00162+7.2E-5 0.00174+1.3E-5
qe exp(mg/g) 0.001748 0.001805 0.001605 0.00175
R? 0.997 0.998 0.992 0.998
Elovich model qe(mg/g) 0.00175 0.0018 0.00161 0.00171
o mg/(gmin)  4.41E37+3.29E39 2.53E30+1.13E39 9.02E26+2.7E26 2.37E8+2.0E9

B mg/ (g min)

57211.52+43775.87

46050.37+25531.47

46711.77+19127.94

18323.99+5247.36

R? 0.996 0.997 0.998 0.995
Intraparticle qe(mg/g) 0.00176 0.00182 0.00162 0.00172
diffusion Ki mg/(gmin) 2.49E-4+1.22E-1 2.59E-4+1.25E-1 2.32E-4+1.11E-1 2.58E-4+2.77E-1
model C mg/g 0.00103+2.98E-4 0.00106+3.06E-4 9.4E-4+2.7E-4 9.57E-4+2.77E-4
R? 0.343 0.350 0.354 0.393
Kinetic adsorption for 3%Kc-0.3%AC
Kinetic model Parameters pH 2.8 pH 4.2 pH 7 pH 9.2
Pseudo first KI1(1/min) 1.63£0.19 1.57+0.22 1.510.162 2.75+0.29
order qe cal (mg/g) 0.0021+2.87E-5 0.00221+3.73E-5 0.00197+2.66E-5 0.00193+1.22
qe exp(mg/g) 0.00205 0.00212 0.00196 0.00194
R? 0.987 0.982 0.989 0.997
Pseudo K2 mg/(gmin)  1597.51+200.13 1394.57+219.07 1541.41%175.40 5552.61+865.73
second order qge cal (mg/g) 0.00222+2.25E-5 0.00233+3.142E-5 0.00208+2.05E-5 0.00197+1.0E-5
ge exp(mg/g) 0.00214 0.002246 0.0019965 0.001992
R? 0.997 0.995 0.997 0.999
Elovich model e (mg/g) 0.00215 0.00226 0.0020 0.00195
o mg/(gmin)  66.28+176.14 21.43+49.6 24.09+61.05 2.51E12+2.26E13
B mg/(gmin) 7119.97£1392.17 6220.19+1167.14 7131.56+1435.95 20922.024+2844.49
R? 0.990 0.989 0.988 0.998




Intraparticle  qe(mg/g) 0.00215 0.00224 0.00202 0.0021
diffusion Ki mg/(gmin) 3.51E-4+1.32E-1 3.75E-4+1.36E- 3.29E-4+1.22E-1 2.91E-4+1.30E-1
model C mg/g 0.0011+3.23E-4 0.00113+3.34E-4 0.00101+2.99E-4 0.00111+3.19E-4
R? 0.469 0.485 0.476 0.383
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Figure S2. 3.a and b) influence of kC-0.3%AC and KC-3%YV concentrations on adsorption

of PFOA, c and d) adsorption curve for kC-0.3%AC and KC-3%V hydrogel for PFOA at

different pH with time respectively. PFOA concentration in the feed solution is 1 mg/L.
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Table S2. 3: The EDS analysis results for the kC-AC and kC-V hydrogel.

Element Quantitative Results (wt.%)

kC-AC kC-AC kC-V kC-V

Before After Before After
C 83.60 55.05 85.15 41.79
(0) 13.64 35.08 12.64 47.79
S — 3.02 0.03 4.14
F 2.76 5.12 2.18 4.04
Cl -—-- 1.73 -—-- 2.24
Total 100 100 100 100
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Figure S2. 4.a and b) pseudo-first-order for kC-0.3%AC and KC-3%V hydrogel for

PFOA at different pH with time, ¢ and d) pseudo-second-order for kC-0.3%AC and KC-

3%V hydrogel for PFOA at different pH with time, e and f) Elovich model for kC-

0.3%AC and KC-3%V hydrogel for PFOA at different pH with time, g and h)

Intraparticle diffusion model for kC-0.3%AC and KC-3%V hydrogel for PFOA at

different pH with time.
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Chapter S: kappa-carrageenan-based hydrogel for leachate

wastewater treatment and resource recovery
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Carrageenan-based hydrogel for leachate wastewater treatment and resource recovery.
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Abstract

The current investigation examined the effectiveness of a kappa-carrageenan-activated
carbon/polyethylenimine (kC-AC/PEI) hydrogel, with a surface area of 95.61 m?/g, in the
removal and recovery of metal ions from leachate wastewater. Variations in kC
concentrations are analyzed for their influence on the hydrogel's structural characteristics,
adsorptive performance, water absorption capacity, and swelling behaviour. Additionally,
optimization of operational parameters, including temperature and pH, is explored to
achieve maximum adsorption efficiency. The hydrogel demonstrated exceptional
efficiency in treating leachate, with rejection rates of 97.8% for total organic carbon
(TOC) and 94.4% for turbidity. The kC-AC/PEI hydrogel exhibited 82.9% to 87.1%
rejection for divalent ions and 46.9% to 74.4% for monovalent ions. In addition,

permeation flow declined 12% over three cycles, starting at 32.3 LMH and decreasing to
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28.2 LMH in the third cycle. The kC-AC/PEI hydrogel exhibited excellent reusability
after recycling, achieving 80.6% rejection of Mg?" and 40.3% for Na ions. Other metal
ions exhibited slight declines in rejection rates, demonstrating the hydrogel's enduring
efficiency in removing ions even after recycling. At the end of the hydrogel tests, reverse
osmosis effectively recovered approximately 70% of metal ions from the hydrogel,
making the hydrogel-RO system a sustainable and affordable approach for metal recovery

from wastewater in small-scale treatment plants.

5.1 Introduction

Annually, industries release into the environment heavy metal-containing waste solutions
laden with copper, lead, zinc, cadmium, mercury, and chromium. These toxic metals will
impact the food chain and aquatic life, causing significant health problems, including
kidney damage and cancer. Extensive pollution stresses the pressing need for innovative
wastewater treatment methods that should be effective and affordable to protect the
environment and public health (Zhou et al., 2023). Membrane processes, such as reverse
osmosis (RO) and nanofiltration (NF), efficiently separate heavy metals from solutions,
but they suffer significant disadvantages, including the need for extensive pretreatment,
high energy consumption, and membrane fouling. In contrast, adsorption-based
techniques, particularly those using activated carbon (AC), zeolites, clay minerals, and
hydrogels, provide a comparatively economical strategy but with restricted efficacy and
varying effectiveness in eliminating various pollutants (N Abdullah et al., 2019).
Hydrogels are adept at absorbing organic and inorganic pollutants(Kwon et al., 2025).
Remarkably, kappa-carrageenan (kC) hydrogel, comprising crosslinked polymers with
anionic sulphate groups (-OSO*"), exhibited potential for heavy metal treatment (Aguilan

et al., 2003). In addition, it possesses numerous hydroxyl and carboxyl groups along its
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polysaccharide backbone, presenting potential reaction and coordination sites for the
adsorption of diverse pollutants (Kulal & Badalamoole, 2020b). These attributes render
carrageenan an outstanding biopolymer for crafting adsorbent and filtration materials.
The kC's anionic nature enables the formation of a robust hydrogel, particularly effective
in adsorbing positively charged pollutants from wastewater and water softening (Rocha
et al., 2021). The advancement of adsorption technologies is contingent upon the
development of efficacious adsorbents. Although powdered materials, such as AC,
possess notable adsorptive properties, they are impeded by agglomeration issues and
subsequent separation complexities (Singh et al., 2018). Hydrogel, characterized by a
three-dimensional polymer network saturated with water, gained attention for wastewater
treatment due to its cost-effectiveness, recyclability, and ease of fabrication
(Weerasundara et al., 2021). However, many reported hydrogels experience poor
mechanical performance, low adsorption capacity, or slow diffusion kinetics (Kalcioglu
et al., 2012; Yang et al., 2013). Incorporating adsorptive nanoparticles into a hydrogel
matrix effectively enhances its mechanical properties and adsorption capacity (Makhado
et al., 2020). Graphene oxide (GO) (Hou et al., 2012), titanium dioxide, metal or metal
oxide, and biochar (Weerasundara et al., 2021) were integrated with hydrogels to address
physicochemical challenges.

AC was widely used in water purification for its considerable adsorption ability, large
surface area, pore structure, chemical stability, low toxicity, and renewability. It is a robust
adsorbent in wastewater treatment (Cheng et al., 2016; Liu et al., 2014). Graphene-based
hydrogels also showed advanced adsorption capacities toward heavy metals and
metalloids (Chen et al., 2013). An adsorption capacity of 52.63 mg/g was observed at an

optimal pH of 6 by chitosan with an AC layer, achieving completed cadmium ions
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removal (Hydari et al., 2012). Polyethyleneimine (PEI), a hydrophilic branched polymer
rich in amine (-NHb») functionalities, is known for its strong attraction to metal ions. The
abundant -NH> groups on PEI can be effectively crosslinked with epoxy or aldehyde
groups to form functional materials of various forms, such as hydrogels, membranes, and
fibers (Jin et al., 2017). Yang et al. developed a PEI-modified chitosan electrospun
membrane for removing metal ions from water, which showed enhanced adsorption
capabilities post-PEI modification (Yang et al., 2019). Similarly, Arshad et al. produced
GO-infused alginate-PEI beads specifically for capturing heavy metals, exhibiting 602,
374, and 181 mg/g adsorption for Pb**, Hg**, and Cd*" ions following PEI integration
(Arshad et al., 2019). Kerinen et al. reported the removal of Ni*" and vanadium from
natural industrial wastewater, noting that AC had an adsorption efficiency of 4.36 mg/g
at pH 5.5 and 5.0 g/L feed concentration (Kerdnen et al., 2015). Another investigation
revealed the adsorption capacity of Ciprofloxacin (CIP) by kC/SA composite double-
network hydrogels at a remarkable rate of 229 mg/g, with optimal performance at pH 4
and an increasing trend with ion concentration (Yu et al., 2019). The kC hydrogel was
also reported for organic matter and dye removal from wastewater. Liu et al. reported that
the demonstrated efficacy of methylene blue (MB) removal surpassed 92% after 120
minutes of employing carboxymethyl cellulose (CMC)/ kC/activated montmorillonite (C.
Liu et al., 2018). Furthermore, the CS/kC hydrogel demonstrated exceptional phenol
adsorption capabilities, achieving an uptake of 80% (Hamid et al., 2023). Soares et al.
used kC-coated magnetic iron oxide nanoparticles for efficient methylene blue removal
(530 mg/g), achieving >97% removal in six consecutive experiments (Soares et al., 2017).
Duman et al. engineered magnetic OMWCNT-kC-Fe304 nanocomposites for effective

methylene blue removal (Duman et al., 2019). Yang et al. developed eco-friendly «-
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carrageenan and graphene oxide gel beads (k-Car/GO-GBs) for methylene blue
adsorption, demonstrating stable, high adsorption capacity of 658.4 mg/g after five cycles
(Yang et al., 2017). Despite the wealth of literature on hydrogel treatment of wastewater,
there are scarce studies on the kC-based membrane long-term performance and
reusability after metal ions recovery by desorption.

Most literature used hydrogel in adsorbent beads for metals removal from wastewater,
with limited removal percentage and generating large brine volumes. In this study, a
hydrogel membrane was fabricated and tested in a dead-end filtration cell for metal
recovery and reuse from leachate wastewater. The advantage of kC is a thermoreversible
hydrogel, i.e., it can be melted and hardened by heating and cooling, and hence it can be
thermally or chemically treated for metal ions recovery and recycled for reuse. The
hydrogel adsorption capacity, hydrophilicity, and mechanical strength were improved by
blending with AC and crosslinking with PEI. The AC provides additional sites for the
adsorption of metal ions, while amine groups in the PEI will chelate heavy metal ions (Lu
etal., 2020). The hydrogel was cast as a thin composite membrane for metal ions recovery
from wastewater in a dead-end filtration cell to reduce the generation of brine and
facilitate the ions recovery using a hydrogel-reverse osmosis (RO) system. The leachate
wastewater treatment was conducted using a dead-end gravity filtration column, followed
by metal ions desorption from the hydrogel and heavy metals recovery by an RO system.
The research questions are: i) what is the impact of AC and PEI on the kC hydrogel
swelling and permselectivity? ii) what is the impact of the operating conditions, such as
feed temperature and pH, on the hydrogel performance and ion removal? And iii) is the
cross-linked hydrogel reusable after metal ions recovery? Metal ions were desorbed from

the hydrogel filter at the end of the experiments and recovered by an RO system using a
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brackish water RO membrane. The kC features an environmentally friendly, cost-

effective, and biodegradable filter, making it a sustainable wastewater purifying option.

5.2 Materials and methods

5.2.1 Materials

All substances were sourced from Sigma Aldrich in Australia, including the kappa-
Carrageenan (kC,1->4-3,6-anhydro-alpha-d-galactopyranosyl-1->3-4-o-sulfonato-beta-
d-galactopyranan, CAS number 11114-20-8, molecular weight 788.647 g/mol, purity 99
%, Molecular Formula C24H36025S2-2), activated carbon (AC, MW 12.01 g/mol, CAS
number 7440-44-0), Polyethyleneimine (PEI, MW ~ 2000 by LS,50 wt% in H>O, CAS
number 9002-98-6), and Polyvinyl alcohol (PVA, MW 89000~ 98000, 99% hydrolysed,
CAS number 9002-89-5), all of which were utilized in the hydrogel synthesis. For the
rejection studies, analytical grade chemicals such as magnesium sulphate (MgSO4) (MW
120.37 g/mol, CAS number 7487-88-9, purity > 99.99 %), copper sulphate (CuSO4) (MW
159.61 g/mol, CAS number 7758-98-7, purity > 99 %), and sodium chloride (NaCl) (MW
58.44 g/mol, CAS number 7647-14-5, purity > 99 %) were procured from Sigma-Aldrich.
The landfill leachate wastewater, post-biological treatment, was obtained from Hurstville
Golf Centre. A layer of cotton was used as a support layer for the KC-AC/PEI hydrogel
filter, which was incorporated into a filtration column designed for water treatment. The
hydrogel was manually applied to the cotton layer within a specialized filtration column

for water treatment.

5.2.2 Synthesis of kC-AC/PEI hydrogel
To prepare the kC hydrogel, different concentrations of kC powder (1% to 3%) wt/v were

dissolved in deionized (DI) water. Then, the mixture was heated to 60 °C and left on a
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magnetic stirrer for 3-4 hr to ensure a homogenous gelatinous solution. The hydrogel was
washed with DI water to remove residual impurities. Then, the hydrogel was placed on
the magnetic stirrer at 60 °C, and the solubilized hydrogel was mixed at 800 rpm using
an electric mixer with (0.3% wt/v) AC and (2% wt/v) PEL The mixing process continues
for four hr until the consistency of a soft, easy-to-pour hydrogel is formed. The hydrogel
was cast into a filtration column and left to settle for 10 to 15 minutes before the test.
After casting in the filtration column, the hydrogel filter top was sealed with a 10% PVA
to prevent water leakage (Figure 5.1a). The acrylic filtration column made from
polycarbonate (PC) material in a 13 cm? active area (Figure S3.1) was used for wastewater
treatment. During all experiments, the feed solution level in the column was maintained
at 22 cm height. The composite Figure 5.1b represents integrating PEI into the aqueous
solution comprising kappa carrageenan and activated carbon to synthesize a hydrogel.
Introducing PEI enhanced the hydrogel's stability and augmented its mechanical
robustness during the membrane filtration procedure. Figure 5.1c shows the amine
functionalities in PEI form hydrogen bonds with the hydroxyl groups in kappa-
carrageenan while concurrently engaging in electrostatic interactions with the sulfate
groups of kappa-carrageenan. Additionally, activated carbon participates in hydrogen
bonding and electrostatic interactions with PEI. While AC offers a large surface area,
enhancing the hydrogel's capacity to remove pollutants, PEI contributes numerous amine
groups, enhancing kC-AC hydrogel crosslinking, strengthening its structure, and
improving reusability. Owing to its chemical nature, meticulous regulation of crosslinking
density and prudent disposal methods are needed to mitigate environmental effects and
guarantee sustainability. Table 5.1 shows the kC-AC/PEI hydrogel membranes

investigated in this study.
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TableS. 1:Hydrogel membrane used for wastewater treatment

Membrane kC (%) PEI (%wt/v) | AC (%wt/v)
3%kC 3.0 - -
1%kC + 2%PEI + 0.3% AC 1.0 2.0 0.3
2%kC + 2%PEI + 0.3% AC 2.0 2.0 0.3
3%kC + 2%PEI + 0.3% AC 3.0 2.0 0.3
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5.3 Hydrogel characterization and analysis

5.3.1 Structural features of membranes

The FT-IR analysis of kC and 1-3%kC-AC/PEI functional groups was conducted using a
Thermo Scientific Nicolet spectrometer with an IR microscope featuring an optical
resolution of 0.9 cm™. Before analysis, hydrogel samples underwent a 24-hour drying at
105 °C. The wavenumber range studied was 4000-400 cm™'. Field-emission scanning
electron microscopy (FE-SEM) employing a Zeiss EVO LS15 SEM was used to
characterize hydrogel microstructures. A 6 nm-thick gold coating was applied before
imaging using a sputtering machine. Three SEM tests were conducted and averaged for
precision, followed by Energy-dispersive X-ray spectroscopy (EDX) was performed
utilizing a Bruker SDD X flash 5030 detector. Pore size analysis was carried out with the
TECHPoro Capillary Flow Porometer, applying the Barett-Joyner-Halenda (BJH) model
for adsorption and desorption. Hydrogel surface wettability and hydrophilicity were
assessed by measuring the contact angles of kC and composite 1-3%kC with (0.3%
AC/2%PEI). The DM 211 contact angle measurement system from Kyowa Interface
Science in Chennai, India, was used for water contact angle measurements, with a
minimum of three locations chosen for each sample to obtain average contact angles and
error values. It is noteworthy that the hydrogel tests were conducted at room temperature,

~22 °C, at which the kC hydrogel remains thermally stable.

5.3.2 Swelling, deswelling, and water uptake
Water uptake (W) was evaluated using pre-dried hydrogel segments (2x2x2 cm). After
oven-drying at 105 °C for 6 hr, dry weight (W) was recorded. Subsequently, the segments

were immersed in distilled water for 24 hr at room temperature, and the post-soaking
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weight was recorded after removing excess water (W,). The water uptake was then

calculated using Equation 5.1.

Www-wd

s (2

x 100 (5.1)
)

Additionally, the swelling degree, indicative of anti-swelling properties, was determined
by recording the initial weight (/#;) and measuring the final weight (W¥)) after immersion
in DI water and NaCl solutions at varying concentrations for 2-24 hr. The swelling degree
(SD) was calculated using the relevant Equation 5.2. Three samples underwent testing,

and the averaged results were reported.

_ wr-wi)
T wi

SD X 100 (5.2)

The deswelling characteristics of kC-(AC-PEI) hydrogels with varying kC concentrations
were evaluated in a 60 °C oven. Freeze-dried gel samples achieved swelling equilibrium
in ultrapure water for 24 hr before being placed in the oven. Weights were recorded at 30-
minute intervals, and deswelling (DS) was calculated using Equation 5.3, with W;
representing the weight of the swollen hydrogel and W, the weight after vacuum drying

for 30 minutes.

Wo

DS = (m) x 100 (5.3)

5.3.3 Hydrogel Filtration Performance

The kC-AC/PEI hydrogel was poured over a cotton base within a transparent acrylic
filtration column, enabling visual observation. The hydrogel was carefully cast into the
filtration column and allowed to settle for 10-15 minutes, and a 1 ml layer of PVA was
used to seal the hydrogel top. All experiments were conducted three times to ensure
reliability. Water flux was determined using Equation 5.4, while pollutant rejection was

calculated using Equation 5.5.
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J=-L (5.4)
R% = (1- g—]’j) x 100 (5.5)

In the filtration process, V" denotes the accumulated permeate volume (m?) over time (¢),
and A4 represents the effective membrane area (m?) used. C, refers to pollutant
concentration in the permeate, while Cris the initial concentration of contaminants in the

feed solution.

5.3.4 Wastewater properties

This investigation employed wastewater from a landfill site in Sydney (Australia) as the
feed solution. This landfill site produced mature leachate wastewater with inherent
resistance to conventional biological treatment processes. The leachate sample was
acquired after biological treatment at the landfill site. A thorough assessment of the heavy
metal concentrations in this wastewater was conducted using Inductively Coupled Mass
Spectroscopy (ICP-MS), as delineated in Table 5.2.

Table5. 2:Properties of Wastewater

Parameter leachate wastewater
pH 7.9
Conductivity 14.53 £ 2 ms/cm
Total dissolved Solids 2600 = 100 mg/L
Turbidity 36 £+ 2NTU
Total organic carbon TOC 1870 + 100 mg/L
Na 132 £ 5 mg/LL
K 229 +2 mg/LL
Al 0.02 £0.01 mg/L
Mg 89.3 + 5 mg/L
Ca 71.0 £2 mg/L
Cr 0.23+0.01 mg/L
Mn 1.3£0.01 mg/L
Co 0.25+0.01 mg/L
Ni 0.17+0.01 mg/L
Cu 0.19+0.01 mg/L
Zn 0.13+0.01 mg/L
Cd 0.15+0.01 mg/L
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Pb 0.14+£0.01 mg/L
Ba 0.24 £0.01 mg/L

5.3.5 Adsorption-Desorption Mechanism

A single cycle of adsorption-desorption experiments was carried out to evaluate the
reusability of the hydrogel. The experimental work tested the effect of temperature (15,
25, 35, 45, and 60 °C) on the adsorption capacity of hydrogel for 2 g/I. MgSOa. The best
adsorption temperature was used to evaluate the impact of pH 4, 7, and 10 on the
adsorption for 2 g/I. MgSQO4. Adsorption tests for Cu?*, Mg?*, and Na* ions were assessed
in a controlled environment using a thermostatic shaker at 35°C, pH 4, and 150 rpm for
3 hr, followed by 10 minutes of centrifugation at 10,000 rpm for hydrogel-solvent
separation. Inductively Coupled Plasma Mass Spectrometry (ICP-MS), Agilent
Technologies model was used to evaluate each ion's concentration in the samples, and
Equation 5.6 calculates the adsorption capacity (mg/g), where C; represents the initial
concentration in mg/L, Cr represents the residual ion concentration at equilibrium in
mg/L, V is solution volume in L, and W is hydrogel sample weight in grams.

Desorption experiments were performed by adding 30 mL of 0.1M HCI to vials with 20
g of kC-AC/PEI hydrogel after the adsorption test. For 3 hr, a thermostatic shaker at 35
°C stirred at 150 rpm to desorb. The kC-AC/PEI materials were centrifuged at 10,000

rpm for 10 minutes. Desorption capacity (mg-g™') was estimated using Equation 5.7.

. . . 4

Adsorption capacity (%) = (Ci—Cf) X ” (5.6)
. mg\ _ (CRXV)

Desorption (7) = “Wael (5.7)
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CR represents the residual concentration of ions (mg/L), V' is the volume of the HCl
solution in Liters (L), C; is the initial concentration (mg/L), and Wy, is the weight of the

hydrogel in g. The desorption (D%) was determined by applying Equation 5.8.

Do = (22223 100 (5.8)
5.3.6 Metal Recovery

After metal desorption, metal ions from wastewater were extracted using a kC-AC/PEI
hydrogel. The desorption involved treating the metal-saturated kC-AC/PEI hydrogel with
0.1M HCI. In a thermostatic shaker at 35°C, 150 rpm agitation was used for three hr. The
hydrogel was separated by centrifuging at 10,000 rpm for 10 minutes from the metal-rich
solution. The solution underwent RO processing using a BW30LE membrane at 20 bar
pressure, 22 + 2 °C, 0.00146 m? membrane area, and 0.7 L/min flow rate. The recovery
percentage (Re%) of the metals was calculated by the RO system using Equation 5.9.

Re = Cro/Cr; X 100 (5.9)

Cro 1s the concentration of RO concentrate (mg/L), and Cj is the initial concentration of

wastewater (mg/L).

5. 3.7 Statistical test

Each experiment was repeated three times, and the results are shown as mean values.
Variations across many experimental data sets were evaluated using the analysis of
variance (ANOVA). Treatment groups' statistically significant variations were indicated

by a P-value less than 0.05 in single-factor ANOVA analysis for experimental data.
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5.4 Results

5.4.1 Morphological characterization of the hydrogel

The physical and chemical properties of the kC-AC/PEI hydrogel were studied to
understand metal ion rejection processes. The BET analysis in Table 5.3 shows that the
hydrogel's surface area, pore volume, and pore diameter significantly increased. For
example, the surface area rose from 10.87 m?/g for 3% kC to 95.61 m*g for 3% kC-
AC/PEL Similarly, the pore diameter expanded from 3.31 nm to 4.6 nm, while the pore
volume increased from 0.015 cc/g to 0.099 cc/g. These changes suggest that the hydrogel
provides more adsorption sites and can accommodate larger molecules with increased kC
concentration mixed with AC-PEIL. Desorption Analysis mirrors these trends but at
reduced magnitudes, a result of adsorption-desorption hysteresis. This hysteresis is
caused by the discrepancy between pore filling and emptying mechanism since pore
filling in adsorption occurs via capillary condensation while evaporation of the condensed
gas lags in the desorption test due to the presence of narrow pore necks, postponing the
adsorbed gas release. Also, due to capillary condensation, the adsorption test
overestimates the pore size and volume because gas condenses faster into pores than it
evaporates out in the desorption test. The 2% kC-AC/PEI pore diameters revealed a
contraction during desorption, indicating potential pore restructuring post-substance

release.
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Table5. 3: Summaries of BET analysis.

BET analysis 3%kC 1%kC- 2%kC- 3%KkC-
AC/PEI AC/PEI AC/PEI
Adsorption Surface area  10.87 30.410 82.310 95.61
BJH m?/g
Pore Volume 0.015 0.055 0.081 0.099
cc/g
Pore Diameter ~ 3.309 4.00 4.20 4.60
nm
Desorption Surface area  5.776 29.694 60.80 82.769
BJH m?/g
Pore Volume  0.009 0.055 0.0504 0.111
cc/g
Pore Diameter ~ 3.309 4.00 3.70 4.00
nm

After 24 hr of drying at 60 °C, the FE-SEM analysis of the kC-AC/PEI hydrogel revealed
a rough, porous structure with irregularly shaped granules or clusters, indicating a non-
homogeneous surface. The visible micro-porous architecture supports a potentially high
surface area (Figure 5.2a). The AC and PEI crosslinking in the kC matrix introduced
porous, irregularly shaped, and organized helical kC structures, improving the hydrogel's
adsorption capabilities compared to the 3% kC (Figure S4 supplementary material).
According to Figure 5.2b, the hydrogel displayed a denser surface after being filtered with
NaCl at 2 g/L due to the deposition of salt crystals, indicating the presence of electrostatic
interactions. The filtration with MgSO4 at 2 g/L resulted in intricate pore structures and
morphological alterations ascribed to the interactions between magnesium and sulfate
with the surface (Figure 5.2¢). In addition, the leachate wastewater altered the hydrogel's
texture, which affected the pore size and surface topology due to the deposition of
pollutants (Figure 5.2d).

Figure 5.2e shows how to form a composite hydrogel 3%kC-0.3%AC with 2%PEI based

on the FT-IR analysis during preparation. kC, which is a sulfated polysaccharide, exhibits
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peaks such as the stretching of O-H at 3400 cm™, the stretching of C-O-C at about 1250
cm', a sulfate ester band at 1150 cm™, and glycosidic linkages in the region of 950-900
cm ' (Fan et al., 2013). O-H stretching occurs at around 3400 cm™, C=0 stretching occurs
for carbonyls between 1700-1650 cm™, and further C-O vibrations occur close to 1250
cm™, referring to AC properties(Chen & Wu, 2004). At the same time as PEI displays
aliphatic C—H stretching from 810 to 2930 cm™, it also displays N—H stretching between
3300 and 3450 cm™ (Pattarith et al., 2023). Two critical bands correspond to N-H
vibrations of amino groups essential for crosslinking with kC and AC. These bands are
located at 1595 cm™ and 1456 cm™. Peaks at 1306 cm™ and 1040—1120 cm™ correlate
with C-N stretching vibrations, enhancing the overall stability of the hydrogel
structure(Wang & Li, 2015) (Figure 5.2¢). During the process of amalgamation, these
components, kC, AC, and PEI, engage in interactions that have the potential to cause
shifts or alterations in the FT-IR peaks that are already present, eventually leading to the
formation of new spectral characteristics. Following filtering using 2 g/L of MgSO4 and
2 g/L of NaCl, Figure 5.2f displays the FT-IR spectrum of the 3%kC-AC/PEI hydrogel
composite. Within the 500—1500 cm ™ range, particularly about the sulphate and carbonate
functional groups, there was a change in peak shape. Significant spectral shifts and
intensity changes in key regions confirm the involvement of specific functional groups in
ion binding. Especially the wide O—H and N-H stretching area 3200-3400 cm™* displays
intensity variations after ion exposure, suggesting hydrogen bonding and electrostatic
interactions with cations. Furthermore, the sulfate group (S=0O), which is changed by
interaction with MgSOs, spans approximately 1220-1260 cm', indicating the active
engagement of sulfate groups from kappa-carrageenan in ion complexation. Further

supporting structural rearrangement and binding activity between the hydrogel matrix and
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ions are the peak alterations in the C—O—C stretching area (~1040—1150 cm™) and
variations in the fingerprint region 600-900 cm™.

EDX spectroscopic examination showed a significant elemental composition change in
the kC-AC/PEI hydrogel at the end of the filtration, stemming from pollutant adsorption
from leachate solution. For example, diminished carbon, oxygen, and sulphate content is
an indicator of the adsorption process, while K" and Na+ increase from 6.23% to 16.73%
and 0.63% to 2.2%, respectively, indicating selective ion exchange. The following
elements appeared post-filtration: Fe**, Mg, Mn?*, and AI** were ( 1, 1.45, 1.04, and
0.42 ) wt%, respectively, which explains the ability of the hydrogel to sequester inorganic
ions and heavy metals from the leachate wastewater. This elemental absorption matches
the hydrogel matrix's composite structure's physicochemical interactions to target
pollutants (Figure S3.2).

The contact angle measurements provide crucial knowledge of hydrogels' wettability and
surface features. Pure kC and kC-AC/PEI hydrogels' water contact angles were tested to
evaluate surface hydrophilicity and wetting capabilities. The molecular structure of kC
attracts moisture, creating a hydrophilic hydrogel surface with a 72° contact angle. AC
exhibits water-attracting and water-repelling regions on its molecular surface,
predominantly displaying hydrophobic behaviour. However, a shift towards
hydrophilicity is essential for optimal functionality for filtration applications. The
measured contact angle was 46.9° £ 1.9 at 1% kC, increased to 51.2° + 2.05 at 2% kC,
and reached 56.8° £ 2.7 at 3% kC, indicating that the hydrogel hydrophilicity decreased
with increasing its concentration (Figure 5.2g).

Figure 5.2h illustrates the rheological properties of kC hydrogels that have been changed

with AC and PEI. These features give very important insights into the viscoelastic
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characteristics of the hydrogels at various concentrations. It is clear from the shear stress
and viscosity responses at increased shear rates that these gels display shear-thinning
behaviour, which reduces flow resistance when shear is applied. The viscosity behaviour
intensifies with higher concentration; the 3% kC-AC/PEI hydrogel has the greatest
viscosity and shear stress, indicating a more robust gel network than the 1% and 2%
formulations. The almost linear connection between shear stress and shear rate on a
logarithmic scale throughout concentrations indicates a power-law relationship, typical
of materials exhibiting yield stress behaviour and time-independent viscosity at low shear
rates. The notable disparity in the slopes of the viscosity curves indicates the degree of
shear-thinning, which is particularly evident at higher concentrations (Mokhtari et al.,

2019).

170



Contact angle |°]

P

Transmittance %

sogmuy AP1soa|E

4000

100

T T T T T
3500 3000 2500 2000 1500

Wavenumber cm™

T
1000

T
500

80 4

70 4

60 -

40 4

30 4

20 4

72

46.9

T
3%kC 1%kC-AC/PEI 2%kC-AC/PEI

T
3%KkC-AC/PEI

Transmittance %

3%LkC-AC/PEI with Leachate wastewater

3%KkC-AC/PEI with NaCl

3%KkC-AC/PEI with MgSO,

3%kC-AC/PEL [

4000

T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber cm™!

10° ~

Shear Str_ess [Pa]
=

10! 5

' 6
L 10

h

L 105
L 10*
—A— Shear Stress of 1%kC-(AC-PEI)
—m— Shear Stress of 2%kC-(AC-PEI)
—@— Shear Stress of 3%kC-(AC-PEI)
—A— Viscosity of 1%kC-(AC-PEI) 103
3

—m— Viscosity of 2%kC-(AC-PEI)
—a— Viscosity of 3%kC-(AC-PEI)

0.1

1 10

171 Shear Rate [1/s]

ity [mPa-s]

1SCOS!

A%



Figure5. 2.a & b) SEM of the 3%kC-0.3% AC/2%PEI hydrogel before and after the
filtration with NaCl at 20 um at the first focus point, ¢ & d) SEM of the 3%kC-AC/PEI
hydrogel after filtration with MgSO4 and leachate wastewater at 20 um at the first focus
point, ¢) FT-IR of the 3%kC,0.3%AC,2%PEI and 3%kC-0.3%AC/2%PEI, f) FT-IR of
the 39%kC-AC/PEI after filtration with MgSO4, NaCl and leachate wastewater, g) Contact
angle measurements of pure kappa-carrageenan and 1-3%kC-AC/PEI, h) viscosity and

shear stress of the composite hydrogel membranes.The error bar = 1 standard deviation.

5.4.2 Hydrogel water uptake, swelling, and deswelling

Increasing the kC concentration in the hydrogel changes its structure and water
absorption, with higher kC concentration enhancing the hydrogel crosslinking density and
restricting molecular mobility. Therefore, a stiffer and stronger hydrogel is produced by
improving chain homogeneity and alignment while reducing water absorption. Water
adsorption was greatest at 1% hydrogel, 1777.4% =+ 53, reduced to 1664.2% =+ 50 at 2%,
and 1433% + 43 at 3% kC concentration. Figure 5.3a indicates an inverse relationship
between kC concentration and water uptake, suggesting that when kC concentrations are
higher, network structures become denser, making it harder for water to enter. This
response that changes based on concentration shows the trade-off between improving the
structure by making it stiffer and more crystallized and limiting the hydrogel's ability to
absorb and hold water (Hezaveh & Muhamad, 2013).

Figure 5.3b shows swelling degrees of kC-AC/PEI hydrogels with DI water at 2hr and 24
hr for 1%, 2%, and 3% kC. At 2 hr, the hydrogel swelling was 5.2 g/g + 0.3 for 1%kC,
3.3 g/g+£0.2 for 2%kC, and 1.9 g/g £ 0.1 for 3%kC. Due to the increased water retention,
the swelling of 1%kC reached 9.3 g/g + 0.4, 7.8 g/g + 0.3 for 2%kC, and 4.3 g/g + 0.2 for

3%KkC after 24 hr. The swelling degree decreased as the KC concentration increased due

172



to higher crosslinking density and rigidity, which reduced water absorption in the
hydrogel matrix. Figure 5.3¢c shows the swelling capacity of kC-AC/PEI hydrogels in 2
g/L NaCl solution at 2 hr. The 1% hydrogel swelled the most at 9.7 g/g, indicating better
saline solution absorption per unit mass. As kC concentration rose to 2% and 3%, swelling
capacity reduced to 8.4 and 7.8 g/g, suggesting reduced saline absorption. Figure 3d
shows kC-AC/PEI hydrogel swelling at 0.5 to 3 g/L. NaCl. At 2 g/LL. NaCl, 1% kC swelled
to 10 g/g + 0.2, demonstrating an optimum osmotic equilibrium for water absorption.
Greater KC concentrations lowered the hydrogel's swelling; the 2% kC at 9.6 g/g + 0.19,
and the 3% kC at 9 + 0.18 g/g at the same concentration of NaCl (2 g/L). The salting-
out effect, where high ionic strength in the surrounding solution collapses the hydrogel
network, may explain the decline in swelling degree above 2 g/L NaCl concentrations
across all hydrogel concentrations. The swelling degree dropped to 7.3 g/g +0.15, 6.9 g/g
+0.14, and 6.2 g/g £+ 0.13 for the 1%, 2%, and 3% kC at 3 g/L. NaCl.The results show that
low kC concentration in the hydrogel matrix enabled water to enter more easily due to a
less dense polymeric network, whereas high kC concentrations cause a denser matrix that
swells less in saltwater.

Figure 5.3e depicts the deswelling behaviour of kC-AC/PEI hydrogels over 330 minutes,
demonstrating a rapid water release within the first 90 minutes across all kC
concentrations. The greater deswelling of 1%kC than the 2% and 3% concentrations is
indicative of a less densely packed polymer network and, thus, a higher water release rate.
The hydrogels' water release rate slows with time, indicating a shift to a more controlled
release phase. Despite the initial rapid loss, the hydrogels do not fully deswell by the end
of the observation period, with the 1%kC hydrogel showing the least water retention,

suggesting concentration-dependent differences in the structural integrity and mechanical
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strength that influence water retention. Higher concentrations of kC lead to an increased

crosslinking density in the hydrogel, creating a tighter polymer network(Nam et al.,

2004).

This denser structure limits the movement of water, making it harder for water to

escape. Consequently, the hydrogel retains water for a longer period, swells more slowly,

and experiences a slower deswelling rate as the kC concentration increases.
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Figure5. 3.a) Water uptake of different concentrations of kC hydrogel membranes, b)
Swelling degree of hydrogel membranes in DI water at 2 hr and 24 hr, c) Swelling degree
hydrogel membranes in 2g/L. NaCl and for 2hr, d) Swelling degree of hydrogel
membranes in 0.5 to 3 g/L NaCl, e¢) Deswelling of different hydrogel membranes over

time.The error bar = 1 standard deviation.

5.4.3 Hydrogel Performance Efficiency

Filtration experiments evaluated the performance of 1% to 3%kC hydrogel combined
with 0.3%AC and 2%PEI. The feed solution was DI water with 2 g/[. MgSO4 or NaCl to
measure the water flux and rejection rates of monovalent and divalent ions across
hydrogel thicknesses from 0.5 to 2.5 cm under constant hydrostatic pressure of 22 cm,
0.022 bar (Figure 5.4a).

Figure 5.4b shows the inverse correlation between kC thickness and pure water flux, with
the 1% kC hydrogel exhibiting a significant decline in water flux from 128.8 + 3.9 LMH
at 0.5 cm to 88.9 + 2.7 LMH at 2.5 cm. The 2% and 3%KkC hydrogels followed a similar
pattern, recording respective decreases from 114.3 £+ 3.4 LMH to 78 £2.3 LMH and 110.7
+ 3.3 LMH to 70.8 £ 2.1 LMH as hydrogel thickness increased from 0.5 to 2.5 cm. A
notable water flux reduction of approximately 10 to 15% was observed when the hydrogel
thickness was augmented from 0.5 cm to 1 cm, underscoring the impact of structural
dimensions on the filtration process. The investigation revealed distinct pure water flux
rates by comparing different hydrogel concentrations at a thickness of 2 cm. The highest
water flux, 101.6 + 3 LMH, was observed for the 1% hydrogel, followed by 87.1 + 2.6
LMH for the 2% hydrogel, and the lowest recorded pure water flux was 78 = 2.1 LMH
for the 3%KkC (Figure 5.4b). The water flux decreased in the presence of 2 g/L NaCl and

MgSOq4 solutions. For 2 g/ MgSOs, the water flux was 47.9 LMH for the 1%kC, 46.4
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LMH for the 2%kC, and 45.5 LMH for the 3%kC. Similarly, for the 2 g/L. NaCl, the water
flux was 36.1 LMH for 1%kC, 30 LMH for 2%kC, and 27.6 LMH for 3%kC at a 2 cm
thickness hydrogel (Figure 5.4d).

The hydrogel rejection of 2 g/ MgSO4 solution varies with the kC concentration and
thickness. At 0.5 cm, the 1%kC hydrogel exhibited a 40.8% rejection rate, increased to
51.4% for 2%kC, and reached 57.6% for 3%kC (Figure 5.4c). MgSO4 rejection at 2 cm
hydrogel thickness was the best, achieving 70 £+ 2.1%, 77.5 £ 2.3%, and 80.2 + 2.4% for
1%, 2%, and 3%kC concentrations, respectively. A parallel trend was observed for 2 g/L.
NaCl, with a rejection of 37.2 = 1.1% for 1%kC, 38.2 = 1.2% for 2%kC, and 41.2 + 1.2%
for 3%kC hydrogels (Figures 5.4c and 5.4d). This pattern suggests that thicker and more
concentrated hydrogels are more effective at rejecting solutes due to a denser network
that restricts solute passage, but that would be at the expense of water flux. These
observations affirm that the hydrogel's water flux and solute rejection parameters are
tunable by adjusting the hydrogel thickness and kC concentration, allowing for the
calibration of these materials to meet specific performance criteria in filtration and
separation processes.

kC hydrogel crosslinked with AC and PEI offers a robust framework for impurity
entrapment owing to its extensive surface area, and the high porosity of AC and PEI
allows good permeation flow due to its hydrophilic nature and efficiently binds pollutants
through its abundant amine groups. The porous architecture from the kC crosslinked with
AC/PEI significantly enhances the hydrogel's permeability, allowing water to permeate
while effectively retaining contaminants (Mahdavinia et al., 2015). The intrinsic anionic
sulphate ions in pure kC lead to electrostatic repulsions, increasing the space between

polymer chains and enabling water penetration. The swelling process in the kC-AC/PEI
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hydrogel further aids water penetration, with the gravity filtration setup applying
additional top pressure for increased water flux. Both kC and AC have proven successful
in membrane fabrication studies, improving the hydrogel's porosity, hydrophilicity,
permeability, and antifouling properties (Ibrar et al., 2023). The results indicate the
hydrogels' structural and functional tunability, which is crucial for optimizing water
treatment processes by manipulating the kC content and hydrogel thickness. A desirable
balance between water flux and solute rejection is achievable by tailoring the hydrogel
properties to the stringent requirements of filtration and separation technologies.

Figure 5.4e explains the interdependence between hydrostatic pressure and Mg** ions
rejection efficacy in a kC-AC/PEI hydrogel filtration system. With an incremental rise in
pressure from 0.07 to 0.48 bar, a corresponding reduction in Mg?" rejection from 77% =+
2.3 to 71.4% =+ 2.1 is observed, alongside an enhancement in water flux from 45.0 + 0.9
LMH to 68.2 £ 1.4 LMH. These findings were compared to the gravity-driven
experiments of 2 cm hydrogel (Figure 5.4d), representing an elevated Mg>" rejection rate
of 80.2% and a diminished flux of 45.5 LMH. The data suggest that increasing pressure
adversely affects the selective binding of Mg ions within the hydrogel matrix due to
alterations in the hydrogel structure or amplified Mg?* ion kinetics under pressure. Such
results highlight the imperative of meticulously modulating pressure in kC-AC/PEI
hydrogel systems to achieve an optimal balance between high permeate throughput and

selective ion rejection.

177



a N 1o b
= 1001
@ an
___ Collect 5 30
- ~ Feed samples for =
4 < lution test water =
A @ - so! tion. 2 604
Gel settlement 20 fnjection ﬂ‘fx af'd *5
/" minutes. rejection 3 401
V- @
£ —a&— 1%kC-AC/PEL
/_Apply hydrogel, =
Y pply y‘ rogel & 20 —— 2%kC-AC/PEI
/- add a thin layer
of PVA. —— 3%kC-AC/PEI
0
0.5 1.0 1.5 2.0 25
Thickness (cm)
100 120 T T T 70
Rejection of MgSO4
¢ d E Rejection of NaCL
100 = Flux of MgSO4
80 == Flux of NaCL L 60 a
o 80.2 E
° X 80 =
= 60 = ~
o S 50
R=] s 60 =
b b &=
T 4 ) 5
~ & 40 40 £
20 —&— 1% kC-AC/PEI 20
—— 2% kC-AC/PEI - 30
—&— 3% kC-AC/PEI
0
00'0 0.5 1.0 1.5 2.0 2.5 3.0 1%kC-AC/PEI 2%KkC-AC/PEI 3%KkC-AC/PEI
Thickness (cm)
100 80
. Eariorve
90 4 —@— Flux of Mg L
75
80
70 —_
- 70 H E
X 5
% 60 - =2
»
£ 50+ 0 5
2 =
‘o 40 1 5 E
&~ <
304 =
50
20
10 4 | 45
0 - - 40

0.07 0.14 0.21 0.28 0.34 0.41 0.48

pressure (bar)
Figure5. 4.a) Hydrogel settlement time, b) Effect of hydrogel thickness on pure water
flux, c) Effect of hydrogel thickness on 2 g/I. MgSO4 rejection, d) Influence of kC
hydrogel membranes MgSO4 and NaCl water flux and rejection, €) Impact of pressure on
rejection and water flux in 2 cm thickness hydrogel membranes. The error bar = 1 standard

deviation.

178



5.4.4 Impact of temperature and pH on adsorption capacity

Temperature variations affect ion adsorption, the hydrogel structure, and pore
accessibility, with greater mobility and adsorption of ions at elevated temperatures
(Karbassiyazdi et al., 2023b). At 35 °C, the ideal adsorption capacity of magnesium ions
was 1.01 mg/g after 90 minutes, but it dropped to 0.83 mg/g at 60 °C (Figure 5.5a). From
15°C to 35°C, the adsorption process of MgSO4 by the hydrogel was endothermic,
manifested by increased adsorption with temperature due to improved ions mobility and
diffusion, improving interaction with active sites. As the temperature increases to 45°C
and 60°C, adsorption decreases, probably due to the weakening of physical adsorption,
desorption becoming more favourable, and potential structural changes or swelling in the
hydrogel matrix that compromises the availability of active sites. Also, excessive thermal
agitation could disrupt the hydrogel network or adsorbate-adsorbent interaction.

The kC-AC/PEI hydrogel's surface charge changes with pH because functional groups'
ionization states change on the hydrogel surface. Electrostatic interactions for ion
adsorption depend on surface charge. Figure 5.5b shows fast surface adsorption followed
by slow diffusion within the hydrogel's mesopores. The hydrogel adsorption capacity was
1.9 mg/gat pH 4, 1.6 at pH 7, and 1.8 at pH 10. Mg?* removal rates peak at lower pH due
to solution protonation, which positively charges the hydrogel surface and repels Mg**
ions. Deprotonation gives hydrogel surfaces a negative charge at alkaline pH, boosting
ion adsorption. The pH solution was controlled to optimize kC-AC/PEI hydrogel ion
adsorption to promote electrostatic interactions.

Based on previous experiments on pH and temperature with Mg?*, 35 °C and pH 4 were
adopted to calculate the adsorption capacity for Mg®*, Cu®**, and Na'. Figure 5.5c

illustrates the adsorption capacity of Mg?*, Cu?*, and Na* on the kC-AC/PEI over time.
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At 45 min, Mg?" showed the highest adsorption capacity, 1.31 mg/g, compared to Cu?*,
1.25mg/g. The best adsorption capacity of Na’ observed at 75 min was 0.95 mg/g. The
adsorptive behaviour of kC-AC/PEI hydrogel towards Mg?*, Cu?*, and Na" ions is
significantly influenced by the relationship between the hydrogel's functional groups and
the ionic characteristics of the metals. Mg?* ions, divalent cations with a small radius
(0.072 nm), adsorb well on the hydrogel via electrostatic interactions with negatively
charged functional groups (-OSOs) (Sengil & Ozacar, 2009). The small size of Mg?" ions
allows them to coordinate with oxygen-containing functional groups in activated carbon,
such as carbonyl groups and kappa carrageenan. Cu®" ion, with a greater radius (0.077
nm) than Mg?*, exhibits complexation and coordination interactions during adsorption.
The aromatic structure of AC promotes m-electron interactions, whereas oxygen-
containing functional groups like carboxyl and hydroxyl aid in Cu®* ion complexation
(Rahmani et al., 2022). Electrostatic and physical adsorption are the main methods for
adsorption of monovalent Na™ ions (0.102 nm). Electrostatic forces and van der Waals
interactions allow Na" to adsorb on kC's carboxyl and hydroxyl groups and AC's porous
structure. Na' ions' greater ionic radius results in weaker interactions than divalent metal
ions. Na" cations neutralize or screen anionic sulfate (-OSO3) groups on kC, reducing
electrostatic interactions between cationic and anionic groups on the adsorbent and

decreasing composite hydrogel adsorption capacity (Mahdavinia et al., 2014).
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5.4.5 Leachate wastewater treatment

Landfill Leachate wastewater typically comprises a mixture of organic and inorganic
contaminants, including heavy metals, organic compounds, ammonia, and various
pollutants. kC-AC/PEI hydrogel filtration ability was tested for pollutant removal at
ambient temperature and gravity pressure (30 cm water column). The kC-AC/PEI
hydrogel was highly effective for total organic carbon (TOC) and turbidity (Tu) removal,
showing rejection rates of 97.8% + 2.9, 97.5% + 2.9, and 94.4% = 2.8 of TOC, TC, and
Tu, respectively, indicating excellent contaminants treatment (Figure 5.6a). The hydrogel
demonstrated a good colour rejection, comparable to its efficacy in reducing TOC and
turbidity (Figure S3.2).

The experimental results (Figure 5.6a) revealed a lower rejection of Na* than K™, In effect,
Na" has a smaller ionic radius of 0.102 nm but a larger hydrated radius (0.358 nm) than
K", which has a 0.138 nm ionic radius and a 0.331 nm hydrated radius. Although Na+ has
a bigger hydration shell, its rejection rate is lower at 46.9% =+ 1.4 than K™s 74.4% + 2.2
because it loses its hydration shell faster and passes through the membrane (Figure 5.6a
and Table S3.1). In contrast, K™'s larger ionic size and smaller hydrated radius correlate
with its higher rejection rate, as it maintains its hydration shell during membrane passage
(Tansel et al., 2006). For divalent ions, due to their high charge densities, Mg** and Ca®"
exhibited strong electrostatic interactions with the hydrogel surface. The rejection of
divalent ions and heavy metals is greater than Na” and K™ due to the stronger electrostatic
interaction with the negatively charged hydrogel surface. Mg?*, with a significant
rejection rate of 82.9% =+ 2.5, demonstrates a robust affinity for its hydration shell,
impeding its approach to the hydrogel. However, Ca?*, with a slightly larger ionic radius

0f 0.099 nm and a higher rejection rate of 87.1% =+ 2.6, is theoretically predicted to shed
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its hydration shell more readily than Mg?*". The results showed a stronger hydrogel
interaction with Ca®* since it loses its hydration shell more quickly when it approaches
the membrane surface and establishes a stronger bond with the membrane than Mg?*. The
variations in hydrated ion size determine which ions can pass through the hydrogel pores,
with ions of the smallest ionic radii, i.e., Ca*" and Mg?", having the highest hydration
numbers compared to those with larger ionic radii, i.e., K* and Na™

The results conclude that the smaller Mg?" and Ca*" ions hold the water molecules in their
hydration shells more strongly, and they cannot detach from them easily, enhancing their
rejection by the hydrogel. However, ions with larger ionic radii, like K™ and Na*, can
leave their hydration shells and pass through the hydrogel (Tansel et al., 2006). Cr**, with
an ionic radius of 0.073 nm, hydrated radii of 0.4 nm, and an electronegativity of 1.66,
exhibited an 84.3% =+ 2.5 rejection rate for heavy metals. In contrast, Mn?" shows a
marginally higher rejection rate of 85.1% with a hydrated radius of 0.438 but a lower
electronegativity of 1.55. Ions such as Co** and Ni** with analogous ionic and hydrated
radii have comparable rejection rates of 82.5% =+ 2.5 and 83.9% =+ 2.5, respectively.
Conversely, Cu** and Zn** have larger ionic radii but similar hydrated radii and lower
rejection rates. Pb?" stands out with a high rejection rate of 85.8% + 2.6, attributed to its
high electronegativity of 2.33 despite a large ionic radius and a smaller hydrated radius.
Ba?" exhibited the lowest rejection rate at 81.5% + 2.4 due to its lowest electronegativity
(0.89) (Figure 5.6a and Table S3.1). The order of metal ions rejection by the kC-AC/PEI
hydrogel was as follows: Ca>Pb>Mn > Cr>Ni > Cd=Mg>Co>Zn>Ba>Cu>K>
Na.

Furthermore, results suggest that ion rejection is not solely dictated by ionic and hydration

size but rather affected by several chemical characteristics. An ion's electron affinity
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increases with electronegativity, promoting water molecule binding to its hydration shell
and increasing the ion's hydrogel interaction and rejection rates. Pb*", with 2.33
electronegativity, demonstrated high adhesion affinity to the hydrogel, recording an
85.8% =+ 2.6 rejection rate. However, these parameters do not function autonomously;
ion-specific chemistry, hydrogel characteristics, and experimental conditions critically
modulate ions' rejection. Complex formation and chemical affinity between ions and
hydrogel can override the anticipated size-based exclusion, indicating a multifaceted
filtration dynamic governed by physical and chemical factors (pH, temperature, ionic
strength, etc.). AC acts mainly through adsorption, capturing metal ions within its
extensive porous surface.

The rejection rate of Mg?" ions in landfill leachate wastewater was 82.9 + 2.4%,
surpassing the rejection (80.2%) observed with synthetic MgSO4 (Figure 5.4d), probably
due to the interaction between Mg?" ions and the organic matter in the solution. The EDS
results (Figure S3.2) confirm the appearance of these elements by selective ion exchange
and change peak morphology in FT-IR (Figure 5.2f). Also, higher ionic strength decreases
ion adsorption on adsorbents due to greater competition for surface sites. As ionic strength
rises, the concentration of ions in the solution increases, enhancing electrostatic
interactions with the adsorbent's surface(Gu et al., 2020). Figure 5.6b illustrates a rise in
water flux by the kC-AC/PEI hydrogel, with a water flux reaching 32.2 + 3 LMH at 80
minutes and an average water flux of 22 + 3 LMH throughout the treatment of landfill
leachate wastewater.

The efficiency of the kC-AC/PEI hydrogel was also evaluated in multiple cycles to
investigate its rejection and water flux. In three filtration cycles, a slight reduction was

noted in the rejection of metal ions of 6.3% for Cr**, 5.3% for Co**, 6.3% for Ni**, 4.9%
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for Cu?*, 4% for Zn**, 4.3% for Cd**, 4.2% for Ba**, 3.7% for Pb**, 6.2% for Mg**, and
12.2% for Na". The reduction in ion rejection arises from the progressive accumulation
of these ions within the hydrogel's structure. This accumulation persists even through
hydrogel washing with deionized water between treatment cycles, depleting the hydrogel
filtration efficiency Figure 5.6c. Furthermore, water flux decreased from 32.3 LMH +
0.97 to 28.2 LMH =+ 0.85 after three filtration cycles, a consequence of trapped particles
or ions' incremental blockage of the hydrogel's porous network. The rinse by deionized
water dislodges only the easily accessible contaminants, whereas those more deeply
embedded will impact the water flux (Figure 5.6d). The SEM image showcases a porous
hydrogel surface with a distinctly rough texture, indicating its filtration capabilities
(Figure 5.6e). Amidst the maze of interconnected pores, a conspicuous agglomerate
comprises contaminants from the leachate wastewater, evidencing the material's
effectiveness in capturing and retaining particulate matter. The variation in pore size and
the preservation of the hydrogel's structural integrity post-filtration suggest its potential
for repeated use in wastewater treatment applications.

Previous studies have examined the suitability of different kC-based hydrogels for
purifying wastewater (Table S3.2). Additives like polyethyleneimine, chitosan, graphene
oxide, and magnetic nanoparticles made the hydrogel better at absorbing substances and
being used multiple times. kC-AC/PEI hydrogel has competitive performance with other
hydrogels, 82.9% to 87.1% rejection for divalent ions and 74.4% for monovalent ions.
Another KC-V gravity-driven hydrogel study showed removal efficiencies of Na™ 42%,
Cu?* 76%, and Mg** of 72%. kC/graphene oxide demonstrated the removal efficiency of
Mg at 95% and Na* at 23%, while PEI/xC hydrogel composites remove over 98% of

Cu?* (Table S5.2).
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5.4.6 Hydrogel recycling for reuse

The long-term performance, i.e., rejection of the kC-AC/PEI hydrogel, was also
investigated in three consecutive filtration cycles. Each filtration cycle lasted one hour.
At the end of each cycle, the hydrogel was cleaned with DI water for 30 minutes before
conducting the following filtration cycle with fresh wastewater. The recycled hydrogel
demonstrated exceptional Mg?" removal in three consecutive filtration cycles, with a
rejection rate of 82.9% + 1.7 in the first cycle and a decrease to 77.8% + 1.6 in the third
cycle. Conversely, the rejection of Na* decreased by 12.2 % throughout three cycles, from
46.9% + 1.0 in the initial cycle to 41.2% + 1.0 in the final cycle. The disparity in rejection
behaviour for Mg?* and Na" may be attributed to their unique ionic properties, which
affect their affinity for the hydrogel and the potential for reusability in water purification
processes (Figure 5.6c). The ion removal efficacy of the kC-AC/PEI hydrogel is
contingent upon pH-dependent functionalities, such as hydroxyl and sulphate groups that
function as proton donors or acceptors. These functionalities are significantly influenced
by the hydrogel's ionization levels and surface charge. Reusability tests were performed
for various ions, spanning three filtration cycles.

The maximum reduction of heavy metals rejection was 3.9% and 6.3% for Cr*" in
filtration cycles 2 and 3, while it was 8.6% and 12.2% for Na" in filtration cycles 2 and 3
(Figure 5.6¢c, Table S3.3). The kC hydrogel sulphate groups form covalent and
coordination bonds that bind heavy metals, thus facilitating their removal (Rahmani et
al., 2022). Compared to the new hydrogel (Figure 5.6a), the kC-AC/PEI hydrogel
rejection did not decline after recycling, demonstrating it maintains its property to a large
extent after reuse. FT-IR spectrum (Figure 5.2f) shows 3%kC-AC/PEI hydrogel sulphate,

carbonate, and hydroxyl peaks changing, demonstrating wastewater adsorption.
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Experimental results showed the recyclability and reusability of kC-AC/PEI hydrogel
with a reasonable reduction in water flux and metal ions rejection due to several factors.
Firstly, partial blockage or saturation of active sites, particularly the amine groups in PEI
and the porous surface of activated carbon, limits further adsorption without complete
regeneration. Secondly, structural degradation or weakening of the hydrogel matrix after
repeated swelling and desorption processes can reduce mechanical integrity, leading to
loss of material or reduced interaction with target contaminants. Additionally, strong
binding of metal ions to PEI's chelating sites may hinder complete desorption during
regeneration, reducing available sites in subsequent cycles. There was also a 6.8% and
6.2% reduction in water flux in cycles two and three after regeneration due to pore
clogging, hydrogel structural compaction, and partial loss of functional groups caused by
the alteration of surface chemistry. Experimental results showed the recyclability and
reusability of kC-AC/PEI hydrogel with a reasonable reduction in water flux and metal
ions rejection due to several factors. Firstly, partial blockage or saturation of active sites,
particularly the amine groups in PEI and the porous surface of activated carbon, limits
further adsorption without complete regeneration. Secondly, structural degradation or
weakening of the hydrogel matrix after repeated swelling and desorption processes can
reduce mechanical integrity, leading to loss of material or reduced interaction with target
contaminants. Additionally, strong binding of metal ions to PEI's chelating sites may
hinder complete desorption during regeneration, reducing available sites in subsequent
cycles(Alsaka, Ibrar, Altace, Zhou, Chowdhury, Al-Ejji, et al., 2024). There was also a
6.8% and 6.2% reduction in water flux in cycles two and three after regeneration due to
pore clogging, hydrogel structural compaction, and partial loss of functional groups

caused by the alteration of surface chemistry.
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5.4.7 Metal ions recovery

A hybrid kC-AC/PEI hydrogel-RO system was evaluated to recover metal ions from
wastewater after the desorption test with 0.1M HCI solution. The desorption process was
done using a thermostatic shaker operating at 35 °C and 150 rpm stirring for 3 hr. Then,
the kC-V hydrogel was centrifuged at 10000 rpm for 10 min to separate from the metal-
enriched solution. Then, the solution undergoes filtration with a low-pressure brackish
water (LPBW) BW30LE membrane (Filmtec, USA). The membrane area is 0.00146 m*
and the feed flow rate is 0.7 L/min. The LPBW was carried out at 20 bar feed pressure
and 22 + 2 °C feed temperature.

The LPBW membrane recovery rate (%Rr) was 70% at 6 hr, as the ratio of permeate flow
to the feed flow rate. The TDS for the feed solution was 1185 mg/L before filtration and
increased to 2497 mg/L after filtration, whereas the permeate TDS was 52 mg/L. Figure
5.7 presents the recovery percentages of various elements from leachate wastewater at
the end of the RO test (Equation 5.9). The recovery rates reflect the hydrogel's specificity
and affinity for different ions due to ion size, charge, functional groups in the hydrogel
that can bind these ions, and the conditions of the wastewater treatment process. A high
recovery rate suggests that the hydrogel effectively removes these elements from the
wastewater, likely through mechanisms such as adsorption, ion exchange, and chelation.
Na* shows the recovery rate at 43.9 % + 2.2, followed closely by Mg?" at 69.9% + 2.1.
The recovery rates for AI** and Ca** were relatively lower, at 55.9% + 1.7 and 66.3% +
2, respectively. Cr** and Ni?* were 63.3 £ 1.9 % and 52.5% + 1.6. Cu*" exhibits a recovery
rate of 53.3% + 1.6 , while Zn*" recovery was 68.1% =+ 2, among the higher recovery
rates. Cd*" and Ba®" have recovery rates of around 58.6% =+ 1.8 and 63.6% + 1.9. Pb*"

and Co®" recovery rates were 62.9% = 1.9 and 64.9% = 1.9, which were also
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comparatively high. The recovery percentages of metal ions by the RO system vary based
on different factors, including the membrane selectivity for various ions, the
concentration of ions in the solution, and the efficiency of the desorption process for the
extraction of ions from the hydrogel. For example, Na“ is weakly adsorbed on the
hydrogel and hence was easily desorbed by the acid reaction. The results indicate the
feasibility of the kC-AC/PEI hydrogel-RO system for ion removal and recovery from

leachate wastewater.
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Figure5. 7.Recovery% of ions from leachate wastewater and concentration of ions in the
RO brine.The error bar = 1 standard deviation.
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5.5 Conclusion

The study proved the efficiency of the kC-AC/PEI hydrogel's wastewater treatment
potential. Experimental results showed that 3% kC and 2 cm were the best concentration
and thickness of the kC-AC/PEI composite. This composite material rejected divalent
ions in wastewater with 87.1% Ca®" and 82.9% Mg?>" selectivity. Monovalent ions like
Na" and K" were rejected at 46.9% and 74.4%, respectively. The best rejection for
divalent ions was at pH 4 and 35 °C. As for feed pressure, the water flux increased with
the feed pressure, while the rejection rate decreased slightly with the feed pressure. The
hydrogel removed 94%—-97% of turbidity and TOC, 47% of sodium ions, and 81%—87%
of divalent ions from leachate wastewater. Its structural integrity and performance
remained stable over multiple cycles, showing only slight reductions in heavy metal
rejection and water flux, from 32.3 LMH to 28.2 LMH.

Furthermore, the study demonstrated the feasibility of hydrogel reuse after metal
desorption without significantly reducing its rejection rate of divalent ions, which was
less than 5%. About 70% of heavy metals were reclaimed through an RO system. Future
work should include investigating alternative, eco-friendly crosslinkers to improve long-
term hydrogel durability and develop innovative regeneration techniques to minimise the
loss of hydrogel over multiple cycles. Also, field tests are recommended to assess
hydrogel performance and reusability for wastewater treatment. Adsorption isotherm tests
are recommended in future studies to provide more data about hydrogel behaviour.
Hybrid hydrogel membrane systems should also be investigated to improve their

performance.
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Supplementary information S3

kappa-carrageenan-based hydrogel for leachate wastewater

treatment and resource recovery

Lilyan Alsaka', Ali Altaee'*, Lina Alsaka!, Maryam Al-Ejji®, Alaa H. Hawari®, John
Zhou!

~ b~

This needs to be purchased separately

NNOSZ

49 5MM|
SMALL T33 EMPTY FILTER CASE

Material : PC material

Color : transparent

Suitable for connection : 4044
Threaded interface : 11.4mm ( 1/4 *)
Filter bottle size: 54.5*280*49.5mm

Figure S3. 1. an illustrative of gravity-based filtration.

192



cps/eV

Puls th.:2.22kcps

[wt.%]

| Acquisition Date:4/11/2024 3:54:44 PM HV:15.0kV

: El AN Series umn. C norm. C Atom. C Error (1 Sigma)
4 [WE.% wt.%] [at.%]

- e N

:dd C 6 K-zseries 24.28 24.2B8 3963

11 0 8 EK-series 37.15 237.15 43.26

| 5 16 K-series 16.83 16.83 10.29
3_K E_19 K-series 6.23 6.23 3.14

4 0 P Cl C ¢l 17 K-series 6.83 6.83 3.78

B Ca 20 K-series 4.97 497 2.432

i I a P 15 K-szseries 3.08 3.08 1.85

1C1 Na S K Na 11 K-series 0.63  0.63 0.5

Total: 100.00 .100.00 100.00

=

=
-—
F

Acquisition

(2

Fe Mg
Cl A IS K

Mn Fel z=

El AN Series

K-series
K-series
K-series
K-series
K-szaries
K-series
K-series
K-szsries
M-series
K-series
K-series

Date.4/11/2024 3.50.:25 PM

NOYMm.

-3 [wt.%]

[

=

HV.15.0kV

. C EBrror
%]

Puls th..1.95kcg

(1 Sigma)

[wt .

%]

kel

Figure S3. 2. The EDS analysis results for the kC AC/PEI hydrogel before and after

treatment.

193




Table S3. 1:Comparative of Ionic Radii, Hydration radii, and Electronegativity for lons.

Systen

Figure S3. 4.SEM of the 3% kC hydrogel at 100 pm

Ion | Ionic radii(nm) | Hydration radii (nm) | Electronegativity Rejection %
Na" 0.102 0.358 0.93 46.9

K* 0.138 0.331 0.82 74.4
Mg>* 0.072 0.428 1.31 82.9
Ca*" 0.099 0.412 1.00 87.1
cr’t 0.073 0.400 1.66 84.3
Mn?* 0.067 0.438 1.55 85.1
Co* 0.065 0.401 1.88 82.5
Ni%* 0.069 0.404 1.91 83.9
Cu* 0.077 0.419 1.90 81
Zn** 0.074 0.430 1.65 81.6
Ccd* 0.095 0.422 1.69 82.9
Pb* 0.202 0.401 2.33 85.8
Ba®* 0.135 0.404 0.89 81.5
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Chapter 6: Fabrication of kappa carrageenan-cellulose
nanofiber/graphene oxide composite membrane for water

purification
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Abstract

This research investigates the synthesis, optimization, and assessment of kappa-
carrageenan (kC)-cellulose nanofiber (CNF)/glutaraldehyde (GA)coated with graphene
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oxide (GO) for seawater treatment. The kC hydrogel was crosslinked with GA to enhance
mechanical strength and adsorption efficiency. The SEM, EDX, and FT-IR analyses
revealed a well-defined porous structure, uniform coating, and significant functional
groups. Based on swelling behavior, the average molecular weight between crosslinks
(Mc) was calculated to evaluate network tightness. The addition of CNF increased the
stiffness of the membranes and affected the internal network, resulting in reduced
swelling, smaller Mc values, and decreased average pore radius. While this structural
tightening reduced the water flux, it improved salt rejection. In the first stage, ion removal
ranges from 85% to 92.7% but it decreased from 79.6% to 82.3% in the second stage,
resulting in freshwater with a concentration of 692 mg/L. Reusability studies showed that
the hydrogel maintained nearly consistent performance in multiple cycles, with a drop in
rejection of 19% sodium chloride and 14% magnesium sulfate in 3™ cycle, while water
flux declined by 25.8% and 17.6% for sodium chloride and magnesium sulfate.
Antifouling experiments conducted in multiple cycles at a 90% recovery rate found 89.7%
water flux recovered after DI water cleaning in 1% cycle and 82.5% in 3™ cycle. The kC-
CNF/GO-GA hydrogel provides a solution for the treatment of seawater that is not only

cost-effective but also sustainable and environmentally friendly.

6.1 Introduction

Water shortage and pollution are significant global challenges that threaten people's health
and the environment's sustainability. The demand for water purification techniques has
become more critical than ever because of the increasing population, industry water
demands, and increased agricultural activities. Despite their effectiveness, conventional

water purification methods consume high energy to be sustainable. These challenges
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make hydrogel membranes, particularly those fabricated from natural and renewable
resources, a potential technology for water purification.

Cellulose nanofibrils (CNFs) offer advantages such as their high length-to-diameter ratio,
excellent tensile strength, large surface area, and ease of mixing with other substances.
Because they are one-dimensional, they are perfect for making hybrid nanomaterials for
water purification. When crosslinked, they make two-dimensional films, three-
dimensional hydrogels, or aerogels. The carboxyl groups on CNF are essential for
building a solid network, while electronegative oxygen and hydrogen atoms can make a
weak bond, which is the essence of hydrogen bonding (T. Zhang et al., 2022). CNF-based
products found applications in water treatment and purification. New research has
focused on making, changing, and using CNF in water treatment that addresses
environmental problems (Mahfoudhi & Boufi, 2017; Tshikovhi et al., 2020). For
example, polyamidoxime-nanocellulose (PAO-CNF) hydrogels worked well to remove
uranium from seawater, reaching 6.6 mg-U/g (Huang et al., 2024). When CNF was added
to starch-g-poly (acrylic acid) hydrogels, the super-adsorbent products adsorbed Cu up to
0.957 g/g in a 0.6 g/L solution. As the Cu» concentration went up, so did the adsorption,
particularly in an acidic environment of pH 1 to 2 (Baghbadorani et al., 2019).

Another natural polysaccharide material extracted from red seaweed and used for water
purification is kappa carrageenan (kC). It has been studied extensively for its ability to
gel and be compatible with living beings. Its special chemical structure, with sulfate
groups and high molecular weight, makes it an excellent material for making hydrogels
that can hold and absorb water (Rocha de Souza et al., 2007). Notably, the composite
hydrogel from combining kC with CNFs exhibited exceptional mechanical strength,

stability, and adsorption capacity.
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In hydrogel formation, kC and CNF are particularly advantageous for desalination and
water purification. The combination of kC with CNF has unique properties, including
kC's ionic nature and swelling ability that facilitates the elimination of contaminants,
while CNF provides structural reinforcement, enhancing the hydrogel's durability and
reusability. Crosslinking CNF with acrylic acid (AA) produced cellulose nanofibers
aerogel that was able to uptake about 40.01 mg/g Cu(Il) and 130.36 mg/g Pb(Il) (Tian et
al., 2018). The kC/cellulose hydrogel demonstrated a maximum adsorption capacity of
486 + 28.5 mg/g for Pb*". It maintained over 79% Pb** removal efficiency after eight
adsorption-desorption cycles (Karbassiyazdi et al., 2023b). A study by Stefelova for dyes
removal from wastewater by CNF adsorbent achieved 99.8% of methylene blue at 40
mg/L concentration as well as crystal violet and Congo red (Stefelova et al., 2017).

Wang et al. (2019), for example, fabricated a 3D network of cellulose/graphene oxide
(CG) porous composites to make aerogels capable of adsorbing 421.9 mg/g of methylene
blue and 163.4 mg/g of tetracycline (Wang et al., 2019). A new kC-g-PHEAA hydrogel
with FeO; nanoparticles was able to absorb methylene blue (MB), rhodamine 6G (R6G),
Cu(Il), and Hg(Il) (Kulal & Badalamoole, 2020a). kC-GO was used to coat the NF
membrane to improve its fouling resistance and achieved 95.73% water flux recovery
(Yadav, Ibrar, Altaee, et al., 2022b). Carrageenan and adjusted Carrageenan and
nanocellulose-adjusted carrageenan beads were able to effectively remove Cu(Il), Pb(Il),
Ca(II), Mg(II), and Fe(II) ions (Ali et al., 2019). A GO-kC/SA gel, synthesized by calcium
hardening, exhibited improved mechanical strength. The gel exhibited maximum
adsorption capacities of 272.18 mg/g for Ciprofloxacin (CIP) and 197.39 mg/g for
Ofloxacin (OFL), with an adsorption capacity of 83.99 mg/g for simulated OFL

wastewater (200 mg/L) in a fixed-bed column system (Yang et al., 2022).

198



In this study, a glutaraldehyde (GA) crosslinked kC-CNF/GO composite hydrogel
membrane was fabricated for seawater desalination. Initially, kC and CNF were
crosslinked with GA to produce a hydrogel base layer that was coated with a GO to
enhance the rejection and antifouling characteristics of the kC-CNF/GO-GA composite
membrane. The composite hydrogel membrane was investigated for i) the kC-CNF/GO-
GA composite hydrogel efficiency to reject divalent and monovalent ions, ii) the effect
of CNF on the water flux and ion rejection capabilities, and iii) the feasibility of seawater
desalination by the kC-CNF/GO-GA composite hydrogel membrane. The performance
and reusability of the kC-CNF/GO-GA composite hydrogel membrane were investigated

in multiple cycles for seawater treatment as a sustainable desalination method.

6.2 Material and methods

6.2.1 Materials

The following materials were used in the research: the sulphated plant polysaccharide
(kappa carrageenan kC), glutaraldehyde solution (GA), and graphene oxide (GO) were
acquired from Sigma-Aldrich in Australia, while cellulose nanofiber (CNF) was acquired
from Nanografi Company in Turkey. For the rejection and adsorption studies, analytical
grade chemicals such as magnesium sulphate (MgSO4) 2g/L, copper sulphate (CuSOs)
2g/L, and sodium chloride (NaCl) 2g/L were procured from Sigma-Aldrich in Australia.
Seawater was collected from a science lab at the University of Technology Sydney (Table

1). The real seawater samples were collected from the beach area in Sydney, Australia.
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Table 6. 1:Properties of seawater used in the filtration experiments

Parameter Seawater
pH 6.4
Conductivity 52 +2 ms/cm
Total dissolved Solids 34788 + 100 mg/L
Turbidity 0.22 + 1 NTU
Na* 10933 + 5 mg/L
K* 383 +2 mg/L
Mg 1303 = 5 mg/L
Ca** 413 £2 mg/L
Cr 19592+ 5 mg/L
Si** 0.151 +£0. 1 mg/L
Cu?t 0.021 £0. 1 mg/L
Li* 0.188 +£ 0.1 mg/L
B* 5+0.1 mg/L
F 1.05+0.01 mg/L
St 914 +0.01 mg/L
Ba** 0.011+0.01 mg/L
Br- 64 + 2 mg/L
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6.2.2 Synthesis of kKC-CNF/GO-GA hydrogel

The fabrication of the composite hydrogel consisted of the preparation of the base layer
of kC-CNF/GA hydrogel coated with a thin layer of GO/GA to ensure the uniformity and
structural stability of the membrane (Figure 6.1a). First, a 3%kC hydrogel was prepared
by dissolving kC powder in deionized (DI) water, heating the mixture to 60 to 80°C, and
stirring for 3 hours at 800 rpm. Concurrently, a CNF hydrogel is created by dissolving 1
to 2.5% CNF in DI water and using a hot water bath with sonication for 4 to 6 hours. The
kC and CNF were mixed for 1 hour with 2%GA to form a uniform spreadable hydrogel
blend. Then, a GO/GA solution was prepared by sonicating 12.5 mg of GO in 250 mL DI
water at 45°C for 12 hours, mixed with a 2%GA at a 2:1 ratio, and the final solution was
mixed at 600 rpm for 2 hours. To prepare the composite hydrogel membrane, the kC-
CNF/GA hydrogel was packed in a filtration column and coated with a GO-GA layer
using 0.5 bar for 2 hours.To prepare the composite hydrogel membrane, the kC-CNF/GA
hydrogel was packed in a filtration column, then 2.7 mL of GO-GA solution was added
on top of the hydrogel at 0.5 bar for 2 hours to produce a uniform 2 mm thick coating
over the hydrogel membrane of 0.0013 m? active filtration area. It is noteworthy that
excessive pressure could cause membrane defects and an uneven coating layer (Yadav et
al., 2022).

Figure 6.1b illustrates the bonding techniques to create a stable structure in the kC-
CNF/GA hydrogel with a thin GO/GA coating layer. The GA crosslinker promotes the
formation of the following bonds: ether bonds (R—-O—R'), acetal bonds (R—-CH(OR')z), and
ester bonds (R—COO-R'"). Ether bonds (R—O-R') are formed when GA interacts with
hydroxyl groups (-OH) on kC and CNF via a ring-opening mechanism, resulting in a
stable internal matrix. Acetal linkages (R—-CH(OR').) enhance structural integrity and
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stiffness since GA interlinks kC and CNF molecules via their hydroxyl groups. The GO

coating is firmly bonded by ester linkages (R-COO-R") established between carboxyl

groups (-COOH) on GO and hydroxyl groups in the hydrogel, ensuring robust adhesion

and a cohesive multilayer architecture. The amalgamation of ether, acetal, and ester

linkages produces a highly crosslinked network that improves the mechanical stability,

surface area, and structural integrity of the hydrogel. The characterization of kC-

CNF/GO-GA hydrogel is in Table S4.1 (Supplementary Materials). Table 6.2 shows the

hydrogel membranes used in the experiments for seawater desalination.

Table 6. 2:Composition of hydrogel membranes used seawater desalination

Hydrogel kC CNF GO GA Hydrogel composition
membranes | (g/100mL) | (g/100mL) | (mg/250mL) | (mL/100mL)
M, 3 1 12.5 2 3%KC-1%CNF/0.05%G0-2%GA
Mis 3 1.5 12.5 2 3%KC-1.5%CNF/0.05%GO-
2%GA
M; 3 2 12.5 2 3%KC-2%CNF/0.05%G0-2%GA
Mz s 3 2.5 12.5 2 39%KC-2.5%CNF/0.05%GO-

2%GA
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Figure 6.1. Hydrogel preparation a) Hydrogel formation process a) Hydrogel formation
process, b) Synthesis and structural Composition of kC-CNF/GO-GA (M1, M1 5, M2, and

M2z 5) hydrogel and molecular interactions within hydrogel Network.

6.3 Hydrogel performance efficiency

6.3.1 Flux evaluation and rejection

The kC-(1-2.5)%CNF/GA hydrogel was cast on a lint support layer in a dead-end
filtration column of 25 cm long and 0.0013 m? effective membrane area. After casting,
the hydrogel was left to settle for 10-15 minutes; then, a 2 mm layer of the 0.05%GO-
2%GA solution was added under 0.5 bar pressure for 2 hours. Pure water flux (J) was

evaluated using DI water feed according to Equation 6.1:

%4

J= (6.1)

- Axt

where V' is the permeate volume in m?® over time t (hour), and 4 represents the effective
surface area of the hydrogel (m?). The salt rejection studies utilized solutions of 2 g/L
MgSO4 and NaCl in separate experiments. The ion rejection rate (%R) was calculated

from Equation 6.2:
R(%) = (1 — i—;) %100 (6.2)

In salt rejection studies, permeate concentration (Cp) and feed concentration (Cf) were
quantified using ICP-MS (inductively coupled plasma-mass spectrometry). All

experiments were conducted in triplicate, and results were presented with error bars.

6.3.2 Antifouling Study for Hydrogel
Antifouling experiments demonstrate the composite hydrogel's propensity to fouling. The
experiments quantify the water flow before and after exposure to fouling materials to

assess the hydrogel's capability to restore its filtering performance after cleaning. The
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baseline experiment first measured pure water flow (/1) for DI water. Afterward, the water
flux (Jf) of hydrogel filtering seawater was recorded. The hydrogel was rinsed with DI
water at the end of this experiment, and the pure water flux (J2) was measured again.
Water flux decline (DR%) and irreversible fouling (IFR%) were quantified in Equations

6.4 and 6.5 as follows:

FRR(%) = (j—j) x 100 (6.3)
DR(%) = (1 — j—’;) x 100 (6.4)
IFR(%) = (1 — j—i) X 100 (6.5)

The water flux recovery (%FRR) reflects the antifouling effectiveness of the hydrogel in
restoring the water flux after cleaning with DI water Equation 6.3. The IFR represents

irreversible fouling that was not removed after cleaning.

6.3.3 Methodology hydrogel properties

Small pieces (2.5L.x2.5Wx2D cm) of the membrane were cut and soaked in distilled
water for 15 hours to measure the hydrogel membrane's porosity. The wet membrane was
weighed after carefully blotting excess water, and weightl was recorded. The samples
were then dried in an oven at 60°C for 6 hours and weighed again (weight2). Then,

porosity (P%) was calculated (Equation 6.6):

weightl—weight2
P% = ( )

o (6.6)

Equation 6.7 calculates the hydrogel membrane's average pore radius size (rm) using the
membrane porosity and pure water flux through the membrane. AP is the operation
pressure, p is the membrane porosity, / and 4 are the thickness and effective membrane

area, and Q is the volume of pure water flux per time (m>/s)
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— \/(2.9—1.75p)x(8><lQ7]) 6.7)
(pxAXAP)

Water uptake (Wu) of the hydrogel was quantified by cutting a pre-dried hydrogel into
small pieces of 2x2x1 cm. Following a drying period of 6 hours at 105°C, the dry weight
(Wdry) was recorded. The segments were then immersed in distilled water for 24 hours,
and the wet weight (Wwet) was documented after the removal of surplus water by

blotting. Wu was determined from Equation 6.8.

Wwet-Wdry

Wu = ( wdry

)x100 (6.8)

Equation 6.9 calculates the swelling degree (SD) by recording the starting and final
weights after immersing the hydrogel samples in DI water and (0.5 to 2.5 g/L) NaCl

solutions for 2 hours.

_ (Wfinal-Winitial)
- Winitial

SD

%100 (6.9)

kC-CNF/GA hydrogels, with different CNF concentrations, were tested for deswelling.
Hydrogels pre-swollen in water for 24 hours were dried at 60°C, with weights declining
every 30 minutes. Deswelling (DS) was calculated using Equation 6.10, where Wswollen
is the swollen hydrogel weight and Wdry is the weight after 30 minutes of oven drying

(Equation 6.10).

wdry
Wswollen

DS = ( ) x 100 (6.10)

To calculate the average molecular weight between crosslinks, the Flory-Rehner equation

(without Gaussian chain correction) for hydrogels in water was used (Borges et al., 2020)

as follows:
1 In(1—=vy)+v,+Xv2
L o InQv)vdXu; (6.11)
Mc 1 3 V2
Vz —7

206



where M, represents the average molecular weight between crosslinks (g/mol), pp
represents the density of dry polymer constituents, V; represents the molar volume of the
solvent (for water: 18.01 cm?*/mol), and X represents the Flory—Huggins polymer—solvent
interaction parameter (dimensionless). In addition, v, represents volume fraction of
polymer in the swollen hydrogel and was calculated by Equation 6.12 (Flory & Rehner

Jr, 1943):

1
1+SD.EE
ps

vy (6.12)

In Equation 6.12, SD represents the swelling degree, pp represents the density of dry

polymer constituents, and pg represents the density of solvent (water = 1.00 g/cm?).

6.3.4 Adsorption-desorption performance analysis

Adsorption-desorption experiments were conducted on the best-performance Mas
hydrogel membrane used in the multiple filtration cycles for seawater desalination. The
experiment on the adsorption capability of Na* and Mg** was carried out using a
thermostatic shaker at a temperature of 25°C, a pH of 6.5, and a rotational speed of 150
revolutions per minute (rpm) over five hours. During the experiment, a solid-to-liquid
ratio of 2 g/l was used to combine NaCl and MgSOs4. To achieve the separation
performance of the Mz s, centrifugation at 10000 rpm for 10 minutes was performed after
the adsorption tests. ICP analysis was used to measure the concentration of ions in the
filtration samples, and Equation 6.13 was used to compute the adsorption capacity in
mg/g.

Adsorption capacity (%) = (Ci—Cf) X % (6.13)
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In Equation 6.11, Ci is ion concentration in mg/L, Cf is residual ion concentration at
equilibrium in mg/L, V is solution volume in L, and W is hydrogel sample weight in
grams. After adsorption, desorption experiments were conducted by introducing 30 mL
of 0.1M hydrochloric acid (HCI1) of pH 1.5 into vials containing 20 g of M2 s hydrogel.
The desorption experiments were performed in a shaker at 25 °C, stirring at 150 rpm for
3 hours. Subsequently, the M» 5 materials were separated by centrifugation at 10000 rpm

for 10 minutes. Desorption capacity (mg-g') was calculated according to Equation 6.12.

mg\ __ (CRXV)

Desorption (?) = Wl (6.14)

CR represents the residual concentration of ions (mg/L), V' is the volume of the HCl

solution in Liters (L), and Wgel is the weight of the hydrogel in g.

6.4 Results

6.4.1 Rheology and Zeta potential of hydrogel composites

Figure 6.2a the rheological behavior of 3%kC hydrogel, 2.5%CNF hydrogel, and the M2 5
hydrogel membrane. At a shear rate of 0.1 s™', 3%kC demonstrates the highest viscosity
of 2.68*10° mPa-s and shear stress 268 Pa, while 2.5%CNF starts with a viscosity of
1.21*10° mPa-s and a shear stress of 120.87 Pa. The M s started with a low viscosity of
989,970 mPa-s and a shear stress of 99.01 Pa. With an increase in shear rate, all materials
exhibited shear-thinning behaviour. For 3%KkC, the viscosity decreased to 9180 mPa-s at
a shear rate of 100 s™!, with a shear stress of 919.85 Pa. For 2.5%CNF, the viscosity
decreased steadily, reaching 12987 mPa-s at 100 s™', while the shear stress increased to
1300 Pa. The M2 s composite followed a similar shear-thinning behavior, with its viscosity
decreasing to 8564.9 mPa-s at 100 s™' and its shear stress increasing to 856.8 Pa. The

attribute that the composite behaves in an intermediate manner between the kC and CNF
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materials indicates that it can maintain a balance between fluidity and mechanical
strength. On account of this, it is appropriate for applications that need structural integrity
and shear resistance. Rheological analysis figure S4(Supplementary material) showed
that increasing CNF concentration from M: to Moa.s significantly enhanced viscosity and
shear stress, indicating stronger network formation due to hydrogen bonding and fibril
entanglement. Ma.s exhibited the highest viscosity (9.89 x 10° mPa-s) and shear
resistance, reflecting optimal reinforcement within the kC—GA matrix. All samples
demonstrated shear-thinning behavior, confirming pseudoplasticity. These findings
highlight CNF's role in enhancing mechanical stability and viscoelastic strength by
densifying the network and improving polymer chain interactions. The M2.5 hydrogel
membrane exhibits outstanding rheological properties suitable for water purification. It
can retain a dense filtering matrix due to its shear-thinning properties, facilitating
adequate water circulation at higher speeds and reducing the likelihood of accumulation.
Figure 6.2b illustrates the zeta potential of various kC, CNF, and M to Mz hydrogel
membranes. The pure kC, with a zeta potential of -41.4 mv + -2.1, displays moderate
colloidal stability, vital for contaminant adsorption. In contrast, pure CNF shows the
highest stability with a zeta potential of -58.2 mv + -2.9, showing enhanced electrostatic
repulsion that facilitates the adsorption of positively charged ions, including heavy metals
(Kim et al., 2017). As CNF concentration increases in the kC matrix, the zeta potential
becomes more negative, improving the material's ability to interact with charged ions and
pollutants. For example, the M2 5 hydrogel, with a zeta potential of -49.2 mV +-2.5, shows
significantly enhanced stability, attracting and entrapping charged pollutants (Li et al.,
2021). The zeta potential plays a significant function in influencing electrostatic

interactions with pollutants, especially due to the sulfate groups in kC and carboxyl
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groups in CNF, which enhance the adsorption of positively charged impurities via
electrostatic attraction (Ahmed & Soundararajan, 2018). GA crosslinking stabilizes the
hydrogel's structure without substantially reducing the zeta potential, assuring long-term
effectiveness in water purification (Distantina et al., 2013). Further, a highly negative zeta
potential (e.g., -40 to -60 mV) prevents aggregation, maintaining the hydrogel structure
and increasing surface area for adsorption. The superior increase in negative zeta potential
at higher CNF concentrations suggests that such hydrogel formulations could be highly
efficient in removing positively charged contaminants from water while keeping
structural integrity over time (Mohammed et al., 2018), specifically at neutral to basic
pH, where the carboxyl groups in CNF are fully deprotonated, and the zeta potential is
negative (Shaghaleh et al., 2022). Notably, a greater hydrogel negative charge also
promotes the repulsion of negatively charged pollutants.

The contact angle measurements provide crucial knowledge of hydrogels' wettability and
surface features. Figure 6.2c shows a contact angle of 72° + 3.6 for kC, which is the
highest contact angle, indicating a relatively low wettability and a more hydrophobic
surface. Depending on the concentration of CNF, the kC-CNF hydrogels display various
characteristics when crosslinked with GA. The M; exhibited the lowest contact angle,
47.3° + 2.4, indicating the highest possible wettability and the most effective water
adhesion. The contact angles steadily rose to 51.9° + 2.6, 54.1° + 2.7, and 60.3° £ 3.0
when the concentration of CNF increased to 1.5%, 2%, and 2.5%, respectively, indicating
that an increase in CNF leads to a more settled structure and reduces the interaction of
water with the surface. These findings highlight that kC-CNF/GO-GA hydrogels are
tuneable, making them potential candidates for applications that need surface wettability

customized to specific applications.
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6.4.2 Porosity and pores size

Enforced with CNF and coated with GO, the GA crosslinked kC membrane has
significant potential for desalinating seawater due to its selective absorption capabilities,
porosity, and mechanical stability. Figure 6.2d shows that incorporating different amounts
(1-2.5%) of CNF within the 3%kC hydrogel matrix affects the porosity and average pore
radius. With increasing CNF concentration, porosity lessened from 86.8% =+ 2.6 at
1%CNF to 81.5% + 2.4 at 2.5%CNF (Equations 6.6), while the average pore radius
concurrently reduced from 4.17 nm £ 0.08 to 3.74 nm + 0.075 (Equations 6.7). GA forms
covalent connections between kC and CNF chains, strengthening the hydrogel structure,
while GA-induced crosslinking lowered pore size and stabilized the hydrogel network,
making it more durable and performable after multiple filtration cycles. Selectivity-
intensive applications recommend a greater CNF concentration, circa 2.5%, to create a
compact network for rejecting ions. Instead, a small amount of CNF, circa 2%, can
balance selectivity and water flux, making it suitable for applications that require good
flow and large molecule rejection (Chen et al., 2021; Distantina et al., 2013).

The top coating layer of 0.05GO mixed with 2% GA enhances the hydrogel's selectivity
and makes the surface more stable and fouling-resistant. GO's high surface area and
functional groups increase heavy metal separation from the solution, while its
hydrophilicity supports water permeability. Thus, the GO/GA layer acts as a selective
barrier, capturing ions and pollutants, though it slightly reduces water flux due to denser
pore structures (Mohammed et al., 2022). It shows the effect of variation in CNF
concentration on the pore structure, changing the ability to adsorb and desorb substances.
As CNF concentration increased from 1% to 2.5%, the adsorption surface area decreased

from 68.5 to 39.25 m?*g, while pore volume decreased from 0.079 to 0.025 cc/g, and pore
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radius decreased from 3.75 to 2.98 nm. This pattern shows that more CNF concentration
makes the structure dense and less porous by its shorter crosslinks or more physical
crosslinks, further improving the antifouling property due to the tighter structure of the
hydrogel substrate.

The desorption study also shows a similar pattern, with the surface area decreasing from
62.77 to 36.76 m?*g. With an increase in the CNF concentration, the diameter of the pore
gets smaller, decreasing from 3.62 nm in M; to 2.82 nm in M2 5. These changes reflect a
compact and highly crosslinked network at higher CNF levels, restricting pores size but
increasing overall matrix density. GA crosslinking and higher CNF amplify this effect by
reinforcing bonds within the structure, further restricting pores' size (Kalaiselvi et al.,
2023; Kokol & Vivod, 2023).

Table S4.2(Supplementary Materials) illustrates the BET test of 3%kC hydrogels with
different 1-2.5% CNF amounts. The pore size difference between the calculated value
(3.7 nm) and the BET result (2.8 nm, Table S4.2) arises from the different measurement
principles of the two methods. Equation (6.7) provides an estimated hydraulic pore size,

while BET measures the textural (gas-accessible) pores.
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Figure 6. 2. a) viscosity and shear stress of kC, CNF, and M2 5, b) Zeta potential of kC,

CNF, Mi, M15, Mo, and M35, ¢) Contact angle measurements of kC, CNF, M1, M1 5, M»

and M2 5, d) porosity and pore size of the composite hydrogel of M1, M1 5, M2, and M 5.

6.4.3 Hydrogel swelling, deswelling, and water uptake

The swelling properties of hydrogels in DI water are a critical indicator of their

hydrophilic nature, network structure, and capacity to retain water. The microstructural

characteristics, particularly crosslinking density, determine hydrogel swelling properties.

When kC-CNF hydrogels crosslinked with GA were tested with DI water, their swelling

degree decreased with increasing CNF concentration (Figure 6.3a). The CNF reinforces
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the hydrogel network, hence reducing water uptake by restricting polymer chain mobility.
The observed trend in swelling follows the calculated decrease in average crosslink
length, as discussed in the following section. For example, M; exhibited the largest
swelling (9.8 g/g + 0.49), whereas M> 5 had the lowest (8.0 g/g = 0.40). Xu et al. (2019)
found that network contraction decreased the swelling ratio (SR) with denser polymer
crosslinking architectures (Xu et al., 2019). According to Bai et al. (2019), double-
network hydrogels dissipate energy and have excellent anti-swelling properties (Bai et
al., 2019). Chemically crosslinked hydrogels usually have properties that keep them
stable and prevent them from swelling, but making them often requires complicated steps
and chemicals (Xiang et al., 2020). Thus, membranes with elevated CNF concentration
consistently displayed lower swelling degrees due to denser crosslinking and less
hydrophilicity (Chang et al., 2011; Distantina et al., 2016; Hezaveh & Muhamad, 2012).
Figure 6.3b shows the degree of swelling of M1, M5, M2, and M2 5 membranes in 0.5-
2.5 g/L NaCl concentrations. There is a strong relationship between the concentration of
NaCl and the swelling behavior of kC-CNF/GO-GA hydrogel membranes. The degree of
swelling increased with the concentrations of sodium chloride because the ionic strength
raises the osmotic pressure inside the hydrogel matrix, increasing the amount of water
taken in. Also, neutralizing sulfate groups with Na™ ions reduces electrostatic repulsion
between the polymer chains, expanding the network for more water absorption. For Mz s,
which exhibits a rise in swelling from 5.4 g/g + 0.2 at 0.5 g/L to 7.8 g/g = 0.2 at 2.0 g/L.
At 2.5 g/L NaCl concentration, the degree of swelling decreases due to the increased
osmotic pressure in the opposite direction that draws water out of the hydrogel membrane.
In addition, the stronger electrostatic shielding exerted by 2.5 g/L NaCl solution tightens

the polymer chains, limiting the hydrogel's water absorption capacity.
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The hydrogels' deswelling behavior was analyzed to understand their structural properties
and capacity to retain water (Figure 6.3c). Standalone kC deswelling dropped from 64.8%
to 0.2% after 270 min, while the standalone CNF deswelling dropped from 72% to 1.5%
after 270 min. The deswelling rates for M1, M1.5, M, and M> s at 30 minutes were 58.1%,
70.7%, 76.8%, and 86.5%, respectively, and reached circa 0.7% after 270 minutes. The
membranes' compact polymer networks, strengthened by GA crosslinking, contributed to
better water retention by the crosslinked kC-CNF/GO membranes and decreased water
loss over time. Increasing the concentration of CNF improved water retention due to the
denser and more stable polymer networks. Swelling and deswelling also induce structural
changes in hydrogels and can produce various surface patterns. These surface patterns are
stable in both dry and swollen states and enhance the potential of hydrogels for multiple
applications (Kumar et al., 2023).

Figure 6.3d indicates that as the concentration of CNF increases, there is a corresponding
decrease in the membrane water uptake percentage. Specifically, M exhibits the highest
water uptake at 2019.3% + 101, while M2 .5 shows the lowest at 1197.5% + 60. Based on
this pattern, greater concentrations of CNF result in a denser polymer network, reducing
the hydrogel's capacity to absorb water. This behavior is consistent with the findings that
have been obtained, which state that an increase in the crosslinking density of hydrogels
leads to a decrease in the swelling capacity. Therefore, it is feasible to adjust the swelling
characteristics of kC-based hydrogels for specific applications by changing the
concentrations of CNF.

The hydrogel membranes exhibited swelling and deswelling behaviors controlled by
several circumstances. The enhanced crosslinking density results in a denser polymer

network, reducing the swelling capacity and limiting the quantity of absorbed water.
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Although the membrane's mechanical strength increases with the CNF concentration, the
water absorption is further restricted owing to the denser network structure. The combined
effects of increased crosslinking density and incorporation of CNF resulted in a reduction
in porosity and pore size (Figure 6.2d), which in turn restricted the amount of space

available for water molecules and reduced the swelling capacity.
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6.4.4 Average molecular weight between crosslinks

In this study, the swelling data of the hydrogel samples were used to estimate the Mc
values. Due to the complexity of the nanocomposite hydrogel system, particularly the
presence of the top GO layer, the Mc calculations were performed based on simplified
systems, where the GO layer was excluded. Accordingly, the obtained relative values
were used to compare the properties. The calculated Mc was therefore regarded as an
effective average molecular weight between all crosslinking points in the hydrogel bulk,
integrating both covalent (GA-induced) and physical (CNF/kC) bonds. Full details of the
methodology and assumptions used for these approximations, as well as the discussion
on the effect of MC values on hydrogel properties, are provided in the Supplementary
Materials.

GA plays a pivotal role as a crosslinker in the hydrogel membrane, forming covalent
bonds, mostly with the hydroxyl groups in the CNF and the sulfate and hydroxyl groups
in the kC. Such covalent crosslinks establish a stable 3D network, although physical
interactions, including hydrogen bonding, ionic bonds, and chain entanglements, also
support the stability and performance of the hydrogel. In contrast to covalent bonds,
physical interactions are transient and reversible. Nonetheless, they contribute immensely
to the hydrogel's mechanical integrity and dimensional stability under operational
conditions(Grabska-Zielinska, 2024; Xu et al., 2022; Yang et al., 2023). Therefore, the
Mc value represents the combined effect of both chemical and physical crosslinking. It
reflects the average molecular weight of polymer segments between effective
crosslinking points, whether those points are formed via covalent bonds or strong physical

associations. As such, variations in Mc can be interpreted as changes in the overall
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crosslinking density of the hydrogel network, encompassing the full range of interactions
that govern its structural and functional behavior(Lu et al., 2018).

According to the swelling behavior, the estimated Mc values for the M1, M1.5, M2, and
M2.5 samples were 10,535.5, 9,344.8, 8,639.9, and 7,914.6 g/mol, respectively. This
decreasing trend suggests that increasing CNF content leads to a higher crosslink density
within the hydrogel network. The probable mechanism involves improved interactions
between the hydroxyl groups in the CNF and the aldehyde groups of GA, which promote
the formation of a denser polymer network. As the network becomes more tightly
crosslinked, the mesh size is reduced, thereby limiting the available free volume for water
absorption. In addition, although CNF is hydrophilic, its network tightening effect

dominates hydrophilicity; thus, MC values are reduced due to lower SD(Yue et al., 2016).

6.4.5 Hydrogel membrane characterization

Figure 6.4a illustrates FT-IR analysis of M1, M5, M2, and M2 5. The analysis indicates
that increasing CNF content enhances hydrogen bonding (3200-3400) cm 'and C-O
incorporation (1000-1100) cm™ while reducing carbonyl C=O intensity 1700 cm™,
indicating improved crosslinking and hydrogel stability. Figure 4b shows that the FT-IR
of the new M2 5 hydrogel membrane changes the intensity of its characteristic band when
it is exposed to different types of water, such as seawater, NaCl, and MgSOs solutions.
Interactions between the hydrogel's functional groups and the ions or molecules in its
surroundings affect its swelling behavior, mechanical characteristics, and ion adsorption
capacity. For instance, heavy metal ions produce coordination complexes that move the
carbonyl stretching area. Saline solutions, such as seawater, NaCl and MgSOs, change the
hydrogen bonding network, which can be seen by the stretching of hydroxyl groups in

Figure 6.4b.
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The scanning electron microscopy (SEM) of M2 s hydrogel showed structural alterations.
Figure 6.4c shows new Mz s has a homogeneous, smooth surface with few fractures and
imperfections. The production of crystalline structures, most likely by the deposition of
salts and minerals from saline water, caused apparent morphological changes when
filtering with seawater (Figure 6.4e). The surface of the new hydrogel, which was
previously smooth and uniform, is changed by the deposits on its surface. These deposits
provide evidence of metal ions captured by the membrane during seawater filtration.

As shown in Table S4.3 and Figures 6.4d and 6.4f, the Energy Dispersive X-ray
Spectroscopy (EDS) of the M> 5 reveals that the composition of the hydrogen goes through
changes after the filtration process. Oxygen (49.83 wt.%) and carbon (31.03 wt.%) are in
the new hydrogel structure. Notable levels of sulfur (7.27 wt.%) and potassium (11.88
wt.%) are also present, indicative of the hydrogel's organic and polysaccharide-based
composition. The hydrogel structure changes after seawater filtration. Carbon, oxygen,
sulfur, and potassium concentrations decreased, suggesting salt replacement of these
elements. On the other hand, there is a rise in the concentrations of sodium (31.90 wt.%)

and chloride (44.23 wt.%), indicating a large amount of salt deposition (Figure 6.4e).
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Figure 6. 4. a) FT-IR of the M1, M1.5, M2 and M2 5, b) FT-IR of the M> s after filtration with
MgSO0s4, NaCl, and seawater, ¢ and d) SEM and EDS for the new M3 5, e, and f) SEM and

EDS for the hydrogel after filtration with seawater.

6.4.6 Hydrogel DI water flux and salt rejection

DI water feed solution was utilized to evaluate the pure water flux of M, Mis5, M», and
M, s membranes of 0.5, 1, 1.5, 2, and 2.5 cm thicknesses. Notably, hydrogel membrane
M3, with 3%CNF concentration, was not further considered in the comparison (Figure 6.
5) due to its low water flux and subtle rejection improvement compared to M2 s (Figures
S4.2a and S4.2b, Supplementary Materials). Membrane M3 membrane, with 3% CNF, is
a good example that explains the relationship between CNF concentration and membrane
performance with a slight increase in M3 rejection, 0.4% to Mg and 0.5% to Na, due to
CNF concentration increased from 2.5% to 3% (Figure S4.2b, Supplementary Materials).
Figure 6.5a shows that the water flow declines as the hydrogel membrane's thickness and
the CNF concentration increase. The 2 cm thickness membrane stands out with a balanced
performance of excellent water flux and solute rejection. Membrane M exhibited the
maximum water flux of 78.7 LMH + 3.9 at 0.5 cm, while the M> s exhibited the lowest
flux of 51.9 LMH + 2.6 at 0.5 cm. As the thickness of the membrane increased to 2.0 cm,
the water flux dropped to 44.6 LMH + 2.2 for M and 36.8 LMH for M s, respectively.
Increasing the thickness and CNF concentration in hydrogel membranes reduced water
flux due to the tighter membrane structure, increased hydrophilicity, and increased
hydraulic resistance. Thicker membranes provide increased hydraulic resistance, whereas
higher CNF concentration densifies the hydrogel matrix, lowering porosity and
permeability. Increasing the CNF content in the hydrogel improves the membrane's

structural integrity by forming a more compact network (Acarer-Arat et al., 2024). This
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densification enhances the membrane's structural stability at the expense of decreased
pore size and porosity (Figure 6.2d), lowering water permeability.

While GA crosslinking is widely used in the field of hydrogels, its precise influence on
hydrogel network structure and filtration properties is not always quantitatively assessed
for water purification applications. In this work, Mc calculations offer a molecular-scale
understanding of how crosslinking density impacts water permeability and solute
rejection. Hence, the observed decrease in DI water flux with increasing CNF content can
be further explained by examining the calculated Mc values. MC values decline with
increasing CNF concentration, suggesting the formation of a denser and tightly
crosslinked hydrogel network. A shorter MC corresponds to shorter polymer chains
between crosslinks, which reduces the free volume and limits the number and size of
interconnected water channels available for transport. This structural compactness
directly prohibits water diffusion through the hydrogel, leading to a noticeable drop in
pure water flux. Moreover, although CNF is hydrophilic and could, in theory, enhance
water affinity and uptake, the dominating influence of crosslink density appears to
override this effect. Water molecules encounter increased resistance due to the denser
matrix, which suppresses bulk water transport despite any localized hydrophilicity from
cellulose nanofibrils.

Figures 6.5b and 6.5c show an increase in the membranes' rejection with the thickness
due to a more effective barrier against salt diffusion. For 2 g/LL NaCl concentration and
0.5 cm thickness, the M exhibited a 53.1% =+ 1.6 rejection rate, increased to 63.8% = 1.9
for M s, reached 66.4% + 2.0 for M> and 73.0% =+ 2.2 for M2 5 membrane. Membranes'
rejection increased dramatically at 2 cm, achieving 76.3% + 2.3, 85.2% £ 2.6, 94.1% +

2.8, and 97.5% = 2.9 for Mi, M5, Mz, and Mz, respectively. The corresponding
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membranes' rejection for 2 g/L MgSO4 and 2 cm was 88.4% + 1.8 for M1, 90.1% + 1.8
for M 5, 95.5% + 1.9 for M», and 98.2% + 1.9 for M» s hydrogels. MgSOs, a divalent salt,
often exhibits higher rejection than monovalent NaCl due to the size and charge density
differences. Figure 5d indicates that the water flux of NaCl decreased as the thickness and
concentration of CNF increased. Specifically, water flux dropped from 50.3 LMH + 5 to
27.9 LMH = 2.8 for the M; and from 38.9 LMH =+ 3.9 to 18.5 LMH =+ 1.9 for the M2
membranes. In addition to the physical restrictions imposed by lower Mc values, ionic
screening effects from NaCl may reduce osmotic pressure-driven swelling, further
reducing water uptake and flux in saline environments. These effects are more evident in
samples with higher CNF content and shorter crosslink lengths.

At the same time, the rejection rate improved, increasing from 53.1% + 1.6 to 76.3% +
2.2 for the M; and 73.01% =+ 2.2 to 97.5% =+ 2.9 for the M2s. At a thickness of 2 cm,
MgSO. was rejected by the membranes at a higher rate than NaCl. As the CNF
concentration increased from 1% to 2.5%, the rejection rate for MgSOs increased from
88.4% to 98.5%, whereas NaCl's rejection rate increased from 76.3% to 97.5%. On the
contrary, water flux for MgSOa dropped from 39.9 LMH in M; to 24.5 LMH in M2,
while for NaCl, it dropped from 28.2 LMH in M to 19 LMH for NaCl Mz s, indicating a
reduction in the water flux at higher CNF concentrations (Figure 6.5¢). For both MgSOa
and NaCl feeds, the reduction in water flux at higher CNF concentrations was due to a
decrease in the membrane's pore size that enhances its selectivity but reduces the water
permeability. However, the greater rejection of MgSOa4 can be attributed to the larger
hydrated radius of the Mg?* ion (0.428 nm) compared to that of the Na* ion (0.356 nm),

as well as the divalent valency of Mg?* that encounters greater attraction by the negatively
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charged membrane surface. In contrast, the monovalent Na* ions are able to pass through
more quickly.

In all membranes, kC offers the fundamental structure with sulfate groups that engage
with water and ions. At the same time, GA functions as a crosslinking agent to enhance
the hydrogel's strength and reduce pore size, while the graphene oxide top layer increases
the surface area and introduces functional groups that enhance the membrane's adsorption
and mechanical stiffness. The concentration of CNF is critical to forming a denser
hydrogel network of reduced pore sizes and augmented zeta potential for better ion
rejection. A denser hydrogel matrix enhances the membrane's selectivity, improving the
rejection of ions, and smaller pore sizes restrict ion passage, increasing ions' rejection

(Ibrar et al., 2023).

The hydrogel membranes' rejection of NaCl and MgSOs salts is influenced by the MC
values. MC values decreased with increasing concentration of CNF, reflecting shorter
distances between crosslinking points and a denser three-dimensional network. This
tighter structure played a critical role in modulating ion transport and improving salt
rejection efficiency. For both salts, lower Mc values enhanced the membrane's ability to
act as a size-exclusion barrier. A smaller free volume within the matrix restricts the
diffusion of solvated ions, especially those with large hydration shells, such as Mg?* and
SO+*. This effect contributed to the consistently higher rejection rates observed for
MgSOs4 compared to NaCl, as the hydrated Mg?* ion (~8.6 A) is substantially larger than
Na* (~7.2 A). The denser networks effectively limited the passage of these larger species

while partially allowing smaller or monovalent ions to permeate.
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In addition, the reduced Mc enhances the Donnan exclusion mechanism by maintaining
a more compact hydrogel structure. This can concentrate fixed charges in the network
(e.g., carboxyl or hydroxyl groups from CNF or gelatin), which repel co-ions and
reinforce the selectivity against multivalent ions. Although CNF is not strongly charged,
the overall architecture and spatial constraint provided by a tighter network amplify these
electrostatic exclusion effects. Therefore, it can be concluded that while lower Mc values
decrease water flux, they improve salt rejection—especially for multivalent salts—by
narrowing transport pathways and enhancing charge-based selectivity. The results
highlight a fundamental trade-off in membrane design, where tighter networks (lower
Mc) enhance selectivity, they reduce permeability, and an optimal balance must be

tailored to application needs.

Thus, permselectivity of the hydrogel membranes is a trade-off between their rejection
and water flux, with the membranes' water flux decreasing as their rejection increases.
Since membrane M 5 at 2 cm thickness exhibited the best permselectivity, it was used for

seawater desalination in multiple filtration cycles to evaluate its performance over time.
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Figure 6.5. a) Influence of hydrogel thickness on pure water flux, b) Influence of hydrogel
thickness on 2 g/L NaCl rejection, ¢) Influence of hydrogel thickness on 2 g/ MgSO4
rejection, d) Influence of hydrogel thickness on 2 g/L. NaCl rejection and flux, e)

Rejection and flux at 2 cm thickness for M1, M1.5, M2, and M» s with NaCl, and MgSOs.

6.4.7 Seawater desalination

M s membrane was tested for seawater desalination experiments in a dead-end filtration
column to achieve a recovery rate of 90%. In the two-stage filtration process, the permeate
from the first stage was the feed for the second filtration stage, using a new hydrogel in
each stage. In the first stage, the seawater TDS reduced from 34788 mg/L to 3500 mg/L,
while it further reduced to 692 mg/L in the second stage. About a 98% reduction in ion
concentration was achieved after the second filtration stage, as shown in Figure 6.6a, with
the concentrations of Na* and SO+*" in the second stage permeate being 199 mg/L and 21
mg/L. The water flux in the first and second stages is shown in Figure 6.6b. In the first
filtration stage, a stable water flux of 19.4 LMH was recorded after 20 minutes and
dropped to 14.9 LMH after 90 minutes, whereas water flux in the second stage was 24.6
LMH after 35 minutes and decreased to 21.2 LMH after 90 minutes.

The drop in the water flux in stages one and two can be attributed to scale fouling from
divalent ions deposition on the membrane surface, causing pore blockage. The EDX
analysis shows divalent ion peaks on the M2 s membrane surface, including Mg?* 0.12
wt.%, Si** 0.02 wt.%, and Cu?* 0.24 wt% (Table S4.3, supplementary material).
Compared to divalent ions, Na* and K" exhibit low fouling characteristics due to weaker
interaction with the membrane and their high solubility in solution, while Mg?* and Ca?*
form complexes with negatively charged molecules, such as sulfate and carbonate,

leading to the precipitation of insoluble salts. A gradual decline in water flux, therefore,
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was inevitable over time, particularly when the membrane operates at 90%. The dead-end
filtration of seawater also promotes fouling due to the accumulation of fouling materials
on the membrane surface. The seawater was analyzed through a Malvern Particle analyzer
for particle size distribution to study colloidal fouling (Figure 6.6c). Results show three
peaks of particle size, 250-650 nm, 120-250 nm, and 60-120 nm, which are responsible
for membrane fouling by blocking the 2.82 nm pore radius of the M2 s membrane (Table
S4.2, Supplementary Materials).

The first filtration stage exhibited higher overall rejection percentages than the second
stage, i.e., 89.9% vs. 80.2% (Figure 6d). For divalent ions, the membrane rejection of
Mg* and Ca** was 91.7% = 4.6 and 92.7% =+ 4.6 in the first stage and 82.3% + 4.1 and
80.4% £ 4.0 in the second stage. The greater Mg?" and Ca?* rejection in stage one was due
to the high charge densities of ions that strengthened electrostatic repulsion with the
negatively charged functional groups, such as carboxylate (-COO") and sulfate (-SOs"),
of the membrane. Compared to Mg?* and Ca**, SO4* was rejected at a lower rate, 88.7%
+ 4.4 in stage one and 79.7 + 3.9 in stage two, due to its large size and lower charge
density, which is responsible for its faster diffusion rate. Also, SO4* can shed its large
hydration shell more easily than Mg** and Ca?**. Negatively charged membranes repel
anions and attract cations through electrostatic interactions. Despite the more negative
zeta potential at 2.5% CNF loading, the rejection of SO+*" was lower than that of Mg,
which results from ion interactions with the membrane structure.The hydrated radius of
SO4* is significantly larger than that of Mg?*, resulting in weaker electrostatic exclusion
due to steric hindrance within the membrane pores. Moreover, SO+>~ possesses a lower
charge density and a more flexible hydration shell, allowing partial dehydration and

diffusion through nanochannels. In contrast, Mg?*, with a higher charge density, forms
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stronger electrostatic interactions with negatively charged groups such as -COO™ and —
SOs7, enhancing its rejection. The heterogeneous surface charge distribution of the kC—
CNF/GA-GO-GA hydrogel may also create localized pathways of lower repulsion
potential, further contributing to the relatively lower SO4*" rejection (Liu et al., 2025;
Pintossi et al., 2020). For Na', the rejection was 90% + 4.5 in stage one and 81.8% + 4.0
in stage two, while K* rejection was 84.9% + 4.2 in stage one and 79.6% =+ 3.9 in stage
two. The lower rejection rate of K* is owing to its greater ionic radius (0.132 nm) and
lower charge density, which attenuates the influences of steric and electrostatic exclusion
mechanisms. Compared to NaCl binary feed solution experiments, the lower Na*
rejection in the seawater experiment is attributed to the complex ionic composition,
competitive transport effects in natural seawater, which influence electrostatic exclusion
and diffusion mechanisms. Also, the concentration of the feed solution in the NaCl
experiment is 2 g/L, while in the seawater experiment is 34788 mg/L, which increases
salt leakage across the hydrogel membrane.

Figure 6.6e shows the M2 5 membrane's performance in three seawater filtration cycles.
The same membrane was used in the filtration cycles, with 1-hour DI water cleaning
between cycles. The M2s membrane has an FRR% of 89.7% + 4.5 in cycle 1, 86.6% +
4.3 in cycle 2, and 82.3% + 4.1 in cycle 3, maintaining above 80% water flux recovery
and strong capability for reuse in multiple filtration cycles. The IFR% was 10.3% + 0.8
in the first cycle and increased to 17.5% =+ 1.4 by the third cycle, indicating a gradual
buildup of irreversible fouling due to the inadequate removal of pollutants by the DI water
cleaning. However, the IFR increase was moderate, implying the durability and ability of
the membrane to maintain functionality despite repeated use at a 90% recovery rate. The

DR% increased from 43.1% + 0.21 in cycle 1 to 48.3% = 0.24 in cycle 3 as a result of
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membrane fouling. Seawater changes the hydrogen bonding network in the Mas
membrane, which can be seen by the stretching of hydroxyl groups in Figure 6.4b and a
rise in the concentrations of sodium (31.66 wt.%), chloride (44.23 wt.%), and silica (0.02
wt.%) indicating a large amount of salt deposition (Table S4.3, supplementary material).
Membrane fouling was inevitable due to the elevated recovery rate in the filtration cycles
and inadequate cleaning. The SEM images of the new and used hydrogel show an
accumulation of fouling materials on the membrane surface after the seawater filtration
(Figures 6.4c and 6.4¢). The EDS images (Figures 6.4d and 6.4f) confirm high peaks of
sulfate, silica, and divalent ions on the surface of the fouled membrane after seawater
filtration (Figure 6.4f), indicating silica and metal sulfate fouling, such as magnesium
sulfate. Figure 4b shows FT-IR spectra of the M2.5 hydrogel before and after exposure to
NaCl, MgSOs, and seawater, revealing spectral shifts in the O—H (3140-3380 cm ™), C=0
(1650-1700 cm™), S=0 (1215-1240 cm™), and C—O—C (10301060 cm™") regions. These
changes indicate ion—polymer interactions and hydrogen-bond rearrangement. The
fouling propensity of the hydrogel membrane was severely exacerbated by the elevated
recovery rate of the filtration process and membrane cleaning with DI water only, which
is ineffective in the removal of silica and metal sulfate precipitates.

Table S4.6 (supplementary material) summarizes a comparison of research on CNF, GO,
and kC hybrid membranes for water purification. The table shows water flux, rejection,
and water flux recovery ratio (FRR) for several studies. In general, the water flux, FRR,
and rejection rate of the kC-CNF/GO-GA are similar or competitive to those reported in
the literature. Notably, the hydrogel membrane in this study is gravity-driven and hence
does not require high energy for seawater desalination. Additionally, the hydrogel

membrane operates at a 90% recovery rate, which is challenging for most pressure-driven
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membrane processes. Previous studies (Ao et al., 2017; Lyu et al., 2018) fabricated a GO-
based membrane for dye removal from wastewater. Although the studies reported 90 to
95% rejection of dyes, the rejection of divalent and monovalent ions was between 75%
and 80%. Subsequent studies optimized the crosslinking and the composite design to
enhance mechanical stability, ion selectivity, and antifouling performance of the GO NF
membrane(Kong et al., 2024). Nevertheless, the membrane exhibited 95% removal of
dyes and water flux recovery of 85% while water flux recovery in this study was 89.7%
at a 90% recovery rate. In later studies, Kardani et al. fabricated a GO/PEI and hole-
enriched GO/CNF membrane (Kardani et al., 2025), with superior ion transport and
mechanical reinforcement for heavy metal recovery from wastewater. The membrane,
with 93% rejection on NaCl and 94% to 99% rejection of divalent ions, exhibited a low
water flux of 7.72 LMH and 90.93% FRR. The current kKC-CNF/GO—-GA hydrogel
integrates a sustainable biopolymer with excellent ion rejection (<98%) and water flux,
providing a cost-effective solution for seawater desalination. The gravity-driven
membrane achieved a 90% recovery rate and 89.7% FRR after three cycles of seawater

filtration and DI water cleaning.
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Figure 6. 6. a) Ion rejection and TDS reduction performance of M2 5 hydrogel by seawater,
stage 1, and stage 2, b) Water flux of the seawater with time for stage 1, and 2, c) Particle
size distribution of the seawater conducted through the Malvern Particle Analyser, d)
Removal of contaminants from seawater using M s for stage 1, and 2, e) Fouling (FRR,

DR, and IFR) % for M2 s with seawater for three cycles.

6.4.8 Reusability

Desorption and reuse of the M2 s membrane are very important in practical applications
from an economic point of view. Figure 6.7a illustrates the highest relative desorption
capacity of MgSO4 and NaCl in 2 g/L solution. Consecutive adsorption/desorption cycles
were performed to assess the membrane reusability. The results show the robust
adsorption/desorption characteristics of the M>s membrane, even after three filtration
cycles, with an adsorption efficiency of 79.4% =+ 3.2 for Na* and 85% =+ 3.4 for Mg*" and
desorption efficiency of 75.2% + 3 for Na* and 83.3% + 3.3 Mg?".

The efficiency of the M2 s membrane was also evaluated in multiple filtration cycles to
investigate the rejection and water flux. After three filtration cycles, a reasonable
reduction was noted in the rejection of MgSO4 from 98.5% + 4.9 to 85% + 4.3 and for
NaCl from 97.5% + 4.9 to 79% =+ 3.9. Water flux also dropped from 24.5 LMH + 1.2 in
cycle one to 20.2 LMH =+ 1.0 in cycle three in the MgSOy tests and from 19 LMH + 0.95
in cycle one to 14.1 LMH £ 0.71 in cycle three in the NaCl tests. The decline in the water
flux was a consequence of Mg?* and Na* ions blockage of the hydrogel's porous network.
The M>s membrane was rinsed with DI water between filtration cycles to remove the
easily attached fouling materials. However, deeper impurities remain within the
membrane structure, reducing water flux (Figures 6.7b and 6.7c). Consequently, the M2 s

hydrogel membrane can be an efficient adsorbent to remove divalent and monovalent ions
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in multiple filtration cycles since they can rapidly and effectively regenerate. The GO—
GA layer exhibited strong adhesion to the hydrogel surface under dead-end filtration
conditions, maintaining stability over three filtration cycles under 0.5 bar pressure. Minor
delamination was observed after extending the filtration cycling due to normal interfacial
fatigue during repeated swelling—deswelling, rather than poor adhesion of the GO-GA
layer. Given that the membranes were designed for batch ion-removal and recovery
applications rather than long-term continuous operation, the observed stability was
satisfactory for their intended use. Nevertheless, future studies can focus on the
improvement of interfacial bonding strategies to enhance long-term durability.

Based on retail prices, the cost of the filtration system, including the hydrogel filter for
multiple uses, is very reasonable. The hydrogel costs about AU$ 6 per m*® (of 2 cm
thickness), producing more than 15 LMH of desalinated from seawater. The KC-
CNF/GA-GO/GA hydrogel filter has a long shelf life, as long as it is kept in a closed
container, and it would remain effective at least for more than a year from the date of

preparation.
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Figure 6. 7. a) Adsorption/desorption cycles for 2g/I. NaCl and MgSO4 on the My 5, b)

Rejection of 2g/L NaCl and MgSO4 during three cycles by Mas, and ¢) Water flux of

NaCl 2g/L and MgSO4 2g/L during c cycles by Mas.

6.5 Conclusion

A gravity-driven kC-CNF composite hydrogel coated with GO and crosslinked with GA

was fabricated for seawater desalination in stages from 34788 mg/L to 692 mg/L. The

permeate water TDS falls within the fair water quality, TDS between 600 to 900 mg/L,

which is applicable for irrigation and general use. Further treatment to reduce the TDS to

<500 mg/L is required for drinking use. The water flux reduces when the concentration
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of CNF increases in the hydrogel from 1% to 2.5%; in contrast, the rejection increases.
CNF addition increased membrane stiffness and altered its structure, as evidenced by
different analyses. The membranes were tested with DI water, NaCl and MgSQa4 solutions,
and real seawater. Increasing CNF content lowered water and salt solution fluxes while
enhancing NaCl and MgSOs rejection. This behavior was linked to the calculated Mc
values, which decreased with CNF content, indicating a denser and more tightly
crosslinked network. Such networks limited water mobility but improved selectivity and
salt rejection.

The best hydrogel was the M> s hydrogel, which achieved a rejection rate of 98.5% %5 for
divalent ions and 97.5% %5 for monovalent ions. Furthermore, the hydrogel demonstrated
a significant water flow, ranging from 24.5 LMH to 19 LMH for synthetic feed solutions
and 18 LMH for seawater. The hydrogel exhibits efficient and selective ion extraction
from saline solutions, with high rejection rates of 90% for Na*, 91.7% for Mg**, and K*
has a lower rejection rate of 84.9%. The hydrogel showed robustness to fouling conditions
with a flux recovery ratio of 89.7% =+ 4.5 for seawater 35 g/L with a decline ratio (DR) of
43.1 + 0.2%. The hydrogel membrane exhibited 82.5% FRR after three filtration cycles
with seawater. These results show the potential of molecular-level tailoring of hydrogels
in allowing precise control over hydrogel behavior and performance. The next steps
should be scaled manufacturing, real-world antifouling testing, and hydrogel regenerating
capabilities. While this study focused on the optimization of the CNF crosslinking, the
GA crosslinking degree and GO coating thickness should be further investigated in further
studies to optimize the rejection-flux trade-off. The kC-2.5%CNF/GO-GA hydrogel is a

major step towards sustainable and creative environmental solutions.
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Supplementary material S4

Fabrication of kappa carrageenan-cellulose

nanofiber/graphene oxide composite membrane for water

purification

Lilyan Alsaka!, Ali Altaee!*, Armaghan Moghaddam?, Hossein Ali Khonakdar®*, John,

Zhou'!, Maryam AL-Ejji°, Alaa H. Hawari®

NNO9Z

49 _6MM

Material : PC material

Color : transparent

| o9

This needs to be purchased separately

SMALL T33 EMPTY FILTER CASE

Suitable for connection : 4044
Threaded interface : 11.4mm (1/4 *)
Filter bottle size: 54.5*280*49.5mm

Figure S4. 1. An illustration of gravity-based filtration

Table S4. 1: Shows Analytic instruments were used to characterize M1, M1.5, M2, and M2 5

Analytical Instrument

Characteristics Studied

Fourier Transform Infrared (FTIR) (Thermo

Scientific Nicolet Spectrometer)

To analyze the chemical structure and
functional groups of Mi, Mis, Mz, and Mz

layers within 400—4000 cm™.

Field Emission Scanning Electron Microscopy
(FESEM) (Zeiss EVO LS15 SEM, Zeiss,
Sydney, Australia)

To test the surface morphology of M1, M 5, M>,
and Mz s
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Energy X-Ray  Analysis

(EDAX)(Bruker SDD XFlash 5030 detector,

Dispersive

Zeiss, Australia)

To determine the elemental composition of M1,

M5, My and M2 5

Surface Zeta Potential (Malvern Analytical)

To measure the surface charge of M1, M1 5, M2,

and M s and particle distribution in seawater.

Contact Angle Measurement (Kyowa Interface

Science, Chennai, India)

To measure the contact angle to assess the
hydrophilicity or hydrophobicity of M1, My s,
M, and Mz 5.

Brunauer—-Emmett—Teller (BET) Analysis

Analyzes the specific surface area, pore
volume, and pore size distribution of M1, My s,

M, and Mz 5.

Table S4. 2: Summaries of BET analysis

BET analysis Mi | Mis | Ma | Mas
Adsorption BJH | Surface aream?/g | 68.5 | 45.24 | 40.18 | 39.25
Pore Volume cc/g | 0.079 | 0.061 | 0.045 | 0.025

Pore Diameternm | 3.75 | 3.35 | 3.15 | 2.98

Desorption BJH | Surface area m?*/g | 62.77 | 39.69 | 37.80 | 36.76
Pore Volume cc/g | 0.065 | 0.050 | 0.041 | 0.022

Pore Diameternm | 3.62 | 3.13 | 2.95 | 2.82

Table S4.3: The EDS analysis results for the M s hydrogel.

Element Quantitative Results (wt.%)
Pure hydrogel Filtration with seawater
C 31.03 19.52
0) 49.83 291
S 7.27 0.14
k 11.88 -
Cl - 44.23
Na - 31.66
Mg - 0.12
Cu - 0.24
Si - 0.02
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S4.1M. calculations

In order to calculate M. values for hydrogel samples, Equation 6.11 and Equation 6.12
were used. Following equation was used to calculate dry polymer density:

pp = (WKC - pkC) + (WCNF - pCNF) S4.1

According Table 5.2, weight content of polymer constituents for the hydrogel samples
was calculated, as shown in Table S4.4.

Table S4. 4:Weight content of polymer constituents in hydrogel samples

Sample | kC (g) CNF (g) Total Polymer (g) | wkC wWCNF

M 3 1 4 75% 25%
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Mis 1.5 4.5 66.70% 33.30%
M; 2 5 60% 40%
Mazs 2.5 5.5 54.50% 45.50%

Considering pkC=1.37 g/cm® and pCNF=1.5 g/cm?, p, values were obtained. In addition,
for the hydrogel systems, X was estimated using the rule of mixtures, and thus M. values
were approximated as shown in Table S4.5.

Table S4. 5: Density of polymer constituents in hydrogel samples

Sample pp (g/cm?) X Vy Mc (g/mol)
M; 1.4025 0.405 0.067822 | 10535.5365
Mi s 1.4231 0.413 0.072422 | 9344.78619
M: 1.4380 0.42 0.075626 | 8639.90133
Mz s 1.4516 0.426 0.079285 | 7914.56583

S4.2 Effect of M. values on properties of hydrogel samples

The Mc value is a critical parameter that provides insight into the internal network
structure of hydrogels. In this study, Mc values were calculated using the Flory—Rehner
equation based on swelling equilibrium data. The observed variations in Mc among
different hydrogel samples directly reflect the density and compactness of the polymeric
network formed during crosslinking. Here, the derived Mc values correspond to the
effective crosslink density of the bulk hydrogel phase. While CNF contributes additional
physical crosslinking, these effects are implicitly included in the measured swelling
behaviour and polymer density parameters, yielding comparable trends to those expected

from a dual-network model.
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As expected, hydrogel samples with higher swelling degrees exhibited larger Mc values,
indicating a looser network structure with longer polymer chains between crosslinking
points. On the other hand, samples with lower swelling showed smaller Mc values, which
meant a denser, more tightly crosslinked network. Increased crosslink density restricts the
mobility of polymer chains and limits water uptake.

Porosity and pore size analyses also support the interpretation of Mc differences.
Hydrogels with lower Mc values demonstrated more compact and less porous structures,
while those with higher Mc values showed more open and interconnected porous
networks. This morphological evidence aligns with the idea that tightly crosslinked
networks (shorter Mc) form smaller, more constrained pore structures due to limited chain
flexibility during gelation.

In addition, while CNF is intrinsically hydrophilic due to its abundance of hydroxyl
groups, increasing its content in the hydrogel matrix did not result in a decrease in water
contact angle (Nie et al., 2021). On the contrary, samples with higher CNF loading
exhibited a slight increase in contact angle. This unexpected trend can be attributed to the
overall densification of the hydrogel network, as confirmed by the reduced Mc values and
lower swelling ratios. The denser crosslinked structure, which was characterized by
shorter polymer chain lengths between crosslinks, likely restricted the diffusion and
penetration of water molecules into the 3D network. As a result, although the surface may
contain hydrophilic functional groups, the physical barrier posed by the tightly packed
network reduces the apparent wettability, leading to an increase in the measured contact

angle.
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S4.3 Adsorption performance

Figure S4.3 illustrates different uptake behaviors for each ion; the adsorption ge mg/g of
Na* and Mg?* ions onto the M» s hydrogel was observed for 300 minutes. At 30 minutes,
both ions showed the ability of fast adsorption on the hydrogel composite, with Mg?*
reaching 1.54 mg/g + 0.08 and Na* reaching 1.3 mg/g + 0.06. One of the reasons the
hydrogel's negatively charged functional groups, such as carboxylate (-COO~) and
sulfonate (-SOs7), which promote cations' electrostatic attraction and another reason
provide many clean sites, are responsible for this rapid absorption. At 90 minutes, the
adsorption was almost at equilibrium, with Mg?* reaching an adsorption capacity of 1.73
mg/g +0.08 and Na* reaching 1.8 mg/g +0.09, leading to stronger electrostatic interactions
with the hydrogel matrix. However, similar equilibrium adsorption capacities suggest that
ion size and hydration energy also play significant roles in adsorption. After that, the
amount of change became very slight. At the end of the adsorption period test at 300 min,
the adsorption value of Na was 1.88mg/g +0.09, and Mg was 1.81mg/g £0.09. The results
of this study are consistent with those of earlier research on polysaccharide-based
hydrogels, which indicated the successful adsorption of metal ions by processes that
included both electrostatic interactions and ion diffusion into the hydrogel network
(Alsaka, Ibrar, Altace, Zhou, Chowdhury, Maryam, et al., 2024; Ibrar et al., 2023). The
adsorption capacity of the Mazs hydrogel is examined by analyzing its composite
components, which include CNFs, kC, GO, and GA. CNFs' large surface area and
mechanical strength strengthen the hydrogel and provide many ion adsorption
sites(Zhang et al., 2021; Y. Zhang et al., 2020). kC increases adsorption capacity by
introducing negatively charged sulphate groups (-SOs”), which facilitate electrostatic
interactions with cationic species like Na* and Mg?*. GO adds functional groups like
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carboxyl (-COOH) and hydroxyl (-OH), boosting active site density and generating a
porous network for ion transport(Deshwal et al., 2023). GA crosslinks polymer chains
with covalent bonds to strengthen them. Overcrosslinking reduces the hydrogel's swelling
ratio and functional groups needed for ion adsorption (Mohammed, Hegab, & Ou, 2022).
These components work together to create a hydrogel with a strong, porous structure and

a high functional group density that can adsorb cationic species from aqueous solutions.
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Figure S4. 3. The adsorption capacity of Na* and Mg?* on the hydrogel.
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Figure S4. 4 .Viscosity and shear stress of the composite hydrogel membranes.
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Table S4. 6: Comparative Summary of CNF, GO, and kc-Based Composite Membranes and Hydrogels for Advanced Water Treatment and

Desalination.
Type of Hydrogel | Type of Filtration | Water Flux Rejection (Ion/ | FRR (%) and | Summary of Reference
/ Membrane /permeability Salt / TDS) Mechanical Performance
Strength
(MPa)
GO/CNF network | Nanofiltration 139+19 >90% for Rose An efficient (Mohammed et
cross-linked with | (aqueous & (water); 4.1 + Bengal & combination of al., 2022)
GA organic) 0.35 (ethanol) Brilliant Blue GO’s molecular
dyes sieving and CNF’s
13.9 permeability. GA
L-m™2-h"-bar™’ crosslinking
improved selectivity
and reduced
swelling.
Demonstrated stable
nanofiltration
performance across
solvents.
GO-CCNC Nanofiltration 12.74 L >95% for dyes >90 CCNC intercalation | (Lyu, Zhang,
(carboxyl- m 2 h ! bar’! (SY, MB, RhB); increased GO Wang, & Pu,
modified nano- 80.6% interlayer spacing, 2018)
crystalline (Naz2S0a); improving flux.
cellulose) 75.5% (MgSO4) Membrane showed
membrane high dye rejection

and moderate salt
rejection.
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Demonstrated
strong antifouling
and 90% flux
recovery post-
cleaning.

Ultrathin GO
layer on CNF
membrane
(crosslinker-free

Microfiltration /
Nanofiltration

18123 + 574
Lm2h! bar’!

>90% for
charged dyes
(cationic &
anionic)

High (dry &
wet stability)

GO-CNF (1:100)
layered membrane
achieved ultrafast
flux due to
standing-inserted
GO nanosheets
forming
nanochannels.
Strong negative zeta
potential improved
electrostatic
rejection. Excellent
mechanical and
chemical
robustness.

(Liu, Zhu, &
Mathew, 2019)

GO Composite
Loose
Nanofiltration
(LNF) Membrane

Loose
Nanofiltration
(Dye—Salt
Separation)

15-30 Lm 2 h!
bar!

>95% (dyes);
high salt
permeability

>85

GO-based LNF
membranes exhibit
high dye retention
and salt
permeability via
spatial and
electrostatic
repulsion
mechanisms.
Demonstrate

(Kong et al.,
2024)
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excellent fouling
resistance,
antibacterial
activity, and long-
term stability for
textile wastewater
treatment.

Superhydrophilic | Oil/Water 0.96 m**h™"m2 | 99-99.8% ~100 (10 Fabricated via (Ao etal., 2017)
GO@Electrospun | Separation (~960 L-m2-h™") | (hexane, cycles) electrospinning and
CNF Hybrid (Gravity-Driven) toluene, GO coating;
Membrane petroleum ether) | High; superhydrophilic
corrosion- and underwater
resistant superoleophobic.
High flux,
antifouling, and
stability in acidic,
alkaline, and saline
media.
Environmentally
friendly, no toxic
reagents used.
kC—GO/PEI Nanofiltration / 7.72 (optimized, | NaCl: 93%; 90.93 (after 3 | GO enhanced (Kardani et al.,
Nanocomposite Heavy Metal 20% > baseline MgSOsa: cycles) hydrophilicity and 2025)
Hydrogel Recovery & 6.44) LMH 97.13%; Pb, Co: permeability; PEI
Membrane Wastewater 99.7%; Cu: improved structural
Valorization 94.11%; Li: stability and metal
94.48% selectivity. The

membrane achieved
near-complete
removal of multiple
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metals (Cd, Zn, Fe,
Mn, Cr, Ni, Pb, Co,
Cu, Li) with high
flux recovery,
demonstrating
strong
permselectivity and
antifouling
capability for
sustainable
wastewater
treatment.

kC/GO-Coated
UA-60
Membrane

Nanofiltration /
Leachate
Wastewater
Treatment

54-60 LMH

MgSOs 95%,
NaCl 23%

95.7%

Cross-linked kC-
GO layer increased
hydrophilicity
(WCA 29.9°),
negative charge
(—21.4 mV), and
antifouling;
excellent FRR and
low fouling
(18.9%).

(Yadav, Ibrar,
Altaee, Samal,
& Zhou, 2022)

kC / PSF/ (Ag—
GO) Hybrid
(GS3)

Nanofiltration /
Heavy Metal
Removal

213.12 LMH

Fe?": 98.1;
Mn?*: 99.8

Fabricated via wet
phase inversion
using green solvent
DMSO.
Incorporation of k-
Car and Ag-GO
NPs increased
hydrophilicity

(Baharudin et
al., 2025)
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(WCA from 68.5° -
57.3°) and porosity
( from 63% - 88%)).
Exhibited excellent
Fe?*/Mn?** rejection

(>98%) and
sustainable
membrane
structure.
kC-CNF/GA- Seawater 24.6 LMH Stage 1: 92.7— 89.7% The kC—CNF/GO—- | This Study
GO-GA Desalination / Ion 85; Stage 2: GA hydrogel
Hydrogel Separation/gravity 82.3-79.6; Final exhibited a well-
filtration TDS =692 defined porous
mg-L™ (=98% morphology and a
ion removal) uniform GO

coating. CNF
addition enhanced
stiffness and
decreased pore size,
resulting in lower
flux but improved
salt rejection.
Reusability tests
showed stable ion
removal efficiency
and high flux
recovery across
multiple cycles. The
membrane provides
an eco-friendly,
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low-cost approach
for seawater
treatment with
consistent
desalination
performance.
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Chapter 7 Conclusions and recommendations for future work

Kappa-carrageenan-based hydrogels are characterized as surprisingly versatile materials,
with a range of applications that is so broad. Biodegradable, highly adaptable, depending
on what nanoparticles combine with and the method used to prepare. This kind of

flexibility makes a strong option for treating various types of wastewater.

This study examined the development and application of hydrogels made from kappa-
carrageenan (kC) for wastewater purification in various forms and modifications. The
findings demonstrated the adaptability, sustainability, and excellent performance of kC-
based hydrogels in treating different types of wastewater, including landfill leachate, soil
remediation effluent, wastewater rich in metals, and seawater. Hydrogels are promising
materials for purifying water. They purify water efficiently and cost-effectively due to
their unique three-dimensional structures, large surface area, and quick regeneration
capabilities. These hydrogels can absorb organic pollutants and heavy metals, making

them suitable for emergency and environmentally friendly water treatment.

Chapter three investigated a kappa carrageenan-vanillin composite hydrogel filter for the
treatment of ions and wastewater. The composite filter demonstrates excellent potential
for contaminant removal from both synthetic and natural landfill leachate feed solutions.
As a natural crosslinking and functionalizing agent, vanillin enhanced the chemical
stability of the hydrogel matrix and increased adsorption efficiency. The results confirm
the concept that such biopolymer-based materials can be effectively engineered for the
removal of heavy metals and organic contaminants while maintaining biodegradability
and cost-effectiveness. Among all the hydrogels, the 3% kC-V hydrogel achieved an 80%

+5 rejection rate for divalent ions and a 42% =5 rejection rate for monovalent ions.
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Furthermore, the hydrogel exhibited high water flux, ranging from 30.8 L/m?h to 44
L/m?h for synthetic feed solutions and 26 L/m?h for leachate wastewater, along with an
excellent rejection rate for turbidity, organic matter, and metal ions. These features are
significant for treating biomedical and hospital wastewater, where the waste contains
potentially infectious materials, and their management is highly regulated, critical, and
costly.

Chapter four of the thesis study developed an environmentally sustainable and cost-
effective gravity-driven kappa-carrageenan (kC)-based hydrogel for the removal of
perfluorooctanoic acid (PFOA) from both artificial and actual wastewater. Two kC
hydrogel filters were prepared by mixing activated carbon (AC) or vanillin (V) with the
kC hydrogel to optimize selectivity and water permeability. Experimental work revealed
that both the PFOA rejection and water permeability increased with higher concentrations
of AC and V in the kC hydrogel. The experiments also evaluated the impact of feed pH,
PFOA concentration, hydrogel composition, and hydrogel thickness on performance.
Incorporating vanillin and AC into the kC hydrogel significantly enhanced the porosity
of the kC-3%V membrane from 62.8% + 5 to 79.1% = 5 and up to 89.7% in the kC-
0.3%AC. When evaluating the hydrogel's performance against PFOA, notable pH-
dependent variations in rejection were observed. The hydrogel rejection of PFOA is pH-
dependent, with the kC-0.3%AC hydrogel achieving an 86.9% rejection at pH 4, while
the kC-3%V showed an 85.7% rejection. The experiments also exhibited a decline in
water flux at higher PFOA concentrations and pH levels for both kC-0.3%AC and kC-
3%V hydrogels. The study revealed that PFOA rejection increased with concentration,
indicating that elevated PFOA levels restrict water passage by occupying pore spaces.

When tested for soil remediation wastewater treatment, the kC-0.3%AC hydrogel
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removed 81.1% PFOA at a water flux of 25.6 LMH, while the kC-3%V hydrogel removed
79.3% PFOA at a water flux of 21.5 LMH. However, due to pore blocking, consecutive
filtration cycles revealed a slight decline in the hydrogel's performance.

Chapter five investigated the feasibility of applying crosslinked kC-AC for wastewater
treatment and resource recovery. The kC-AC hydrogel was crosslinked with PEI for
wastewater treatment. The kC-AC/PEI hydrogel composite is characterized by a high
rejection of divalent ions in wastewater, achieving selectivity of 87.1% for Ca*" and
82.9% for Mg**. Monovalent ions such as Na" and K* were rejected at rates of 46.9% and
74.4%, respectively. The optimal rejection for divalent ions occurred at pH 4 and 35 °C.
As for feed pressure, the water flux increased with the feed pressure while the rejection
rate decreased slightly. The hydrogel removed 94%—97 % of turbidity and TOC, as well
as 47% of sodium ions and 81%—87 % of divalent ions from leachate wastewater. The
hydrogel, noted for its ability to maintain structural integrity and performance, remained
stable over multiple cycles, showing only slight reductions in heavy metal rejection and
water flux, from 32.3 LMH to 28.2 LMH. Furthermore, the study highlighted the
feasibility of reusing the hydrogel after metal desorption without significantly reducing
its rejection rate for divalent ions, which remained below 5%. Approximately 70% of

heavy metals were reclaimed through a reverse osmosis (RO) system.

Chapter six exhibited the Kappa-carrageenan-cellulose nanofiber composite hydrogel,
covered with graphene oxide and crosslinked with glutaraldehyde, exhibited efficient and
selective ion extraction from seawater, with high rejection rates of 90% for Na*, 91.7%
for Mg?*, and K* had a lower rejection rate of 84.9%. With graphene oxide incorporation,
the kC hydrogel acquired improved antifouling and rejection properties, eliminating etra

and divalent ions (Si** and S**) at 88.7% to 89.4% and demonstrated robustness to fouling
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with a flux recovery ratio of 89.7% + 4.5 for seawater treatment, exhibiting a water flux
decline ratio (DR) of 43.1 + 0.2%. The antifouling properties are shown by only a 10.3%
+ (.8 irreversible water flux decline after three filtration cycles while maintaining above

80% for FRR%.

Another critical point is how effectively hydrogel can trap and remove heavy metals and
nutrients, whether used as a bulk gel or as part of a membrane. kC hydrogel also appears
to perform well under various environmental conditions, which is a significant advantage
when dealing with fluctuating water quality. However, the optimal combinations and
concentrations for specific situations need to be determined. Not every formulation

functions the same way, and adjusting the mix is essential.

Notably, these hydrogels derived from natural sources make them significantly more
appealing in the long run. They provide a unique balance between performance and
sustainability. Future work should focus more on practical testing, experimenting with
them on methanol, as well as short- and long-chain PFAS compounds to assess their
reusability and obtain a clearer understanding of their environmental impact through
thorough lifecycle studies. A pilot plant test is recommended to demonstrate the feasibility
of scaling up the technology of kC hydrogels, which would play a crucial role in future

water treatment strategies.

Further studies should move beyond controlled lab conditions and begin testing kC
hydrogels in more realistic settings, such as pilot-scale systems or actual field sites. Real-
world testing is essential to understand how these materials perform over time and under
various environmental pressures. Regeneration and long-term performance are crucial for

keeping costs low and enabling reuse. To enhance treatment accuracy, future studies
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should concentrate on developing hydrogels that target specific pollutants like PFAS,

heavy metals, and nitrogen and phosphorus nutrients in wastewater.

A comprehensive life cycle assessment, encompassing everything from hydrogel
production to disposal, will clarify the true environmental impact. Without this crucial
step, sustainability initiatives remain unfinished. Investigating these areas with a practical
approach facilitates the transition of this technology from bench-scale potential to real-

world effectiveness.
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