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Abstract 

Water is the elixir of life; however, it is being increasingly contaminated by a wide 

variety of contaminants from industrial, municipal and agricultural sources like dyes, heavy 

metal ions, food additives, pharmaceuticals, detergents, agrochemicals etc. Among the various 

water treatment technologies employed for the treatment of wastewater, adsorption is a 

technique which when implemented using well-designed system provides high quality treated 

water at an affordable cost. Activated carbon is the conventionally used adsorbent for water 

treatment. However, its production is energy intensive, expensive and also emits greenhouse 

gases. Hence there is an enormous interest in developing low-cost alternative adsorbents from 

industrial and agricultural waste and biomass. In this context, the use of sustainable 

nanomaterial, such as cellulose nanocrystals (CNCs) to develop sustainable platforms for 

wastewater treatment is a novel approach that has a negligible carbon footprint. CNCs obtained 

by the sulfuric acid hydrolysis of pulp fibers are rod-like nanomaterials that possess several 

interesting properties such as high specific surface area, high specific strength, hydrophilicity, 

biodegradability and surface functionalization capabilities. These properties and their large-

scale availability make them attractive candidates for use in water treatment applications. 

However, the separation of these CNCs after use in water treatment is a challenge because of 

their high colloidal stability and nano-dimensions. Incorporating these CNCs into 

nanocomposite systems that can be easily separated after use in batch and continuous water 

treatment processes is an ideal strategy to address this challenge. Also, the selectivity of pristine 

CNCs towards a wide variety of water contaminants is limited and it is essential to surface 

functionalize them to impart this selectivity. Hence, this thesis explores the (i) development of 

CNC incorporated nanocomposites and evaluation of their adsorption characteristics using 

batch and fixed bed column adsorption studies, and (ii) evaluation of the selective adsorption 

characteristics of surface functionalized CNCs and their ability to tailor the characteristics of 

the nanocomposites, for use in water treatment applications. 

In the first part, a new generation of recyclable adsorbent based on CNCs and alginate 

with superior adsorption capacity was developed. CNCs were incorporated into alginate (CNC-
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ALG) hydrogel beads and their adsorption characteristics were evaluated in detail using batch 

adsorption studies of a model organic dye, methylene blue (MB) in aqueous solution. The 

influence of various parameters such as contact time, adsorbent dosage, initial dye 

concentration, pH, temperature, ionic strength, crosslinking time and bead size on the MB 

adsorption were investigated. The measured thermodynamic parameters confirmed a 

spontaneous exothermic adsorption process. The adsorption kinetics and mechanism of 

adsorption were best described using pseudo-second order kinetic and intra-particle diffusion 

model. Equilibrium adsorption data obeyed the Langmuir adsorption isotherm and a maximum 

adsorption capacity (qmax) of 256.41 mg/g was reported, which is comparable to activated 

carbon. We demonstrated that after 5 adsorption-desorption cycles, the removal efficiency of 

MB remained at ~97%, and the CNC-ALG hydrogel beads are effective adsorbents for the 

removal of organic dyes from wastewaters. 

In the second part, the adsorption behavior of MB by CNC-ALG hydrogel beads in a 

fixed bed column was studied by varying the initial dye concentration, bed depth and flow rate. 

An unusual phenomenon was observed in the early phase of the adsorption, and the 

phenomenon was elucidated by varying other critical design parameters, such as the flow 

direction, diameter of column and composition of adsorbent. The swelling and shrinkage of 

hydrogel beads during the adsorption was responsible for the anomalous concentration versus 

time profile of the adsorption process. The qmax of the column was 255.5 mg/g, which is in 

agreement with the batch study determined from the Langmuir adsorption isotherm. Moreover, 

a comprehensive understanding of the adsorption mechanism of the CNC-ALG hydrogel beads 

during the early stages of adsorption was derived from this study. 

In the third part, CNCs were surface functionalized and their applicability in 

nanocomposites for water treatment application was explored. Herein, we report for the first 

time the use of pristine and surface functionalized CNCs for the selective adsorption of a 

specific dye molecule from dye mixtures. CNCs were coated with melamine-formaldehyde 

(MF) and polydopamine (PD) to prepare surface functionalized CNCs such MF-CNCs and PD-

CNCs respectively. The selectivity of pristine and surface functionalized CNCs were 
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investigated using selective dye adsorption studies and these studies showed that pristine 

CNCs, MF-CNCs and PD-CNCs showed an affinity towards dye having specific charge or 

functional group. The ability of surface functionalized CNCs to tailor the properties of 

nanocomposites was also explored by preparing a novel nanocomposite viz., PD-CNC-ALG 

hydrogel beads. PD-CNC-ALG hydrogel beads displayed very good selectivity for dyes 

containing Eschenmoser functional group. Batch adsorption studies performed confirmed that 

these hydrogel beads possessed good adsorption capacity for MB and copper with a qmax of 

333.33 and 79.99 mg/g respectively. PD-CNC-ALG hydrogel beads can also be made 

antibacterial by chelating silver nanoparticles (Ag-NPs) onto PD-CNCs. The leaching of Ag-

NPs from the hydrogel polymer matrix was found to be negligible as these Ag-NPs are strongly 

chelated to the PD-CNCs. Such systems can be used in the disinfection of bacteria 

contaminated water. Thus, the prepared PD-CNC-ALG hydrogel beads can be considered as a 

versatile adsorbent with broad capabilities for use in wastewater treatment. 

In the fourth part, a novel nanocomposite system viz., bovine serum albumin protected 

gold nanoclusters (Au@BSA NCs) loaded cellulose nanocrystal – alginate hydrogel beads that 

can simultaneously sense and scavenge toxic heavy metal ions at low concentrations was 

developed for in situ monitoring and purification of contaminated water. These 

nanocomposites were also found to be highly selective towards mercury ions. Characterization 

of the system performed using scanning electron microscopy coupled with energy dispersive 

spectroscopy and X-ray photoelectron spectroscopy elucidated the physical and chemical 

characteristics of the system. Additionally, we proposed a new method to visualize the 

diffusion phenomenon and calculated the effective diffusion coefficient of heavy metal ions in 

the hydrogel beads by monitoring the fluorescence quenching dynamics of Au@BSA NCs 

upon binding to mercury ions. Finally, practical applications of this nanocomposite were 

demonstrated using batch adsorption experiments as well as using a dip pen device loaded with 

the hydrogel beads for in-situ monitoring of heavy metal ions in water. 

In conclusion, this thesis provides a detailed investigation on the development and 

application of CNCs incorporated nanocomposites for water treatment applications. 
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Chapter 1 

 Introduction 

1.1 Overview 

Water plays a vital role in sustaining life on earth. However, the quality of the water 

resources is deteriorating alarmingly due to the pollution caused by industrial, municipal and 

agricultural activities.1 Various physical, chemical and biological water treatment methods are 

employed to remediate the toxic organic and inorganic contaminants in water.2 Among all these 

methods, adsorption is being predominantly used worldwide due to several economic and 

environmental reasons such as low cost, insensitivity to toxic substances, simplicity in design 

and operation. High quality treated water can also be obtained at an affordable cost when a 

correctly designed adsorption system is used.2–6 Activated carbons are the commonly used 

adsorbents in water treatment processes, but their production is energy intensive, expensive 

and emits greenhouse gas. Hence to reduce the carbon footprint and usage of activated carbon 

in water treatment processes, researchers worldwide are developing non-conventional low-cost 

alternative adsorbents from natural materials, biosorbents and waste materials from agricultural 

and industrial sources.2,3,7–9 

Cellulose is one of the most abundant biopolymer available on this planet with many 

desirable properties. Hence it is a prime candidate that is considered while developing 

sustainable adsorbent platforms for use in water remediation.10 Recent advances in 

nanotechnology have provided the scope and opportunities to the fabricate nanomaterials that 

are more efficient and functional than their parent materials.11 In this context, nanomaterials 

derived from cellulose, namely cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) 

find promising application in various water treatment processes, such as adsorption, absorption, 

flocculation, membrane filtration, catalytic degradation and disinfection. Of these cellulose 

nanomaterials, CNCs possess higher surface area to mass ratio and reduced size which make 

them a superior candidate for use in adsorption of water contaminants. Studies have already 
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shown that CNCs can be used to adsorb various contaminants in water such as organic dyes, 

heavy metals, pharmaceuticals etc. The adsorption properties can also be improved by 

functionalizing them.12–14 However, the high colloidal stability and nanosize dimension of 

CNCs makes them difficult to separate from water after adsorption of contaminants and limits 

their application in large-scale water treatment processes. To overcome this limitation, it is 

ideal to incorporate CNCs into hydrogel matrices which make their separation easier after use 

in batch or fixed bed column adsorption processes. The incorporation of CNCs into these 

hydrogel matrices also help in solving some inherent limitations of these hydrogels.15–18 

Hydrogels are water-swollen crosslinked polymeric networks that are widely used across 

various fields, such as water treatment, agriculture, biomedicine etc.19,20 However, the poor 

mechanical performance and limited functionalities of these hydrogels become a bottleneck for 

their use in the majority of these applications. Various strategies are employed to address these 

limitations and the idea of introducing nanoparticles into the continuous hydrogel matrix to 

form the nanocomposite hydrogels (NCHs) has got significant consideration among these 

strategies.19,21 Various nanoparticles such as carbon nanotubes, graphene, nano/microgels, 

polysaccharide nanocrystals, clay, metallic, magnetic, silica, and bioactive nanoparticles have 

been used to reinforce NCHs.22 Among these nanoparticles, CNCs have attracted considerable 

attention because of their several unique properties such as its availability, low cost, high 

mechanical strength, high surface area per volume and aspect-ratio.10 CNCs can provide 

improved mechanical properties at very low volume fractions of the reinforced phase and also 

the surface functionalization possibilities of nanoparticles that can provide added 

functionalities to NCHs.23 CNCs also possess many benign properties, such as non-toxicity, 

biocompatibility, and biodegradability, which make it an ideal candidate for developing 

systems that are considered green.10 Additionally, it is also convenient to perform chemical 

and/or physical conjugation between CNCs and the polymer matrix because of the large 

number of hydroxyl groups on the surface of CNCs.24,25  

Considering advantages of using CNCs for adsorption and its ability to solve some 

inherent limitations of these hydrogels, we focused on developing CNCs incorporated 
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nanocomposites that can be used for adsorption of contaminants in water. Batch and fixed bed 

column adsorption studies using these nanocomposites provided a detailed understanding of 

their adsorption characteristics. Studies were also carried out to evaluate the selectivity of the 

pristine and surface functionalized CNCs. The ability of surface functionalized CNCs to tailor 

the characteristics of nanocomposites that incorporates them, for use in water treatment 

applications was also evaluated. In summary, this thesis focused on the development and 

application of CNCs incorporated nanocomposites for water treatment applications. 

1.2 Research Objectives  

CNCs are sustainable nanomaterials that possess very good surface area and a large 

number of surface functional groups that makes it an ideal material for use in adsorption. 

Several studies have also demonstrated that pristine and surface functionalized CNCs can be 

used to adsorb a variety of contaminants present in water. However, the separation of these 

nanomaterials after adsorption requires coagulation and high-speed centrifugation, which 

limits their applications in large scale water treatment processes. To address this limitation, it 

is desirable to incorporate CNCs into hydrogel matrices which make their separation easier 

after use in batch as well as continuous column adsorption processes. Also, the major design 

parameters that should be considered while developing these CNCs incorporated 

nanocomposites are (a) the ability to exploit the high surface area of CNCs within the hydrogel 

beads for adsorption and (b) the choice of the polymer used to form the nanocomposite 

hydrogel network. To best of our knowledge, no studies have provided a comprehensive 

understanding on the development and adsorption characteristics of similar CNCs incorporated 

nanocomposites. Hence the first aspect of this thesis is to develop CNCs incorporated 

nanocomposites based on the major design parameters and study its adsorption characteristics 

using batch and fixed bed column adsorption studies. Surface functionalizing the CNCs with 

appropriate functional groups and moieties can tailor the characteristics of the nanocomposites 

that incorporates them, for use in water treatment applications. To this date, no studies have 

examined this approach in detail and hence the second aspect of this thesis encompasses this. 
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Therefore, based on a comprehensive literature review, the following research hypothesis and 

research objectives were formulated for this thesis: 

Research hypothesis: 

1. Incorporation of CNCs into the alginate hydrogel beads can facilitate their easy 

separation with negligible leaching of CNCs into the treated water during batch and 

continuous water treatment operations. 

2. Surface functionalization of CNCs can tailor selectivity and adsorption characteristics 

of nanocomposites that incorporate them. 

Research objectives: 

1. Synthesize and characterize CNCs incorporated alginate (CNC-ALG) hydrogel beads 

and evaluate its adsorption characteristics for a model cationic organic dye, methylene 

blue (MB) using batch adsorption studies. 

2. Understand the adsorption behavior of MB by CNC-ALG hydrogel beads in a fixed bed 

adsorption column by varying the process parameters used in the adsorption studies. 

3. (a) Evaluate the selective dye adsorption characteristics of pristine CNCs and surface 

functionalized CNCs namely melamine-formaldehyde (MF) coated CNCs and 

polydopamine (PD) coated CNCs.  

(b) Study the ability of surface functionalized CNCs to tailor the characteristics of 

nanocomposites by using PD-CNCs incorporated CNC-ALG hydrogel beads. 

4. Develop a diffusion controlled simultaneous sensor-scavenger system for heavy metal 

ions in water based on atomically precise cluster – CNC composite. 

1.3 Thesis Outline 

This thesis consists of 7 chapters. The results from all the research work carried out as 

part of this thesis are reported in the manuscript format in chapter 3 through chapter 6. The 

scope and contents of the chapters are listed as follows: Chapter 1 briefly introduces the 

importance of adsorption in water treatment, the role of CNCs in this adsorption and the 

advantages of incorporating CNCs into hydrogels. This chapter also includes the research 

objectives and the outline of the thesis. Chapter 2 covers a detailed literature review on the use 
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of cellulose nanomaterials for various water treatment applications. This chapter also provides 

a general introduction to cellulose nanomaterials and nanocomposite hydrogels. Chapter 3 

reports on the development of CNC-ALG hydrogel beads and evaluation of their adsorption 

characteristics for MB using batch adsorption studies. Chapter 4 provides a detailed 

understanding on the adsorption behavior of MB by CNC-ALG hydrogel beads in a fixed bed 

adsorption column. Chapter 5 investigates the surface functionalization of CNCs and its 

applicability in nanocomposites for water treatment applications. Chapter 6 reports on the 

development of a diffusion controlled simultaneous sensor-scavenger system for heavy metal 

ions in water based on atomically precise cluster – CNCs composite. Chapter 7 summarizes 

the key conclusions of this research work and the major contributions of the author along with 

the recommendations for future studies.  



6 
 

Chapter 2* 

 Literature review 

2.1 Introduction 

This chapter reviews the literature related to various aspects of the research work 

performed in this thesis. Firstly, a brief introduction on cellulose nanomaterials (CNs) and its 

two major types cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) are provided. 

Preparation, properties and functionalization of CNCs are explained in more detail. Secondly, 

a detailed discussion on hydrogels and nanocomposite hydrogels (NCHs) is provided with 

emphasis on CNs incorporated NCHs. Effect of incorporating pristine and functionalized CNs 

on the properties of the NCHs are explained in more detail. Following this, a detailed literature 

review on CNs incorporated NCHs is also provided. Thirdly, a detailed literature review on the 

use of cellulose nanomaterials for various water treatment applications such as adsorption, 

absorption, flocculation, membrane filtration, catalytic degradation and catalysis is provided. 

Special effort is also made to categorize and tabulate all the reported CNs based system that 

can be used for water treatment application. A brief discussion on the future perspectives of 

CNs in water treatment applications is also included at the end of this chapter to provide a 

roadmap for research and development efforts in this area.  

 

 

 

 

 

 

 

 

*This chapter is partially adapted from a paper “Nishil Mohammed, Nathan Grishkewich and 
Kam Chiu Tam, Cellulose Nanomaterials: Promising Sustainable Nanomaterials for Sorption 
and Other Water Treatment Processes, Manuscript Under Preparation.” 
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2.2 Cellulose nanomaterials 

Cellulose is the most widely available biomaterial on the planet, having many desirable 

properties, such as biodegradability, biocompatibility, hydrophilicity, chirality and high 

functionality. Its chemical structure consists of repeating β-D-glucopyranose units, classifying 

it as a carbohydrate polymer.10 Cellulose fibers contain both loosely packed amorphous regions 

as well as tightly packed highly crystalline domains, and various processing techniques have 

been used to produce cellulose nanomaterials (CNs) of varying morphologies and physical 

properties.  

Over the last 10 years, several nomenclatures have been used to describe various forms 

of cellulose derived nanomaterials. Some of these include; nanocrystalline cellulose, 

microcrystalline cellulose, cellulose nanowhiskers, polysaccharide nanocrystals, cellulose 

nanocrystals, nanocellulose, cellulose nanofibrils, cellulose microfibrils, cellulose nanofibers, 

cellulose microfibers, nanofibrillated cellulose, microfibrillated cellulose, Avicel, bacterial 

cellulose and any combination of the above. To consolidate the nomenclature, the Technical 

Association of the Pulp and Paper Industry (TAPPI), US Department of Agriculture, US Forest 

Service and various Canadian entities have unified the classification of CNs into two main 

groups, namely cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs).12  

Both these nanomaterials can be produced from various cellulosic sources, but they differ 

in the way they are manufactured. CNFs are produced by mechanical disintegration of plant 

cellulose fibers in an aqueous medium, such as homogenization, extrusion, or grinding. CNFs 

prepared in this manner can have lateral dimensions of 5-100 nm, and lengths of 0.5-5 μm, and 

are only 60 – 80% crystalline. Often cellulose fibers are pre-treated using various chemicals, 

such as 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), glycidyltrimethylammonium chloride 

(GTMAC) and periodate-chlorite in order to lower the mechanical energy required when 

processing raw fibers to yield CNFs.26,27 CNFs can also be directly extracted from certain types 

of bacteria such as Acetobacter xylinum and Gluconacetobacter xylinus, which is often referred 

to as bacterial cellulose. Bacterial cellulose by definition and according to their dimensions 

(lateral dimensions of 10 nm and lengths of 1000 nm) are classified under CNFs.12,28 CNCs, 
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on the other hand, are produced by the acid hydrolysis of the plant cellulose fibers and more 

details regarding this group of CNs are mentioned in the following section. Some 

representations of the various forms of CNs are summarized in Figure 2.1.29 Figure 2.1 

comprises of scanning electron microscope (SEM) and transmission electron microscopy 

(TEM) images of various forms of CNCs. 

 
Figure 2.1. Micrographs of CNs: (a) SEM of wood fiber, (b) SEM of microcrystalline cellulose 
(MCC), (c) TEM of MCC (d) TEM image of TEMPO-CNFs, (e) TEM of wood CNCs, (f) TEM 
image of tunicate-CNCs, (g) TEM of algae CNCs (h) SEM image of bacterial cellulose.29 
(Reprinted with permission from ref. 29 © 2011 Royal Society of Chemistry) 

2.2.1 Cellulose nanocrystals 

CNCs are produced by acid hydrolysis of cellulose fibers that disintegrates the 

amorphous regions to produce well-defined crystalline domains. CNCs derived from plant 

sources possess lateral dimensions of 5-70 nm, with lengths ranging from 100-250 nm. When 

they are produced via sulfuric acid (H2SO4) hydrolysis, the resulting nanocrystals are decorated 

with negatively charged sulfate ester groups.10,30 These sustainable nanomaterials possess very 

high specific surface area, good mechanical strength, biodegradability and high surface 

functionality. They are stiffer than aluminium and stronger than steel.31 Depending on its 

source, they also possess a high aspect-ratio (length/diameter) varying between 30 to 150.32 

Sulfate ester groups are introduced to the surface of CNCs when they are produced by the 
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H2SO4 hydrolysis of cellulose and deprotonation of these sulfate groups in aqueous solutions 

gives CNCs their characteristic negative charge.33 CNCs can form stable aqueous solutions due 

to the repulsion between these negatively charged sulfate ester groups on them,34 and above a 

critical concentration these suspensions can also form chiral nematic ordered phases in 

solutions.33 Figure 2.2 shows a schematic representation of cellulosic chain and its constituents. 

 
Figure 2.2. Schematics of (a) a single cellulose chain (b) a cellulose microfibril showing 
ordered (crystalline) and disordered (amorphous) regions (c) CNCs after acid hydrolysis 
dissolved the dissolved regions.35 (Reprinted with permission from ref. 35 © 2010 American 
Chemical Society) 

CNCs also possess a reactive surface covered with numerous active hydroxyl groups that 

can be employed for a wide variety of functionalization depending on the desired application. 

Surface functionalization of CNCs are usually done to make them possible for use as 

reinforcing agents in composite materials or to serve specific functions in novel nanomaterials 

that can find potential applications in various industrial sectors such as personal care, 

biomedical etc.10,36 There are various ways in which CNCs can be functionalized and some of 

the most important strategies reported in literature are esterification,37 cationization,38 

carboxylation,39 silyation,40 and polymer grafting.41 Recent reports by our group also suggests 

that CNCs can be easily surface functionalized by coating it with polydopamine (PD),42,43 and 

melamine-formaldehyde (MF).44,45 Figure 2.3 is a schematic diagram illustrating the various 

types of chemical modifications on CNC surface.10 
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Figure 2.3. Schematic diagram illustrating the various types of chemical modifications on 
CNC surface.10 (Reprinted with permission from ref. 10 © 2011 John Wiley and Sons) 

PD possesses abundant functional groups such as catechol groups, amine groups and 

aromatic moieties that make it a promising material for various applications.46 It can be coated 

as a thin layer onto virtually any material by spontaneous oxidation of dopamine in an alkaline 

aqueous solution,47 and this strategy was employed by our research group to surface 

functionalize CNCs.42,43 Figure 2.4 is a schematic representation of the oxidative 

polymerization of dopamine to form PD.48 There are various factors that determine the coating 

of PD such as the concentration of dopamine, type of buffer used, the pH value of the reaction 

solution, use of oxidant, reaction time and temperature. The effects of all these parameters have 

been studied in detail previously.46 The versatility of this PD coating also allows for further 

modification of substrates as in conjugation of biomolecules onto various surfaces,49 and the 

creation of antibacterial surfaces by in situ deposition of silver nanoparticles.50 

 
Figure 2.4. Schematic representation of the oxidative polymerization of dopamine to form 
Polydopamine.48 (Reprinted with permission from ref. 48 © 2013 Royal Society of Chemistry) 
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MF resins are formed via the condensation reaction of formaldehyde with melamine.51 

MF can be easily coated onto CNCs via in situ polycondensation of the MF resin onto the 

surface of CNCs. This introduces a high amount of amine content on the surface of CNCs and 

this is a simple strategy to introduce nitrogen content on the surface of CNCs. Moreover, the 

coating of MF is porous in nature which can be a beneficial aspect for the adsorption 

characteristics of MF-CNCs. The synthesis of MF coated CNCs can be carried out using a 

simple procedure, which is considered to be highly efficient and industrially scalable.44,45 

Figure 2.5 is a schematic illustration of the idealized chemical reactions leadings to MF resin.  

 
Figure 2.5. Schematic illustration of the idealized chemical reactions leadings to MF resin. 

2.3 Hydrogels 

Hydrogels are water-swollen, crosslinked three-dimensional polymeric network 

structures that find applications in water treatment (adsorption of dyes, heavy metals and other 

organic contaminants), agriculture (controlled release of agrochemicals), biomedical field 

(wound dressing, tissue engineering, artificial muscles, drug delivery, contact lens), sensors, 

chemical valves, separation devices, filters, optically transparent materials, metal particle 

preparation and catalysis.19,20 Hydrogels have gained particular interest in the field of 

wastewater treatment due to their high adsorption capacities and regeneration abilities that 

make them reusable for continuous processes.52 They are also widely used in biomedical 
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applications such as tissue engineering because of their highly hydrated 3D porous structure 

that mimics the biological tissue.53 They contain a definite proportion of hydrophilic and 

hydrophobic parts wherein the hydrophilic chains are crosslinked by physical, ionic or covalent 

interactions. Because of these crosslinked hydrophilic chains, hydrogels swell when placed in 

an aqueous solution without either dissolving or considerably changing their shape in response 

to environmental stimulants, such as pH, ionic strength, solvent composition, light or electrical 

field.54,55 

2.4 Classification of hydrogels 

Hydrogels can be classified in several ways depending on their method of preparation, 

nature of crosslinking, rate of biodegradation, ionic charges, sources or nature of swelling with 

changes in environment.56 Figure 2.6 shows the classification of hydrogels based on these 

various aspects. Based on the method of preparation, hydrogels can be classified as 

photopolymer hydrogels, copolymer hydrogels and interpenetrating network hydrogels. 

Homopolymer hydrogels are produced by crosslinking of only one type of hydrophilic 

monomer unit whereas copolymer hydrogels are produced by crosslinking of chains composed 

of co-monomer units, where at least one must be hydrophilic to render them water swellable. 

Interpenetrating network hydrogels are produced by polymerizing a monomer within a pre-

formed crosslinked hydrogel network so that the second crosslinked structure formed by the 

polymerization of the monomer intermeshes with the first network.20 Depending on the type of 

crosslinking, hydrogels can be categorized into chemically crosslinked and physically 

crosslinked hydrogels. Chemical or physical crosslinking of the polymeric chains in the 

hydrogels determines their network stability in their swollen state. Chemically crosslinked 

hydrogels also known as thermosetting or permanent hydrogels, cannot be dissolved in any 

solvents unless the covalent crosslink points are cleaved or be reshaped via temperature 

increase. On the other hand, the presence of reversible crosslinking points in the physically 

crosslinked hydrogels also known as thermoplastic or temporary hydrogels allows for solvent 

casting and/or thermal processing. Hydrogels can also be categorized based on the ionic 

charges on their polymeric backbone, rate of biodegradation and their physical properties.56 
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Figure 2.6. Classification of hydrogels.56 (Reprinted with permission from ref. 56 © 2011 
Intech Open) 

2.4.1 Preparation of hydrogels 

Hydrogels are prepared by swelling crosslinked network structures in water or biological 

fluids. These crosslinked network structures can be prepared by several methods, such as 

physical crosslinking, chemical crosslinking, photopolymerization or irradiative 

crosslinking.57 Physically crosslinked hydrogels can be obtained by either heating/cooling a 

polymer solution, ionic interaction, complex coacervation, H-bonding, maturation (heat-
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induced aggregation) or freeze-thawing.58 Chemical crosslinking involves the direct reaction 

of a linear or branched polymer with the help of a di or multifunctional functional, small 

molecular weight crosslinking agent. Copolymerization crosslinking reaction between one or 

more monomers and a multifunctional monomer that is present in relatively small quantities 

can also be employed to prepare chemically crosslinked hydrogels. Another method to form 

crosslinked network structures is by combining monomer and linear polymer chains that are 

crosslinked using an interlinking agent in the presence of ultraviolet (UV) light. Electron 

beams, gamma rays or x-rays are utilized in ionizing radiation crosslinking to excite a polymer 

in order to produce crosslinked structure via free radical reactions.20 

2.4.2 Limitations of hydrogels 

Even though hydrogels gained a lot of interest due to their high adsorption capacities, 

their low mechanical stability and gel strength limits their application in wastewater 

treatment.54 Burst release of the active constituents entrapped within hydrogels upon contact 

with the surrounding media is another major obstacle. This burst release could be attributed to 

highly hydrated and hydrophilic microstructure of the hydrogels.59,60 And this could possibly 

restrict the application of hydrogels loaded with active water treatment agents. 

Recently, several approaches are being studied for improving the gel strength and 

reducing the burst release. This include approaches such as increasing the crosslinking density, 

surface crosslinking, double network gels, interpenetrating gels, semi-interpenetrating gels and 

nanocomposite or hybrid gels.19,21 Among all these strategies the introduction of reinforcing 

nanoparticles into the continuous hydrogel matrix to form nanocomposite hydrogels has 

attracted a great deal of attention recently. This is because nanoparticles that can provide 

enhanced functionalities like stimuli responsiveness depending on its inherent properties can 

also provide significant improvement in the mechanical properties at a very low volume 

fraction of the reinforcing phase.23 
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2.5 Nanocomposite hydrogels 

Nanocomposite hydrogels (NCHs) are generally defined as crosslinked polymer network 

structures swollen with water in the presence of nanoparticles or nanostructures. Nanoparticles 

present in these NCHs either crosslink the hydrogel, adsorb or attach to polymer chains or add 

new properties to the hydrogel by simply being entrapped within the hydrogel network. 

Nanoparticles commonly used in NCHs include polysaccharide nanocrystals, clay 

nanoparticles, hydroxyapatite nanoparticles, metallic nanoparticles,  magnetic nanoparticles, 

colloidal nanoparticles like micelles and nanogels, carbon nanotubes, and semiconducting  

nanoparticles.22 Also, depending on the type of nanoparticles used, unique properties such as 

stimuli responsiveness can also be added to polymer hydrogels which makes them promising 

materials for applications in electronics, optics, sensors, actuators, microfluidic sectors, 

catalysis, separation devices, drug delivery and many other biotechnological areas.61  

2.5.1 Preparation of nanocomposite hydrogels 

NCHs can be prepared by incorporating the nanoparticles into the polymeric hydrogel 

matrix via three basic approaches: (1) Mechanical mixing of a polymer with nanoparticles 

followed by gelation, (2) In-situ synthesis of nanoparticles using a hydrogel matrix as template 

and (3) Polymerization in the presence nanoparticles. All these approached are explained in 

detail with the help of suitable examples in the following sections. 

2.5.1.1 Mechanical mixing followed by gelation 

The simplest method to prepare NCHs is to initially prepare a physical mixture of 

nanoparticles and polymer in a sol phase by mechanical mixing and then induce gelation, either 

via a change in temperature, pH or addition of crosslinking species. Depending on the type of 

crosslinkers used, hydrogels can be either physically or chemically crosslinked. The main 

advantage of this approach is that the size, morphology and surface properties of the 

nanoparticles used in these NCHs can be properly defined and designed. If necessary, 

preparation of nanoparticles can be performed in conditions such as extreme pH, organic 

solvents environment, high temperature and pressure that would not be compatible with the 
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preservation of hydrogel integrity and solubility. It is difficult to achieve homogeneous 

nanoparticle dispersion within the hydrogel using this approach.62 Yan et al. have prepared 

single wall carbon nanotube incorporated alginate nanocomposite hydrogels by  mechanically 

mixing the finely dispersed single-walled carbon nanotubes in a pure alginate polymer solution 

and then gelating it with the help of divalent calcium ions supplied by calcium carbonate in the 

presence of D-glucono-δ-lactone.63 Figure 2.7a shows the schematic representation of the 

mechanical mixing followed by gelation approach.62 

2.5.1.2 In situ synthesis of nanoparticles using hydrogel template 

Another way to incorporate nanoparticles into hydrogels is to use polymer hydrogel 

matrix as a template for the synthesis of nanoparticles. This strategy also referred to as bio-

templating approach should limit the diffusion issues encountered with preformed 

nanoparticles in the case of mechanical mixing. In this method, the inorganic nanoparticle 

precursors, ions or polyions are converted into nanoparticles within the hydrogel by a two-step 

reaction. During the first step, the inorganic precursor is added to the polymer sol before 

inducing gelation or is impregnated into the hydrogel matrix once the hydrogel is obtained. 

This is followed by a second step wherein the mineralization of the precursor is induced by pH 

changes, addition of reducing agent, carbonation or supplementation by other suitable reagents. 

In the case of metallic nanoparticles, metallic salts are chemically, thermally, or photo-

catalytically reduced to form nanoparticles within the hydrogels. In this method, the density 

and size of the nanoparticle can be tuned by varying the concentration of precursor salts, pH, 

and reduction time. An alternative approach is to use bi-functional ions that can serve as both 

mineral precursors and ionic crosslinkers for the gelation.62 Wang et al. have synthesized gold 

(Au) nanoparticles containing thermo-responsive nanoparticle-hydrogel composites by 

employing the in-situ method. First, they synthesized the hydrogel by crosslinking 

polymerization of poly(N-isopropyl acrylamide) and comonomers containing thiol functional 

groups that have a tendency to form complexes with Au3+ ions. The formation of colloidal Au 

nanoparticles inside the hydrogels was then modulated by an earlier prepared functional 
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hydrogel matrix after the addition of a reducing agent called sodium borohydride.64 Figure 2.7b 

shows the in situ synthesis of nanoparticles using hydrogel template.62 

2.5.1.3 Polymerization in the presence of nanoparticles 

  NCHs can also be prepared by polymerizing the monomers from the surface of 

nanoparticles. Here the nanoparticles act as both fillers and multifunctional crosslinks. Yang et 

al. have prepared highly flexible NCHs using silica nanoparticles (SNPs) to graft hydrophilic 

poly (acrylic acid) (PAA) via free radical polymerization. In this study, the primary hydroxyl 

groups on the SNPs surface were first chemically modified with γ-methacryloxypropyl 

trimethoxy silane to obtain C=C groups on the surface. This surface vinyl group functionalized 

SNPs were dispersed in the acrylic acid monomer solution and initiator ammonium persulfate 

was added. Ammonium persulfate decomposed under heat to produce free radicals that initiated 

the polymerization of acrylic acid to form in-situ SNPs reinforced NCHs via a grafting-from 

method.65 

 
Figure 2.7. (a) Mechanical mixing followed by gelation approach. (b) In situ synthesis of 
nanoparticles using hydrogel template.62 (Reprinted with permission from ref. 62 © 2012 John 
Wiley and Sons) 
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2.5.2 Cellulose nanomaterials incorporated nanocomposite hydrogels 

Nanoparticles are normally incorporated into hydrogels to tailor the various properties of 

hydrogels. Among all the nanoparticles used in NCHs, cellulosic nanomaterials (CNs) have 

attracted significant attention, because of their distinct biocompatibility, biodegradability and 

other attractive properties like good processability, high water holding capacity, low density, 

low cost, non-toxicity and high crystallinity. CNs can itself act as a very good reinforcing agent 

because of their high strength to aspect ratio and high specific active surface area. Additionally, 

it is also convenient to perform chemical and/or physical conjugation between CNs and the 

polymer matrix because of the large number of hydroxyl groups on the surface of CNs.24,25 

CNs can be surface functionalized with carboxyl, amine, aldehyde and silane groups, in 

addition to polymer graftings to prepare NCHs with functional properties compared to pristine 

CNs containing NCHs. The following subsections discuss some examples of pristine and 

functionalized CNs incorporated NCHs and the effect of pristine and functionalized CNs on 

the properties of NCHs. 

2.5.2.1 Pristine cellulose nanomaterials incorporated hydrogels 

Zhou et al. have synthesized polyacrylamide (PAM) hydrogels reinforced with CNCs 

through in situ free radical polymerization. Here, the PAM-CNC NCHs were prepared by free 

radical polymerization of acrylamide (AM) monomer in aqueous suspensions of CNCs. CNCs 

were first dispersed homogeneously in solution and then redox initiators potassium 

persulfate/sodium bisulfite were added into the solution to induce hydroxyl group on the 

surface of CNCs to produce radicals. Subsequently AM monomer and crosslinker N,N’-

methylenebisacrylamide (NMBA) were added into the previous solution mixture and stirred in 

a nitrogen atmosphere. Grafting points between CNCs and PAM chains arises as a result of 

covalent bonding and hydrogen bonding C–O formation between the free radicals formed on 

the surface of CNCs and the double bonds of AM monomer. Simultaneously, homo 

polymerization of AM to grow PAM macromolecule chains is initiated by other free radicals 

in solution and NMBA crosslinks these chains to form a PAM hydrogel network containing 

CNCs. They also studied the swelling properties of CNC reinforced PAM hydrogels and found 
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that the equilibrium swelling ratio gradually decreased with increasing CNC content. This 

decrease in swelling capacity of hydrogels with the increase in CNC content is due to the fact 

that only small amounts of water is absorbed by hydrophilic groups of CNCs and the increasing 

crosslinking density due to the formation of more junctions in the hydrogel structure by the 

CNCs acting as multifunctional crosslinkers. It was noted that equilibrium swelling ratio 

decreased up to a threshold CNC content, above which it showed a slight increase, which is 

attributed to the probable disturbance of large amounts of CNCs in the crosslinking 

polymerization reaction that inhibits some of the crosslinkers to react with the monomers. 

Compression stress and elastic modulus of the gel increased with CNC content until it reached 

a threshold CNC content. Beyond the threshold CNC content, the effective crosslinking density 

decreased because CNCs at a higher concentration aggregated. Hence, the decrease in stress of 

the gel after critical threshold CNC content can be attributed to the reduced dispersion quality 

of nanocrystals and the low crosslink density of hydrogels with higher CNC content. Thus, it 

could be explained that the swelling ability and mechanical properties of hydrogels depended 

on the nanofiller/matrix interactions and dispersion quality of nanofillers in the matrix.66 Figure 

2.8 shows the schematic representation of gelation mechanism of PAM-CNC NCHs. 

 
Figure 2.8. Scheme of the gelation mechanisms of PAM-CNC NCHs.66 (Reprinted with 
permission from ref. 66 © 2011 Elsevier) 

Han et al. have synthesized CNs reinforced polyvinyl alcohol-borax (PB) hydrogels 

using a facile approach in aqueous medium. CNs like CNCs and CNFs were homogeneously 

mixed with polyvinyl alcohol (PVA) solution and crosslinked using borax crosslinker using 
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optimum process conditions to prepare these NCHs. Here the CNs not only entangled with 

PVA through hydrogen bonds but also chemically crosslinked with borate ions to form 

complexes thus acting as multifunctional crosslinking agents and nanofillers to physically and 

chemically bridge the three-dimensional network of hydrogels. They also studied how the 

particle size, aspect ratio, crystal structure and crystallinity of these CNs affect the density, 

water content, optical transmittance and compression property of PB NCHs. Particle size and 

dispersion quality of the nanoparticles in the polymer system has a large influence on the visible 

light transmittance of NCHs. It was observed from the UV optical transmittance measurements 

that the transparency of the hydrogels decreases with increasing size of CNs used because 

particles of larger size scatter more visible light causing the reduction in the transparency of 

hydrogels compared to smaller ones. In addition, with increasing aspect ratio, the entanglement 

of polymeric chains and probability of the polymeric chains to contact with the surface of 

particles are promoted. These polymer chain entanglements led to the formation of numerous 

physical junctions in these hydrogels making it more compact, translucent and stronger. 

Uniaxial compression studies performed on these hydrogels revealed that the modulus and 

energy absorption of CNF reinforced PB is much higher than the CNC reinforced PBs which 

can be attributed to the larger size and aspect ratio of CNFs. This difference in mechanical 

reinforcement is due to the variation in the degree of crosslinking of hydrogels as a result of 

the difference in dimension, concentration, dispersion and polymer matrix interactions of CNs 

in the hydrogels. Homogeneous distribution of CNs led to the coexistence of chemical and 

physical cross-links in the complex network. CNs also act as multifunctional crosslinking agent 

and fillers to bridge the hydrogel network contributing to the enhanced reinforcement of the 

hydrogels.24 Figure 2.9 shows the schematic illustration of the preparation and synthesis 

process of CNs reinforced PB hydrogel. 
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Figure 2.9. Schematic illustration of the preparation and synthesis process of CNs reinforced 
PB hydrogel.24 (Reprinted with permission from ref. 24 © 2013 Springer) 

Abitbol et al. have prepared CNCs reinforced PVA NCHs with improved structural 

stabilities and distinct microstructures by cyclic freezing and thawing. It was found that water 

sorption of gels increased with CNC content due to the hydrophilic nature of the cellulose that 

reduced the PVA crystallinity. The elastic modulus of CNC-PVA hydrogels also increased 

relative to pure PVA hydrogels because of the reinforcement of CNCs. They found that the 

equilibrium swelling ratio increased with an increase in the CNC content. It was observed that 

the time required to attain the equilibrium water saturation and equilibrium mass relative to the 

initial gel mass increased with increasing CNC content because of the hydrophilic nature 

imparted to the gels by CNCs, which increased the water uptake as expected for more porous 

and/or amorphous samples. A decrease in the crystallinity or increase in the amorphous content 

of the hydrogels with CNC loading was confirmed by comparing the differential scanning 

calorimetric thermograms of pure PVA hydrogels and CNC loaded PVA hydrogels and it can 

be understood that the melting point of hydrogel decreased with increase in the CNC content. 

The decrease in the melting point in turn indicated a reduction in the crystallinity of 

hydrogels.67  
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Yang et al. have synthesized CNC reinforced polyethylene glycol (PEG) NCHs by UV-

initiated free radical polymerization at room temperature. Here the aqueous nanocomposite 

precursor solution comprising of PEG and CNCs are covalently crosslinked and this provides 

enhanced mechanical properties to this NCHs.68 Lin et al. have incorporated CNCs into alginate 

based nanocomposite microspheres for enhancing the mechanical strength and regulating drug 

release behavior. These nanocomposite hydrogel microspheres were prepared by initially 

mixing the CNCs with sodium alginate sol by ultrasonic treatment followed by ionotropic 

gelation of the nanocomposite sol in a CaCl2 aqueous solution.69 Similarly Zhang et al. have 

also incorporated CNCs into supramolecular hydrogels based on cyclodextrins/polymer 

inclusion in order to enhance the mechanical strength and regulate the drug release behaviour.25 

Karaaslan et al. have synthesized CNCs reinforced poly(2-hydroxyethylmethacrylate) 

(PHEMA) hydrogels by in situ radical polymerization of the methacrylic groups from the 2-

hydroxyethylmethacrylate modified hemicellulose coated cellulose nanowhiskers. It was found 

that the average chain length between the crosslinking points and number of effective 

crosslinks between the polymer chains were significantly different from pure PHEMA 

hydrogels that were crosslinked using the conventional crosslinking agent and the resulting 

NCHs had enhanced toughness, viscoelasticity and recovery behaviour.70 Sanna et al. have 

reported the synthesis of thermos-responsive poly(N-vinylcaprolactam) NCHs containing 

CNCs by using frontal polymerization technique. It was found that CNCs decreased the 

swelling ratio and increased the viscosity with increasing CNC content.71 Goetz et al. have 

synthesized poly(methyl vinyl ether-co-maleic acid)–polyethylene glycol NCHs crosslinked in 

situ with CNCs. Water absorption studies demonstrated that these hydrogels crosslinked by 

CNCs are capable of absorbing up to ~900%.72,73 Kelly et al. have prepared photonic NCHs by 

photopolymerization of hydrogel precursors in the presence of CNCs. These NCHs 

demonstrated long-range chiral nematic structure and showed iridescence changes in response 

to external stimuli, such as solvent, pH or temperature due to the cation exchange within the 

NCHs modulated by the CNCs.74 Spagnol et al. have synthesized two different superabsorbent 

NCHs based on poly(acrylamide-co-acrylate) matrix and starch-g-(sodium acrylate) matrix 
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filled CNCs by free radical aqueous copolymerization. These hydrogels exhibited good pH and 

salt responsive swelling behavior.75,76 

2.5.2.2 Functionalized cellulose nanomaterials incorporated nanocomposite hydrogels 

Yang et al. have synthesized injectable hydrogels based on carboxymethyl cellulose and 

dextran, reinforced with rigid rod-like pristine CNCs and aldehyde functionalized CNCs 

(CHO-CNCs). In this study, they demonstrated how injectable hydrogels can be reinforced 

physically and chemically with CNCs. A double barrel syringe was used to co-inject adipic 

acid dihydrazide modified carboxymethyl cellulose (CMC-NHNH2) and aldehyde-modified 

dextran (dextran-CHO) solutions. One of the barrels of the double barrel syringe contained 

CMC-NHNH2 and other barrel contained CNC containing dextran-CHO solution. In all cases, 

the solutions in both barrels were liquids with a very low viscosity that can gel quickly once 

mixed. The driving force for gelation is hydrazone cross-links that are rapidly formed between 

the amine groups of CMC and aldehyde groups of dextran once the components were mixed. 

In this hydrogel, the pristine CNCs were physically entrapped between the chemically 

crosslinked CNC and dextran whereas the CHO-CNCs have the potential to react with the 

CMC-NHNH2 and thus be chemically crosslinked within the hydrogels. They also compared 

the difference in mechanical and swelling properties of these two different NCHs. Results of 

rheological measurements showed that for the same loadings, hydrogels with CHO-CNCs had 

larger storage moduli than the equivalent hydrogels with pristine CNCs consistently. This is 

likely attributed to the ability of CHO-CNCs to become physically entrapped within, as well 

as chemically bound to the hydrogel network compared to pristine CNCs. It was also observed 

that beyond a particular CNC loading, there is a decrease in modulus possibly because CNCs 

sterically block the crosslinking between adipic acid dihydrazide modified carboxymethyl 

cellulose and aldehyde-modified dextran. Swelling studies on these hydrogels revealed that the 

reduction in the swelling ratio of hydrogels upon the addition of nanocrystals is only slightly 

impacted in the case of CHO-CNC reinforced hydrogels when compared to pristine CNC 

reinforced hydrogels. This is because CHO-CNCs are more entangled or covalently crosslinked 

into the hydrogels.53 Figure 2.10 is a schematic representation of the synthesis of injectable 
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hydrogels and the photographs of the injectable hydrogels reinforced with pristine CNCs and 

CHO-CNCs. 

 
Figure 2.10. (a) Schematic representation of injectable hydrogels reinforced with CNCs 
prepared using a double barrel syringe. (b) Photographs of reinforced injectable hydrogels with 
varying loadings of (A) pristine CNCs and (B) CHO-CNCs.53 (Reprinted with permission from 
ref. 53 © 2013 American Chemical Society) 

Eyholzer et al. has synthesized N-Vinyl pyrrolidine (NVP) hydrogels reinforced with 

varying concentration and degree of carboxymethyl substituted CNFs (c-CNFs), where the 

concentration and degree of substitution of c-CNFs played a role on hydrogel properties. Here 

the precursor solution containing crosslinker, photoinitiator, monomer and c-CNFs were 

properly homogenized and were then injected into the molds where it is exposed to UV light 

for photopolymerization to produce NCHs. It was observed that for all samples, the swelling 

ratio decreased with increasing concentration of pristine and functionalized CNFs and for a 

given concentration of c-CNFs, the swelling ratio generally increased with increasing degree 

of substitution. A decrease in the swelling ratio with increasing pristine and functionalized 

CNF concentration can be attributed to an increase in the stiffness of NCHs due to more 

physical entanglement of NVP and c-CNFs.  Whereas an increase in swelling ratio with 

increasing degree of substitution of c-CNFs for a given c-CNF concentration can be attributed 

to increased hydrophilicity of the hydrogel to absorb more water. It was also observed that for 

all the NCHs, the modulus of elasticity increases with increasing concentration of pristine and 

functionalized CNFs whereas for a particular c-CNF concentration, modulus of elasticity 
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decreases with increasing degree of substitution. This trend observed for modulus of elasticity 

can be explained by considering their respective trend in swelling ratios. Large standard 

deviations were observed for swelling ratio and elastic modulus values of hydrogels with 

pristine and functionalized CNF concentration above a critical threshold because of 

inhomogeneities within the hydrogels, originating from poor dispersion of the nanofibrils.77 

Way et al. have synthesized CNCs incorporated poly(vinyl acetate) (PVAc) NCHs with 

pH tunable mechanical properties by incorporating two different pH-responsive CNCs, such as 

amine functionalized CNCs (CNC-NH2) and carboxyl functionalized CNCs (CNC-COOH). 

They also studied the effects of the pH-responsive CNCs on the mechanical properties of PVAc 

hydrogel at different pH conditions. CNC-NH2 gets protonated at low pH to form aqueous 

dispersions in water because of electrostatic repulsions of ammonium moieties that inhibit 

aggregation. However, at higher pH, a transition to gel is observed when CNC-NH2 is neutral 

and attractive forces based on hydrogen bonding dominate. The CNC-COOH behaves opposite 

to CNC-NH2, where it becomes dispersible at high pH and forms gel at acidic environment.78 

Dash et al. have synthesized gelatin hydrogels with improved mechanical and thermal 

properties by crosslinking it with oxidized CNCs. Here the CNCs were oxidized in the presence 

of periodic acid to produce aldehyde functionalized CNCs which could act as a potential 

crosslinker. These aldehyde groups will react with the free amine groups of gelatin through 

Schiff’s base formation to form the NCHs.79 McKee et al. prepared supramolecular NCHs with 

superior healable, stable and stiff properties by combining polymer brush-modified ‘hard’ 

CNCs and ‘soft’ polymeric domains and bound together by cucurbit[8]uril (CB[8]) 

supramolecular crosslinks. Here the CNCs were surface functionalized with a dense set of 

methacrylate polymer brushes bearing naphthyl units by surface-initiated atom transfer radical 

polymerization. These were then non-covalently crosslinked through simple addition of 

poly(vinyl alcohol) polymers containing pendant viologen units as well as CB[8]s in aqueous 

media to form supramolecular NCHs.80 Yang et al. synthesized two different flexible NCHs 

based on PAA and PAM by in situ free radical polymerization in the absence of chemical 

crosslinks. This is done by functionalizing the surface of CNCs with silane groups so as that it 
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can act as multifunctional crosslinks to initiate polymerization of the hydrophilic monomers 

such as acrylic acid and acrylamide grafted onto it.81,82 Dai et al. have synthesized carboxylated 

CNCs reinforced carboxymethyl cellulose/hydroxymethyl cellulose hydrogels with the help of 

crosslinker divinyl sulfone.83 Similarly Cha et al. synthesized pH and thermal sensitive poly(N-

Isopropyl acrylamide) hydrogels by incorporating carboxyl functionalized CNCs.84 

2.6 Cellulose nanomaterials for water treatment applications 

The ability to fixate compounds onto cellulose fibers has been known for centuries, with 

the earliest examples being cotton fabric dyeing in the textile industry, as well as construction 

paper production in the pulp and paper industry. Such characteristics could ideally be exploited 

for their use in water treatment operations. To further improve the effectiveness of cellulose in 

water treatment processes, it is necessary to increase its external surface area by transforming 

pulp fibers into high surface area nanocrystals or nanofibrils.  

There is a global shift in recent decades to develop low cost, bio-renewable materials for 

use in water treatment, with CNs being a prime candidate as evident from the number of 

scientific articles and patents published. This is because CNs possess many interesting 

properties such as high specific surface area, good mechanical strength, biocompatibility, 

biodegradability and high possibility of surface functionalization.10 Also the supply of CNs for 

their commercial applications will not be a hindrance compared to other nanomaterials as many 

organizations and companies, such as Celluforce Inc., American Process Inc., Alberta 

Innovates, Nippon Paper Industries, Borregaard AS, Innventia AB, University of Maine, Forest 

Products Laboratories of US Forest Service and Department of Agriculture have the capability 

to produce CNs in significantly large quantities.85 There are several studies which demonstrate 

the use of CNs in adsorption, absorption, flocculation, membrane filtration, catalytic 

degradation and disinfection based water treatment processes. Figure 2.11 is a schematic 

diagram showing the water treatment applications of CNs. 
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Figure 2.11. Schematic diagram showing the water treatment applications of CNs. 

2.6.1 Cellulose nanomaterials as adsorbents  

Adsorption is a phase transfer process wherein chemical species preferentially 

accumulate at the interface of two phases.86 These phases can be liquid-liquid, liquid-solid, 

gas-solid or gas-solid combinations. The phase that is adsorbing is called as adsorbent and the 

chemical species that’s being adsorbed is called as an adsorbate.87 The driving force for 

adsorption depends on the adsorbate-adsorbent interaction and may differ between the 

phases.86,88 Most of the adsorption processes can be grouped into one of the 3 categories namely 

(a) Physical adsorption (b) Chemical adsorption and (c) Electrostatic adsorption.89 Physical 

adsorption is driven by weak intermolecular interactions such as van der Waals and hydrogen 

bonding between the adsorbate and the surface of the adsorbent whereas in chemical 

adsorption, the adsorption of adsorbate to an adsorbent surface takes place via the formation of 

a chemical bond. Electrostatic adsorption or ion exchange is driven by the coulombic attraction 

between the adsorbate and adsorbent surface.88 Adsorption is a technique that is widely used 

for the removal of contaminants in water. Among the various methods employed for water 

treatment, adsorption when implemented using a well-designed system offers the best results 

yielding high quality treated water.3,4 Moreover, this technique is considered superior over 

other techniques because of its simple design and operation, low initial investment, 

effectiveness and insensitivity to toxic substances.2,5,6 
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Figure 2.12. Schematic representation of adsorption process onto a solid adsorbent. 

Activated carbon is the most widely used adsorbent for wastewater treatment. However, 

the energy required for the production and regeneration of activated carbon increases its cost. 

Hence there is a compelling motivation to develop alternative low-cost adsorbents from 

industrial and agricultural by-products.2,3,7–9 The production and regeneration of activated 

carbon generate a large carbon footprint as opposed to the sustainable nanomaterials obtained 

from cellulose. It was calculated the annual carbon dioxide (CO2) emissions produced during 

the production and regeneration of 1.0 lb granular activated carbon are around 8.5 lb and 7.0 

lb respectively.9 The production of the CNs, on the other hand, employs mechanical 

disintegration and sulfuric acid hydrolysis processes. Celluforce Inc. based in Canada produce 

around 1 ton/per day of CNCs in their pilot plant facility and they have already demonstrated 

that the feasibility to recycle a large quantity of sulfuric acid during the production process. 

Also, the raw material used for their production is the pulp waste from the paper industry. This 

in turn makes the overall process sustainable with a drastically lower carbon footprint as 

opposed to activated carbons. According to Celluforce Inc., the current cost of highly purified 

CNCs is around 25 $/kg. However this cost will be significantly reduced when the commercial 

production of CNC commences. Also, CNCs with lower purity is only required for wastewater 

treatment processes. Thus, it is foreseen that the pricing of CNCs will be competitive to the 

currently available high grade activated carbons used for wastewater treatment processes. From 

the point of environmental sustainability these CNCs are also superior to the majority of the 

ion exchange resins produced from petroleum-based polymers used in present days. Thus, the 

idea of developing adsorbents using CNs, such as CNCs and CNFs has gained popularity 

among researchers worldwide.  
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2.6.1.1 Adsorbents of dyes  

Effluent discharge from textile, pulp and paper, dye and dye intermediates, 

pharmaceutical industries, food and leather tanning industries contain various types of dyes 

that should be removed.2,90 Adsorbents based on CNs to decontaminate water by removing 

these dyes have been developed recently. He et al. used carboxylated CNCs prepared by 

hydrolysis of microcrystalline cellulose (MCC) using ammonium persulfate (APS) to adsorb a 

cationic dye, methylene blue. Negative carboxyl functional groups introduced on the surface 

of CNCs during the hydrolysis of MCC in APS can bind positively charged methylene blue 

(MB) molecules with a maximum adsorption capacity (qmax) of 101.2 mg/g. They also 

demonstrated that the adsorption capacity of CNCs approached an equilibrium within 10 min 

and desorption of MB from CNCs was possible using a suitable eluent, such as ethanol with 

more than 90% removal after 7 desorption cycles.91 Batmaz et al. also investigated the 

adsorption characteristics of CNCs using methylene blue. They demonstrated that pristine 

CNCs possessed very good adsorption capabilities and their adsorption capacity can be 

improved by functionalization. Pristine CNCs produced via sufuric acid hydrolysis of wood 

pulp possess negative sulfate ester groups on its surface and more negative charges can be 

introduced by oxidizing the primary hydroxyl groups on the surface of CNCs using TEMPO 

reagents. The qmax of pristine CNCs and TEMPO-oxidized CNCs were found to be 118 mg/g 

and 769 mg/g respectively and these results suggested that the MB adsorption was a result of 

counter-ion exchange between the active anionic sites and positively charged dye molecules.92  

Yu et al. developed a single step extraction via citric/ hydrochloric acid (HCl) hydrolysis 

of MCC to produce carboxylated CNCs for the adsorption of methylene blue. The maximum 

% dye removal by these carboxylated CNCs was compared to two other types of CNCs 

produced by hydrolysis of MCC using different mineral acids, such as H2SO4 and formic/HCl. 

It was found that at the same adsorbent dosage, carboxylated CNCs possessed superior dye 

removal when compared to two other types of CNCs. This is because of the additional carboxyl 

groups present on these carboxylated CNCs which act as active binding sites for dye 

molecules.93 Similarly, Qiao et al. synthesized a novel carboxylate functionalized adsorbent 
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based on CNCs for the removal of multiple cationic dyes (Crystal Violet, Methylene Blue, 

Malachite Green and Basic Fuchsin). These carboxylated CNCs were produced by grafting 

maleic anhydride (MA) on the hydroxyl groups of pristine CNCs. The equilibrium adsorption 

time for pristine CNCs and MA-CNCs was determined to be about 240 min. They also 

compared the maximum uptake of cationic dyes on these MA-CNCs with pristine CNCs and 

raw cellulose, and the following order, MA-CNCs > Pristine CNCs > raw cellulose was 

observed. The dramatic improvement in the adsorption capacity of pristine CNCs for cationic 

dyes compared to pulp fibers or untreated plant wastes is due to the high surface area, increased 

number of surface hydroxyl groups and negative sulfate ester groups of pristine CNCs. The 

adsorption capacity of MA-CNCs was much higher than pristine CNCs due to the additional 

carboxyl groups introduced by maleic anhydride that can bind cationic dyes via electrostatic 

interaction. This is in agreement with the calculated qmax of pristine CNCs (185.2 mg/g) and 

MA-CNCs (243.9 mg/g). They also demonstrated that MA-CNCs exhibited a promising 

cycling behaviour. The desorption rate was more than 80% and the adsorption capacity of the 

regenerated MA-CNCs was maintained at 85.7 mg/g after the fourth consecutive adsorption-

desorption cycle.94 

Apart from the use of negatively charged CNCs, researchers have also reported the 

cationic modification of CNCs for the adsorption of anionic dyes. Eyley et al. demonstrated 

the ion exchange capability of imidazolium grafted CNCs using an anionic dye, orange II. The 

pristine CNCs were cationically modified by grafting imidazolium groups using a 

heterogeneous Cu(I) catalysed azide-alkyne cycloaddition on CNCs. The amount of dye 

adsorbed by these functionalized CNCs was found to be 0.28 mmol/g (98.1 mg/g) for orange 

II dye.95 Figure 2.13 represents a schematic diagram showing the adsorption of an anionic dye, 

orange II by imidazolium grafted CNCs and UV/Vis spectrum showing their improved 

adsorption ability compared to pristine CNCs. 
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Figure 2.13. (a) Schematic diagram showing the adsorption of an anionic dye, Orange II dye 
by imidazolium grafted CNCs. (b) UV/Vis spectrum showing adsorption of Orange II dye by 
imidazolium grafted CNCs and pristine CNCs.95 (Reprinted with permission from ref. 95 © 
2011 Royal Society of Chemistry) 

In another study, Jin et al. used amino functionalized CNCs (A-CNCs) as an adsorbent 

for anionic dyes (congo red 4BS, acid red GR and reactive yellow K-4G). The A-CNCs used 

in this study were prepared by grafting ethylenediamine onto sodium periodate oxidized 

pristine CNCs. Here the hydroxyl and primary amine groups of A-CNCs serve as active 

adsorption sites for the binding of anionic dyes and the qmax of acid red GR was found to be 

555.6 mg/g.96  

CNFs are also widely explored for their use in the adsorption of dyes. Cha et al. reported 

on the utilization of CNFs as a rapid adsorbent for the removal of methylene blue. CNFs were 

prepared from kenaf core by a delignification process using acid-chlorite bleaching method 

followed by defibrillation in a high-speed blender. The CNFs produced by this method have 

adsorption sites on the hemicellulose domains and the qmax of this non-acid treated CNF for 

MB was found to be 122.2 mg/g. They also demonstrated that this adsorbent displayed rapid 

adsorption performance, where the equilibrium was achieved immediately after 1 min of 

contact time, and it could be desorbed via a regeneration process by protonation of the CNF 

with 0.1M HCl. It was observed that >70% of MB could be desorbed after six adsorption-

desorption cycles even though the efficiency of the adsorption process decreased to 34%. The 

reduction in the adsorption performance after six cycles is attributed to the pre-adsorbed MB 

and aggregation of CNF during desorption.97 Surface quarternized CNFs (Q-CNFs) with high 

adsorption capacity for anionic dyes (congo red and acid green 25) was developed by Pei et al. 
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Here the Q-CNFs were prepared by mechanical disintegration of wood pulp fibers that were 

pre-treated by reacting with GTMAC. An optimized sodium hydroxide (NaOH) concentration 

was employed for this reaction in order to maximize the conversion of hydroxyl groups on the 

surface of CNFs to quaternary ammonium groups. They observed that the adsorption capacity 

of these Q-CNFs increased with increasing trimethylammonium chloride content on cellulose 

from 0.59 to 1.32 mmol g-1 with no further improvement upon increasing the charge content to 

2.31 mmol g-1. Q-CNFs with trimethylammonium chloride content of 1.32 mmol g-1 were able 

to adsorb 664 mg/g of congo red and 683 mg/g of acid green 25 within a few tens of seconds 

of contact with dye solution. This rapid equilibrium kinetics is associated to the uniform 

nanoscale structure, high specific surface area and surface cationic charge density of the surface 

Q-CNFs. They also prepared a nanopaper by freeze drying the aqueous suspension of Q-CNFs 

and demonstrated the dye adsorption capability of this Q-CNFs nanopaper using congo red 

solution. All these results demonstrated the feasibility of Q-CNFs for dye removal from 

aqueous waste streams.98 Figure 2.14 illustrates the dye adsorption capability of Q-CNFs and 

Q-CNFs nanopaper. 

 
Figure 2.14. (a) Adsorbed amount of congo red and acid green 25 on Q-CNFs as a function of 
the trimethylammonium chloride content. (b) Time-dependent absorption spectra of the congo 
red solution containing Q-CNFs nanopapers with a trimethylammonium chloride content of 
1.32 mmol g−1.98 (Reprinted with permission from ref. 98 © 2013 Royal Society of Chemistry) 

Wang et al. developed the manganese dioxide (MnO2) coated CNFs for the effective 

removal of methylene blue. Here the CNFs produced by mechanical disintegration of bamboo 
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pulp fibers acted as both a reducing reagent for Mn(VII) and an ultra-light support for MnO2 

nanosheets. A comparison of the % dye removal of MnO2 coated CNFs with pristine CNFs and 

commercial MnO2 indicated that the adsorption efficiency followed the order of MnO2 coated 

CNFs > CNFs > commercial MnO2. This extremely high decolourization efficiency is 

attributed to the excellent water dispersibility of CNFs, special lamellar morphology of MnO2 

deposited on CNFs and large surface area of layered MnO2 nanosheets. It was also observed 

that complete decolourization of MB by MnO2 coated CNFs was achieved within 5 min at an 

initial MB concentration of 80 mg/l and pH of 9.6.99 Xie et al. prepared novel CNFs based 

nanostructured biosorbents for the adsorptive removal of reactive dyes like yellow B-4RFN 

and Blue B-RN. Here the CNFs based fabric were modified with reactive polyhedral 

oligomeric silsesquioxane (R-POSS) to introduce multi-N-methylol groups on its surface. 

Compared to the control CNFs based fabric, the R-POSS-CNFs hybrid fabric possessed 

significantly improved adsorption capacity for reactive dyes and this could be due to the 

organic functional groups (–C–N–) imparting cationic properties and the numerous nanosized 

cubic cores in the hybrid materials that act as adsorption sites for these dyes. They also found 

that the adsorption capacity reached equilibrium at 240 min.100 

Several researchers have also explored the potential application of CNs incorporated 

nanocomposites for the adsorption of dyes. Researchers from Wu’s group, fabricated porous 

nanocomposite hydrogels based on partially hydrolyzed polyacrylamide (HPAM) and pristine 

CNCs by two different methods for adsorbing MB from aqueous solutions.101,102 In the first 

approach, the nanocomposite solution containing pristine CNCs and HPAM in water/ethanol 

mixture was electrospun and subsequently crosslinked by heat treatment to form the 

nanocomposite hydrogel. This porous nanocomposite hydrogel displayed a rapid swelling rate 

and high adsorption capacity in removing MB from low concentration dye solutions.101 In the 

second method, the nanocomposite solution containing pristine CNCs and HPAM in water was 

formulated into a film and subsequently crosslinked by heat treatment to yield a nanocomposite 

hydrogel. The qmax for this nanocomposite gel for MB was found to be 326.08 mg/g.102 Both 

of these nanocomposite hydrogels were found to approach the adsorption equilibrium after 
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approximately 240 min and the adsorption of MB could be attributed to the exchange or sharing 

of electrons between cationic groups on dye molecules and anionic groups on the adsorbent 

(mainly sulfate ester groups of CNCs and carboxyl from HPAM).101,102  

Jin et al. developed a novel microgel based on CNCs and amphoteric polyvinylamine 

(PVAm) that can be used for adsorptive removal of anionic dyes, such as acid red GR, congo 

red 4BS and reactive light yellow K-4G. Here the microgel was fabricated via a two-step 

method wherein the first step includes the sodium periodate oxidation of CNCs to produce 

dialdehyde functionalized CNCs that act as crosslinkers to react with PVAm in the second step 

to yield pH responsive microgels bearing high density of free amine groups. Under the acidic 

pH environment, protonation of amine groups on the surface of microgels results in the 

positively charged microgel surface. This in turn aid in the electrostatic attraction between the 

protonated amine and negatively charged sulfate groups of anionic dyes promoting higher 

adsorption of anionic dyes onto the microgels. The qmax for acid red GR, congo red 4BS and 

reactive light yellow K-4G were found to be 896 mg/g, 1469 mg/g and 1250 mg/g 

respectvely.103 

Nypelö et al. prepared functional microbeads that can be used for the adsorption of MB 

in aqueous solutions via the self-assembly of Pickering magneto-responsive CNCs. These solid 

microbeads with a polystyrene core was encapsulated in a hybrid shell consisting of CNCs and 

magnetic nanoparticles. Here the in-situ emulsion polymerization of styrene was stabilized by 

magneto-responsive CNCs. The adsorption capacity of these microbeads was estimated to be 

2 mg/g for MB and the dye carrying microbeads can be easily concentrated and separated from 

the media using a magnet.104 Figure 2.15 shows the SEM images of the microbeads at various 

magnifications and their use in the removal of MB in aqueous solution. 
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Figure 2.15. (A) SEM images of (a) an individual hybrid CNC–CoFe2O4–PS microbead and 
(b, c) close-ups to the surface revealing the CNC hybrid mesh formation. Arrows in (d) indicate 
small PS particles formed by nucleation outside emulsion droplets. (B) (a) MB removal from 
aqueous solution by introducing (b) CNC–Cobalt ferrite PS hybrid microbeads to the solution. 
MB solution after magnetic separation of the dye saturated microbeads is shown in (c) UV–
Vis spectra of the MB solution before (a) and after (c) adsorption are presented on the right.104 
(Reprinted with permission from ref. 104 © 2014 American Chemical Society) 

Chen et al. formulated aerogels from two differently prepared CNFs, which were used 

for the removal of MB and toluidine blue in aqueous solutions. CNFs were prepared from 

cellulose fibers by two different methods namely: (a) high intensity ultra-sonication (HIUS), 

(b) TEMPO oxidization (TMP) followed by ultrasonic treatment. During the freeze drying 

process HIUS-CNFs and TMP-CNFs self-aggregated into long fibers in the longitudinal 

direction and formed sheet like structures, and the diameters of the aggregated nanofibers in 

the sheets varied owing to the CNFs morphology and properties. The diameters of the 

nanofibers in HIUS-CNFs and TMP-CNFs ranged from 150-900 nm and 50-300 nm 

respectively. Due to this difference, the adsorption capacity of HIUS-CNFs and TMP-CNFs 

for MB approached 2.90 mg/g and 3.70 mg/g respectively whereas for toluidine blue 

approached 3.02 mg/g and 4.16 mg/g respectively.105 Table 2.1 summarizes the various CNs 

based adsorbents used for the removal of dyes. 
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Table 2.1. Various CNs based adsorbents used for the removal of dyes. 

S.No. CNs based adsorbent Dye qmax (mg/g) Ref. 

1 Carboxylated CNCs prepared by 

APS hydrolysis of MCC 

Methylene blue 101.2 91 

2 Pristine CNCs Methylene blue 118 92 

3 Carboxylated CNCs prepared by 

TEMPO oxidization of pristine 

CNCs 

Methylene blue 769 92 

4 Carboxylated CNCs prepared by 

citric/HCl hydrolysis of MCC 

Methylene blue --- 93 

5 Pristine CNCs Crystal Violet 185.2 94 

6 Maleic anhydride grafted CNCs Crystal Violet 243.9 94 

7 Imidazolium grafted CNCs Orange II 98.1 95 

8 Amino functionalized CNCs Acid red GR 555.6 96 

9 Pristine CNFs Methylene blue 112.2 97 

10 GTMAC functionalized CNFs Congo red, Acid green 

25 

664 (Congo red),     

683 (Acid green 25) 

98 

11 MnO2 coated CNFs Methylene blue --- 99 

12 R-POSS modified CNFs based 

fabric 

Yellow B-4RFN, Blue 

B-RN 

--- 100 

13 CNCs/HPAM nanocomposite 

hydrogels prepared using 

electrospinning 

Methylene blue --- 101 

14 CNCs/HPAM nanocomposite 

hydrogels prepared using casting 

Methylene blue 326.08 102 

15 D-CNCs/PVAm microgels Congo red 4BS, Acid 

red GR, Reactive light 

yellow K-4G 

869 (Acid red GR), 

1469 (Congo red 

4BS), 1250 (Reactive 

light yellow K-4G) 

103 

16 Magneto-responsive CNCs 

microbeads 

Methylene blue 2 104 

17 HIUS-CNFs aerogels Methylene blue, 

Toluidine blue 

2.90 (Methylene blue), 

3.70 (Toluidine blue) 

105 

18 TMP-CNFs aerogels Methylene blue, 

Toluidine blue 

3.02 (Methylene blue), 

4.16 (Toluidine blue) 

105 
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2.6.1.2 Adsorbents of heavy metal ions 

Apart from dyes, heavy metals are another group of contaminants that are considered to 

be a serious threat to both mankind and environment due to their toxic nature and other adverse 

effects. Many of these heavy metals are detected in industrial effluents originating from metal 

plating, mining activities, paint manufacture, fertilizer industries etc. They are not 

biodegradable and tend to accumulate in the food chain.106 It is thus important to develop 

adsorbents that can remove these toxic contaminants from wastewater and in this regard, CNs 

based adsorbents could be applied to remove heavy metallic ions. 

Researchers from Mathew’s group, have explored the potential of CNs for adsorption of 

various heavy metal ions from aqueous solutions.107,108 In the first study, the two major classes 

of CNs viz., CNCs and CNFs extracted from cellulose sludge via H2SO4 hydrolysis and 

homogenization of cellulosic fibers respectively were used for the adsorption of Ag(I) from 

aqueous solutions. They conducted Ag+ adsorption experiments using both types of CNs at 

various pH conditions and studied the flocculation characteristics of both suspensions. After 

Ag+ treatment, CNCs suspension were stable whereas CNFs suspension mostly sedimented and 

separated into distinct layers. This is in agreement with the surface charge characteristics of 

the CNs after Ag+ ions adsorption. CNCs possess higher specific surface area or proportion of 

adsorption sites available to bind Ag+ ions compared to CNFs that sedimented. Adsorption of 

Ag+ ions occurs as a result of electrostatic interaction between positively charged Ag+ ions and 

negatively charged functional groups of the CNs (sulfate ester groups on CNCs and carboxyl 

groups on CNFs) and the qmax was estimated to be 34.4 and 15.45 mg/g on CNCs and CNFs 

respectively.107 Figure 2.16 shows the adsorption behaviour of Ag+ ions on CNCs and CNFs at 

varying pH and corresponding schematic representation of the mechanism for the adsorption.  
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Figure 2.16. Photograph showing Ag+ solution, pure CNs suspension and suspensions of CNs 
mixed with Ag+ ions at different pH after 12 h magnetic stirring and schematic representation 
of their Ag+ adsorption mechanism for (a) CNCs (b) CNFs.107 Schematic redrawn (Reprinted 
with permission from ref. 107 © 2014 Springer)  

In the second study, phosphorylated derivatives of CNCs and CNFs were prepared and 

used for the adsorption of Ag+, Cu2+ and Fe3+ from aqueous solutions. The phosphate groups 

introduced on the surface of CNs via enzymatic phosphorylation contributed to improved metal 

sorption velocity and sorption capacity compared to pristine CNs. The qmax for Ag+, Cu2+ and 

Fe3+ were found to be 56, 20 and 6.3 mg/g respectively for pristine CNCs, 136, 117 and 115 

mg/g respectively for phosphorylated CNCs, 120, 114 and 73 mg/g respectively for 

phosphorylated CNFs. The high surface area of these CNs along with the nature and density of 

the functional groups like sulfonate group (pristine CNCs), phosphate group (phosphorylated 

CNCs and CNFs) act as the binding sites for the adsorption of heavy metal ions. Moreover, 

they also demonstrated the potential application of these phosphorylated CNs for the removal 

of Cu2+ and Fe3+  containing effluents from mirror making industry.108  

Yu et al. reported on the use of surface functionalized CNCs, such as SCNCs and 

NaSCNCs for the adsorption of Pb(II) and Cd(II) from aqueous solution. The pristine CNCs 

produced by H2SO4 hydrolysis of cotton were chemically modified with succinic anhydride to 

obtain carboxyl group-bearing SCNCs and further treatment of SCNCs with saturated sodium 

bicarbonate (NaHCO3) converted the carboxyl groups to carboxylates as in NaSCNCs. The 

adsorption capacities of these two types of CNCs were studied in detail using batch adsorption 
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studies. Results of adsorption studies revealed that the adsorption rates of Pb2+ and Cd2+ ions 

on SCNCs and NaSCNCs were very fast with adsorption capacity approached the equilibrium 

within 5 min for NaSCNCs compared to SCNCs that took 150 min. qmax of SCNCs and 

NaSCNCs for Pb(II) and Cd(II) were estimated to be 367.6, 259.7 and 465.1, 344.8 mg/g, 

respectively, where NaSCNCs displayed higher adsorption capacity than SCNCs. Both types 

of CNCs had high selectivity for Pb2+ in the presence of co-existing ions while in a similar 

environment, the adsorption of Cd2+ on NaSCNCs was better than SCNCs. It should be noted 

that NaSCNCs were easily regenerated using mild saturated NaCl. Studies on the adsorption 

mechanism for these types of CNCs were conducted using Fourier transform infrared 

spectroscopy (FTIR) and X-Ray photoelectron spectroscopy (XPS) techniques to confirm that 

the adsorption process of heavy metals was a result of a complexation process for SCNCs and 

an ion exchange mechanism for NaSCNCs. Thus, the excellent adsorption properties of 

NaSCNCs compared to SCNCs resulting from the ion exchange suggests the importance of 

converting the carboxyl groups into carboxylates for adsorbents containing carboxyl groups.109 

Researchers from Srivastava’s group, explored the potential of pristine and a wide variety 

of functionalized CNCs for the adsorptive removal of heavy metal ions in aqueous solutions. 

CNCs prepared from rice straw fibers were used for the adsorption of Cd(II), Pb(II) and Ni(II) 

from aqueous solutions.110–113 Adsorption studies revealed that these CNCs possessed higher 

adsorption capacity compared to their parent materials like rice straw fibers and cellulose 

derived from rice straw. This improved adsorption efficiency may be influenced by the removal 

of amorphous domains in the cellulosic chains during the synthesis of CNCs, promoting the 

availability of more primary hydroxyl groups on its surface. Also, the acid hydrolysis of the 

cellulosic fibers during the synthesis of CNCs introduced negatively charged sulfate ester 

groups on the surface of CNCs that could act as binding sites for cationic heavy metal ions. 

They also showed that these CNCs can be successfully regenerated by up to three adsorption-

desorption cycles using 0.5M Nitric Acid (HNO3) as eluent with an estimated a qmax of 9.7, 

9.42 and 8.55 mg/g for Cd(II), Pb(II) and Ni(II) respectively.110 They also improved the 

adsorption performance of these CNCs toward Cd(II), Pb(II), Ni(II) and Cr(III) metal ions by 
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graft copolymerizing them with various monomeric units. Graft copolymerizing of CNCs with 

monomeric acids like acrylic acid, maleic acid and itaconic acid introduced more negatively 

charged carboxylate groups on the surface of CNCs.111 Whereas graft copolymerizing with 

vinyl sulfonic acid introduced more negatively charged sulfonate groups on the surface of 

CNCs.112 In comparison to the pristine CNCs, both these carboxylate and sulfonate groups on 

the graft copolymerized CNCs act as additional active sites for heavy metal ion binding leading 

to their enhanced adsorption capacity. It was also found that the reusability of graft 

copolymerized CNCs have been increased to five cycles compared to three cycles of pristine 

CNCs probably due to their enhanced stability.111,112 CNCs were also functionalized via 

succination and amination functionalization procedures so that they could be used for the 

decontamination of Cr(III) and Cr(VI) respectively. It was reported that the increased surface 

area to volume ratio and quantum size effects of CNCs not only increased the adsorption sites 

but also induced the ability to tune the surface properties of CNCs through molecular 

modification making them ideal for surface functionalization to enrich the active sites for 

adsorption. Esterification of hydroxyl groups on CNCs with succinic anhydride-introduced 

carboxyl groups on its surface that contributed to the increase in the binding with positively 

charged metal ions like Cr(III). Amination of CNCs with acrylamide and ethylenediamine 

introduced NH3
+ cationic ligands on its surface that contributed to binding of Cr(VI). The 

adsorption capacity of these functionalized CNCs approached an equilibrium in 40 min of 

contact time. The qmax of succinated CNCs/Cr(III) and aminated CNCs/Cr(VI) system was 

found to be 2.88 and 2.77 mg/g respectively. They also demonstrated that these CNCs could 

be successfully regenerated up to five regeneration cycles using 0.05M HNO3 or 0.05M HCl 

eluent solutions.113  

Electrosterically stabilized CNCs (ECNCs) were prepared by Sheiki et al. for the 

adsorptive removal of Cu(II). These ECNCs prepared from wood fibers through 

periodate/chlorite oxidation were hypothesized to possess dicarboxylated chains (DCC) 

protruding from the crystalline domains. These highly charged polyelectrolytes impart high 

charge content on the ECNCs, making them highly stable. It was found that depending on the 
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Cu(II) concentration, ECNCs scavenges Cu2+ ions by different mechanisms. ECNCs aggregate 

into star-like particles, which break down into individual star-like entities by shear force and 

Brownian motion when the Cu(II) concentration is low (≤ 200 ppm). These aggregate 

morphologies change from star-like to raft-like morphology when the concentration is 300 or 

400 ppm, which is probably due to the ECNCs charge neutralization by copper adsorption and 

the collapse of protruding DCC chains. At Cu(II) concentration (≥ 500 ppm), as opposed to 

star-like agglomerates, these raft-like structures gradually grow and are prone to sedimentation 

which makes their separation easier for wastewater treatment processes. Highly charged DCC 

polyanions protruding from ECNCs act as active sites for Cu2+ binding and the qmax for this 

adsorption was found to be 185 mg/g.114  

Sirviö et al. prepared bisphosphonate functionalized CNCs that can be used for the 

removal of vanadium from aqueous solution. Here the bisphosphonate functionalized CNCs 

were prepared by mechanical disintegration of periodate oxidized and sodium alendronate 

aminated wood cellulose fibers. They also found that adsorption was highly efficient at very 

low solution pH (2-3) wherein the adsorption of vanadium onto these CNCs could most likely 

be due to complexation of vanadium with bisphosphonate groups and electrostatic interaction 

between cationic vanadium species and anionic acid groups. The qmax for vanadium was found 

to be 1.98 mmol/g (100.9 mg/g).115  

Ma et al. found that ultrafine CNFs can be used as efficient adsorbents for the removal 

of radioactive UO2
2+ ions in water. The ultrafine CNFs used in this study were prepared via the 

oxidation of wood pulp using the TEMPO/ Sodium Bromide (NaBr)/ Sodium hypochlorite 

(NaClO) process followed by mechanical treatment. Upon the addition of UO2
2+ ions to CNFs 

suspension, a gel formed immediately due to the coordination between the positively charged 

UO2
2+ ions and negatively charged carboxylate groups on the CNFs. The qmax for these ultrafine 

CNFs for UO2
2+ ions was estimated to be 167 mg/g.116 Figure 2.17 shows the high resolution 

TEM images of ultrafine CNFs before and after the adsorption of UO2
2+ ions with the 

corresponding photograph of the suspension shown in the inset.  
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Figure 2.17. High resolution TEM images of ultrafine CNFs before and after the adsorption of 
UO22+ ions with the corresponding photograph of suspension in the inset.116 (Reprinted with 
permission from ref. 116 © 2012 American Chemical Society) 

Sehaqui et al. also prepared carboxylated CNFs for the adsorptive removal of Cu(II), 

Cr(III), Ni(II) and Zn(II) from aqueous solutions. They found that Cu(II) adsorption capacity 

of these carboxylated CNFs were higher compared to pristine CNFs, due to the additional 

carboxylate groups introduced on the surface of CNFs during TEMPO oxidation of the parent 

cellulosic fibers that act as anionic binding sites for the electrostatic attraction of Cu2+ ions. 

The qmax for Cu(II), Ni(II), Cr(III) and Zn(II) was estimated to be 135, 58, 49 and 66 mg/g 

respectively. They also demonstrated that this adsorbent could be also effectively regenerated 

using acidic HCl solution as eluent with more than 90% adsorption capacity after three 

adsorption-desorption cycles.117 Zhang et al. prepared a highly functionalized adsorbent viz., 

TEMPO oxidized CNFs modified with polyethylenimine (PEI) for the adsorptive removal of 

Cu(II) from aqueous solution. Here, the CNFs were modified by first oxidizing via TEMPO 

reagent followed by PEI grafting using a glutaraldehyde crosslinking method. This 

modification introduced abundant carboxyl and amino functional groups on CNFs that could 

act as active sites for the binding of Cu2+ ions in aqueous solution, and the qmax was estimated 

to be 52.3 mg/g. Moreover, after regeneration with 1M HCl eluent, the adsorption capacity 

remained constant during four adsorption-desorption cycles implying the excellent 

regeneration ability of this adsorbent.118 

Researchers from Sillanpää’s group, developed a wide range of functionalized CNFs for 

adsorption of heavy metals from water.119–123 Aminopropyltriethoxysilane (APTES) modified 

CNFs were prepared for the adsorption of Ni(II), Cu(II) and Cd(II) from aqueous solutions. 

They reported that APTES modified CNFs has a comparatively higher adsorption capacity than 
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unmodified CNFs. In the case of unmodified CNFs, metal ion binding is due to electrostatic 

interaction with just the carboxyl groups on its surface whereas in APTES modified CNFs, the 

amino groups contributed by the aminosilane functionalization provide additional functional 

groups for metal ion binding. These APTES modified CNFs can be easily regenerated using 

0.1M NaOH eluent and their qmax for Ni(II), Cu(II) and Cd(II) ions was estimated to be 2.734 

mmol/g (160.5 mg/g), 3.150 mmol/g (200.2 mg/g) and 4.195 mmol/g (471.6 mg/g) 

respectively.119 Succinic anhydride modified CNFs were prepared for the removal of Zn(II), 

Ni(II), Cu(II), Co(II) and Cd(II) from aqueous solutions. The carboxyl groups on the surface 

of these modified CNFs act as adsorption sites for these heavy metal ions and the qmax for 

Zn(II), Ni (II), Cu(II), Co(II) and Cd(II) was estimated to be 1.610 mmol/g (105.3 mg/g), 0.744 

mmol/g (43.7 mg/g), 1.900 mmol/g (120.7 mg/g), 1.338 mmol/g (81.8 mg/g) and 2.062 mmol/g 

(231.8 mg/g) respectively. It was also observed that the succinic anhydride modified CNFs 

could be efficiently regenerated using 1M HNO3 eluent and assisted with ultrasonic 

treatment.120 Carbonated hydroxyapatite (CHA) modified CNFs were prepared for the 

adsorption of Ni(II) and Cd(II) from aqueous solution. Here the adsorption of Ni(II) and Cd(II) 

ions possibly occurs a result of ion exchange mechanism or dissolution-precipitation 

mechanism. Regeneration studies using various strengths of HNO3 showed that both the heavy 

metals can be effectively regenerated using weaker acid (0.01M HNO3) with the adsorption 

capacity for Ni2+ions decreasing after every cycle and Cd2+ ions remaining same even after four 

cycles. The qmax of these adsorbents for Ni(II) and Cd(II) was estimated to be 2.021 mmol/g 

(118.62 mg/g) and 1.224 mmol/g (137.6 mg/g) respectively.121 Magnetic nanoparticle activated 

CNFs were prepared for the adsorptive removal of As(V) from aqueous solution. Here the 

adsorption of arsenic species occurs as a result of inner-sphere complexes with the oxidized 

states of Feº from iron nanoparticle (Fe-NP) present in the adsorbent. Thus, the presence of 

OH2
+, OH- and O- functional groups on adsorbent surface have an influence on the adsorption 

properties. They estimated the qmax to be 2.460 mmol/g (184.31 mg/g) with their adsorption 

capacity reaching an equilibrium after approximately 75 min. They also found that this 

adsorbent can be effectively regenerated using 1M NaOH eluent with a regeneration efficiency 
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of more than 98% after three cycles.122 Sulfonated CNFs were prepared for the recovery of 

ionic, nanoparticulate and metallic forms of Au(III). These anionic CNFs were synthesized by 

periodate oxidation of CNFs followed by sodium metabisulfite sulfonation. Introduction of 

additional anionic sulfonated functional groups on the surface of CNFs can enhance their 

adsorption capacity compared to pristine CNFs. These anionic sites can act as additional 

binding sites of the adsorption of cationic metal ion species. The qmax of these sulfonated CNFs 

for Au(III) was estimated to be 60 mg/g. They also found that the Au(III) adsorption was 

negligibly affected by the competing heavy metal ions like Cd(II), Co(II), Cr(VI), Ni(II) and 

As(V) present in aqueous environment and regeneration using strong complexing eluent like 

0.5M thiourea in 1M HCl can effectively recover more than 83-99% of the adsorbed Au(II) 

ions from the adsorbent.123 Suopajärvi et al. also used sulfonated CNFs for the adsorptive 

removal of Pb(II) from aqueous solutions. The qmax of these sulfonated CNFs was estimated to 

be 1.2 mmol/g (248.6 mg/g).124  

Zhou et al. used carboxylated CNFs filled magnetic chitosan hydrogel beads as 

adsorbents for Pb(II). Here, the hydrogel beads were prepared by an instantaneous gelation 

method wherein the nanocomposite solution consisting of carboxylated CNFs, amine-

functionalized magnetite nanoparticles and PVA blended chitosan was introduced into a NaOH 

gellant bath. A comparison of the adsorption capacity of composite hydrogel beads with and 

without carboxylated CNFs showed that the composite hydrogel beads with carboxylated 

CNFs performed better at all pH ranges. This could be attributed to the carboxyl groups on 

CNFs that enhances the electrostatic interaction between the adsorbent and Pb2+ ions. They 

estimated the qmax to be 171 mg/g with their adsorption capacity reaching an equilibrium after 

200 min. They also demonstrated that these composite hydrogel beads are reusable as their 

adsorption effectiveness could be maintained at 90% level even after four adsorption-

desorption cycles using 0.01 HNO3 eluent.125  

Carboxylated CNFs incorporated PVA hybrid aerogels having good metal ion adsorption 

capability were recently developed by Zheng et al. These hybrid aerogels were prepared by 

freeze drying the crosslinked carboxylated CNFs/PVA composite gel. A comparison of the 
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metal ion adsorption capacities of the aerogels with and without CNFs indicated that these 

hybrid aerogels with CNFs possessed better adsorption performance. This heightened 

performance could be attributed to the increased number of carboxyl groups present on the 

surface of CNFs resulting from the TEMPO oxidation process, which contributed more active 

sites for metal ion binding. The adsorption capacities of these hybrid aerogels for Hg2+, Pb2+, 

Cu2+, and Ag+ were 157.5, 110.6, 151.3 and 114.3 mg/g respectively.126  

Anirudhan and co-workers developed nanocomposites based on CNCs that can be used 

for the adsorptive removal of heavy metal ions from industrial wastewaters.127,128 In the first 

work, they prepared 2-mercaptobenzamide modified itaconic acid-grafted-magnetite CNCs 

composite that can be used for the  selective adsorption of Hg(II) from aqueous solutions. This 

adsorbent was prepared by graft co-polymerization of itaconic acid onto magnetite CNCs 

composite using ethylene glycol dimethacrylate as crosslinking agent and potassium sulfate as 

free radical initiator followed by modification with 2-mercaptobenzamide. Hg2+ ions were 

selectively adsorbed onto this adsorbent by virtue of the ionized carboxyl and sulfhydryl groups 

anchored on its surface through electrostatic attraction. They estimated the qmax to be 240 mg/g 

with their adsorption capacity reaching an equilibrium within 60 min. It was also found that 

spent adsorbent can be effectively regenerated using 0.1M HCl eluent and even after five 

adsorption-desorption cycles, the adsorption capacity was above 85%.127 In the second work, 

they prepared poly(itaconic acid/methacrylic acid)-grafted-CNCs/nanobentonite composite 

that can be used for the effective removal of Co(II) from aqueous solutions. This adsorbent was 

prepared by ionic crosslinking of CNCs/nanobentonite with itaconic acid followed by radical 

polymerization of methacrylic acid and crosslinking with ethylene glycol dimethacrylate. They 

estimated the qmax to be 350.8 mg/g with their adsorption capacity reaching an equilibrium 

within 120 min. It was also found that spent adsorbent can be effectively regenerated using 

0.1M HCl eluent and even after six adsorption-desorption cycles, the adsorption capacity was 

above 85%.128 Table 2.2 summarizes the various CNs based adsorbents used for the removal 

of heavy metals. 
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Table 2.2. Various CNs based adsorbents used for the removal of heavy metals. 

S.No. CNs based adsorbent Heavy metal qmax (mg/g) Ref. 

1 Pristine CNCs Ag(I) 34.4 107 

2 Pristine CNFs Ag(I) 15.45 107 

3 Pristine CNCs Ag(I), Cu(II), 

Fe(III) 

56.0 [Ag(I)], 

20.0 [Cu(II)], 

6.3 [Fe(III)] 

108 

4 Phosphorylated CNCs Ag(I), Cu(II), 

Fe(III) 

136.0 [Ag(I)], 

117.0 [Cu(II)], 

115.0 [Fe(III)] 

108 

5 Phosphorylated CNFs Ag(I), Cu(II), 

Fe(III) 

120.0 [Ag(I)], 

114.0 [Cu(II)], 

73.0 [Fe(III)] 

108 

6 Succinic anhydride modified CNCs Pb(II), Cd(II) 367.6 [Pb(II)],  

259.7 (Cd(II)) 

109 

7 Sodium substituted succinic anhydride 

modified CNCs 

Pb(II), Cd(II) 465.1 [Pb(II)], 

344.8 [Cd(II)] 

109 

8 Pristine CNCs Cd(II), Pb(II), Ni(II) 9.7 [Cd(II)], 

9.42 [Pb(II)], 

8.55 [Ni(II)] 

110 

9 Acrylic acid/Maleic acid/Itaconic acid/Vinyl 

sulfonic acid graft co-polymerized CNCs 

Cd(II), Pb(II), 

Ni(II), Cr(III) 

--- 111,112 

10 Succinic anhydride modified CNCs Cr(III) 2.88 113 

11 Acrylamide modified CNCs Cr(VI) 2.77 113 

12 Electrosterically stabilized CNCs Cu(II) 185 114 

13 Bisphosphonate functionalized CNCs V(V) 100.86 115 

14 Carboxylated CNFs UO2
2+ 167 116 

15 Carboxylated CNFs Cu(II), Cr(III), 

Ni(II), Zn (II) 

135.0 [Cu(II)], 

58.0 [Cr(III)], 

49.0 [Ni(II)], 

66.0 [Zn(II)] 

117 

16 Carboxylated CNFs modified with PEI Cu(II) 52.32 118 

17 APTES modified CNFs Ni(II), Cu(II), Cd(II) 160.5 [Ni(II)], 

200.2 [Cu(II)], 

471.6 [Cd(II)] 

119 

18 Succinic anhydride modified CNFs Zn(II), Ni (II), 

Cu(II), Co(II) Cd(II) 

105.3 [Zn(II)], 

43.7 [Ni (II)], 

120 
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120.7 [Cu(II)], 

81.8 [Co(II)], 

231.8 [Cd(II)] 

19 CHA modified CNFs Ni(II), Cd(II) 118.62 

[Ni(II)], 137.6 

[Cd(II)] 

121 

20 Fe-NP modified CNFs As(V) 184.31 122 

21 Sulfonated CNFs Au (III) 60 123 

22 Sulfonated CNFs Pb(II) 248.6 124 

23 Carboxylated CNFs/Magnetic chitosan 

hydrogel beads 

Pb(II) 171 125 

24 Carboxylated CNFs/PVA hybrid aerogels Hg(II), Pb(II), 

Cu(II), Ag(I) 

157.5 [Hg(II)], 

110.6 [Pb(II)], 

151.3 [Cu(II)], 

114.3 [Ag(I)] 

126 

25 2-mercaptobenzamide modified Itaconic 

acid-grafted-magnetite CNCs composite 

Hg(II) 240 127 

26 Poly(itaconic acid/methacrylic acid) grafted-

CNCs/Nanobentonite composite 

Co(II) 350.8 128 

2.6.1.3 Adsorbents of other water contaminants 

There are various other contaminants in wastewater, such as pharmaceuticals, pesticides 

and biomolecules that can be a potential threat to human health and the environment. Efforts 

are underway to develop techniques that can remove even trace amounts of these contaminants 

present in water, and some early attempts by researchers to develop CNs based materials to 

adsorb them have seen promising results. Chen et al. synthesized β-cyclodextrin modified 

CNCs@Fe3O4@SiO2 superparamagnetic nanorods for the adsorption of two model 

pharmaceutical compounds, namely procaine hydrochloride and imipramine hydrochloride. 

They demonstrated that the pharmaceutical residues could be adsorbed by the hydrophobic 

cavity of the β-cyclodextrin grafted on the CNCs@Fe3O4@SiO2 superparamagnetic nanorods 

and this adsorbent could be easily separated from the aqueous solution using a magnetic field. 

The qmax for procaine hydrochloride and imipramine hydrochloride was found to be 13.0 ± 0.09 

and 14.8 ± 0.16 mg/g respectively. Figure 2.18 shows a schematic describing the composition 
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of β-cyclodextrin modified CNCs@Fe3O4@SiO2 superparamagnetic nanorods and their 

magnetic separation and adsorption of pharmaceutical residues.129 

 
Figure 2.18. (a) Schematic diagram showing the composition of β-cyclodextrin modified 
CNCs@Fe3O4@SiO2 superparamagnetic nanorods. (b) Magnetic separation of the 
superparamagnetic nanorods after adsorption. (c) UV-Vis of the upper clear procaine 
hydrochloride solution with different adsorption times. (d) UV-Vis of the upper clear 
imipramine hydrochloride solution with different adsorption times.129 (Reprinted with 
permission from ref. 129 © 2014 American Chemical Society) 

Researchers from Sillanpää’s group,121,130 have developed CNFs based systems that can 

be used for the remediation of wide variety of environmental contaminants. In one study, they 

modified CNFs with APTES, hydroxyl-carbonated apatite (HAP) or Epoxy to produce a novel 

nanostructured adsorbent for the removal of hydrogen sulphide (H2S) from the aqueous 

solution and the qmax of these adsorbents for H2S was found to be 103.95 mg/g, 13.38 and 12.73 

mg/g for APTES-CNFs, HAP-CNFs and Epoxy CNFs respectively. The adsorption of H2S 

onto APTES-CNFS could be attributed to the formation of NH3
+HS- group as a result of weak 

chemical reaction between surface amine groups on APTEs-CNFs and H2S. In case of HAP-

CNFs, the adsorption could be attributed to the complex formation between positively charged 

calcium ions on HAP-CNFs and sulfate ions in H2S while the adsorption for Epoxy-CNFs is 

due to the reaction between epoxy groups and H2S.130 In another study, they used CHA 

modified CNFs for the adsorption of phosphate (PO4
3-

) and nitrate (NO3
-
) from aqueous 
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solution. Here the adsorption of PO4
3- and NO3

-  anions could be attributed to the exchange of 

ions with OH- groups present on CHA modified CNFs. Regeneration studies using various 

concentrations of NaOH showed that PO4
3- can be effectively regenerated with weaker base 

(0.01M NaOH) even though the adsorption capacity decreased after every cycle whereas NO3
- 

is not regeneration viable. The qmax for PO4
3- and NO3

- was found to be 0.843 mmol/g (80.06 

mg/g) and 0.209 mmol/g (12.96 mg/g) respectively.121  

Several researchers have demonstrated the promising potential of CNs based adsorbents 

for the adsorption of several biomolecules and these adsorbents can be also extended for use in 

water treatment applications. Huang et al. prepared dialdehyde functionalized CNCs (D-CNCs) 

that can be used for the adsorption of creatinine. Here the dialdehyde groups were introduced 

on the surface of CNCs by sodium periodate oxidation of CNCs. They found that with the 

increase in aldehyde content, the adsorption capacity of these D-CNCs increased. They also 

demonstrated that the adsorption of creatinine became faster as the size of D-CNCs decreased. 

The qmax of D-CNCs with highest aldehyde content was found to be 1.50 mg/g and the 

adsorption of creatinine could be due to the crosslinking through Schiff-based bonds between 

the aldehyde groups on D-CNCs and amino groups on creatinine molecules.131 

Anirudhan and co-workers, developed CNCs based adsorbents for the removal of 

biomolecules from aqueous solutions.132–134 Carboxylate functionalized cation exchanger viz., 

poly(acrylic acid) modified poly(glycidylmethacrylate) grafted CNCs were used for the 

adsorption of trypsin from aqueous solutions. The qmax for trypsin was found to be 140.7 mg/g 

with their adsorption capacity reaching an equilibrium within 90 min. They also demonstrated 

that the spent adsorbent can be effectively regenerated using 0.1M potassium thiocyanate 

eluent without the loss in adsorption capacity even after four adsorption-desorption cycles.132 

The same group of researchers also developed a novel adsorbent viz., poly(methacrylic acid-

co-vinyl sulfonic acid) grafted magnetic CNCs composite that can be used for the selective 

adsorption of proteins like haemoglobin (Hb) and immunoglobulin (IgG) from aqueous 

solutions. The magnetic properties of the adsorbent associated with Fe3O4 will aid in the facile 

separation of the adsorbent via a magnetic field. The qmax for Hb and IgG were found to be 
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248.19 and 200.21 mg/g respectively with their corresponding adsorption capacities reaching 

equilibrium within 2 and 3 h respectively. They have also demonstrated that this novel 

adsorbent can be used for the selective adsorption of Hb or IgG from their protein mixture with 

bovine serum albumin and can also be regenerated with 0.01M KOH eluent without much loss 

in adsorption capacity, even after five adsorption-desorption cycles.133,134 In all these 

studies,132–134 biomolecules were bound to the adsorbent by electrostatic interaction between 

the negatively charged adsorbent and positively charged protein molecule below their 

isoelectric point. Table 2.3 summarizes the various CNs based adsorbents used for the removal 

of other water contaminants. 

Table 2.3. Various CNs based adsorbents used for the removal of other water contaminants. 

S.No. CNs based adsorbent Contaminant qmax (mg/g) Ref. 

1 β-cyclodextrin modified CNCs@Fe3O4@SiO2 

superparamagnetic nanorods 

Procaine, 

Imipramine 

13.0 (Procaine), 

14.8 

(Imipramine) 

129 

2 APTES modified CNFs H2S 103.95 130 

3 HAP modified CNFs H2S 13.38 130 

4 Epoxy modified CNFs H2S 12.73 130 

5 CHA modified CNFs PO4
3-

, NO3
-
 80.06 (PO4

3-
), 

12.96 (NO3
-
) 

121 

6 Dialdehyde functionalized CNCs Creatinine 1.50 131 

7 Poly(acrylic acid) modified 

poly(glycidylmethacrylate) grafted CNCs 

Trypsin 140.65 132 

8 Poly(methacrylic acid-co-vinyl sulfonic acid) 

grafted magnetic CNCs 

Hb, IgG 248.19 (Hb), 

200.21 (IgG) 

133,134 

2.6.2 Cellulose nanomaterials as absorbents  

In contrast to adsorption, absorption is a technique used in water treatment whereby the 

contaminant partitions into the bulk of the absorbent and is held within its porous structure. Oil 

and chemical spills from petrochemical industries have become a serious concern, and 

absorbents based on organic and inorganic porous materials have been developed for use in 

oil/water separation processes. Among these absorbents, CNs based absorbents have gained 



51 
 

increasing attention due to their unique properties and sustainable nature. CNFs aerogels 

prepared by vacuum freeze drying of aqueous CNFs suspensions possess very good absorption 

properties because of their highly porous nature and high surface area. Rendering them 

hydrophobic/oleophilic is an ideal strategy to produce these absorbents for use in oil/water 

separation processes.126,135–137 

Korhonen et al. developed hydrophobic CNFs aerogels that can selectively absorb non-

polar liquids and oil from water. CNFs aerogels are made hydrophobic/oleophilic by coating 

them with a nanoscopic layer of titanium dioxide (TiO2). They demonstrated that depending 

on the density of the liquid, these aerogels possessed absorption capacities in the range 20 to 

40 g/g towards a range of non-polar liquids (toluene, hexane, octane, hexadecane, petroleum 

benzene, dodecane, octanol, chloroform) and oils (paraffin oil, mineral oil) and the absorbed 

non-polar liquids can be easily removed by drying whereas oils could be extracted with 

solvents such as ethanol and octane. They have also shown that the hydrophobicity and 

absorption capacity of these aerogels do not change with repeated cycles, making them 

reusable.135  

Another strategy to prepare CNF aerogels hydrophobic for use in oil/water separation is 

by silane coating. Zheng et al. rendered carboxylated CNFs/PVA hybrid aerogels 

superhydrophobic/superoleophilic by treating them with methyltrichlorosilane via a simple 

thermal chemical vapor deposition process. These silane treated hybrid aerogels are ideal 

absorbent materials for removing oil and organic solvents from water and they possess 

excellent absorption capacity in the range of 44 to 96 g/g for oils (diesel oil, crude oil, corn oil, 

pump oil) and organic solvents (gasoline, hexane, chloroform, toluene). A comparison of the 

silane treated PVA aerogels and carboxylated CNFs/PVA hybrid aerogels showed that the 

latter possessed two to three times higher adsorption capacity probably due to their unique 

microstructure consisting of more uniform and smaller pore sizes, higher surface area and 

higher degrees of interconnection within their highly porous structure.126 In another study, 

Jiang et al. prepared CNFs aerogels hydrophobic/oleophilic by vapor deposition with 

triethoxy(octyl)silane. These aerogels demonstrated very good absorption selectivity towards 
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non-polar liquids and exhibited good recyclability. They also possessed excellent absorption 

capacities in the range of 139 to 356 g/g towards a wide range of non-polar liquids including 

various aliphatic (hexane, octane, decane, hexadecane), cyclic (cyclohexane) and aromatic 

(toluene) hydrocarbons and oils (pump, soybean).136 

Zhang et al. recently reported a facile synthesis of hydrophobic CNF aerogels by a novel 

and efficient silylation process in water. This silylation process is a straightforward one step 

procedure whereby the CNFs water suspension was freeze-dried in the presence of 

methyltrimethoxysilane solution. These silylated CNFs aerogels were efficient in removing 

dodecane spills from water surface with excellent selectivity and recyclability. The absorption 

capacities of these aerogels were found to be in the range of 49 to 102 g/g for a collection of 

organic solvents (ethanol, dodecane, acetone, toluene, dichloromethane, chloroform) and oils 

(motor oil, mineral oil, silicone oil).137  

Yang et al. have reported chemically crosslinked CNCs aerogels that can be used as 

superabsorbents for oil/water separations. These aerogels were prepared by freeze drying of 

the hydrogels formed by crosslinking the hydrazide modified CNCs and aldehyde-modified 

CNCs via hydrazone crosslinking chemistry. The absorption capacity of these aerogels were in 

72 ± 0.5, 130 ± 10, 134 ± 8 and 160 ± 10 g/g for dodecane, ethanol, DMSO and water 

respectively. Even though these aerogels displayed good absorption capacities for all polar and 

non-polar liquids, their absorption preferences give them the ability to separate oil and water. 

They have demonstrated that these CNCs aerogels could preferentially absorb water from a 

dodecane/water mixture.138 Figure 2.19 shows the photograph of a piece of CNCs aerogel 

prepared from a 0.5 wt % CNCs suspension and their use in picking up water from a 

dodecane/water mixture. Table 2.4 summarizes the various CNs based absorbents used for 

oil/water separation processes. 
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Figure 2.19. (a) A low-light photograph of a piece of CNCs aerogel (prepared from a 0.5 wt 
% CNCs suspension) standing on top of a dandelion flower along with the schematic showing 
its constituents and SEM image showing the porous nature. (b) Chronological images of an 
aerogel picking up water (water has been dyed with blue colour for easier visualization) from 
a dodecane/water mixture.138 (Reprinted with permission from ref. 138 © 2014 American 
Chemical Society) 

Table 2.4. Various CNs based absorbents used for oil/water separation processes. 

S.No. CNs based absorbent Absorption capacity Ref. 

1 CNFs aerogels coated with TiO2 20 to 40 g/g 135 

2 Carboxylated CNFs/PVA hybrid aerogel treated with 

methyltrichlorosilane 

44 to 96 g/g 126 

3 CNFs aerogels treated with triethoxy(octyl)silane 139 to 356 g/g 136 

4 CNFs aerogels treated with methyltrimethoxysilane 49 to 102 g/g 137 

5 Chemically crosslinked CNCs aerogels 72 to 160 g/g 138 

2.6.3 Cellulose nanomaterial as flocculants 

Flocculation is a commonly used method to remove very fine suspended solid particles, 

metals, dyes and other organic matter present in municipal and industrial wastewaters. 

Flocculants are added to facilitate the collision of colloidal particles in solution to form larger 

unstable particles referred to as flocs, which eventually precipitates from solution. Often these 

flocculants induce the formation of flocs by electrostatically interacting with colloidal particles 

and bridging them to form larger flocs.139,140 Several characteristic features of CNs make them 



54 
 

ideal candidates for use as flocculants. Firstly, CNs are sustainable, biocompatible and 

biodegradable, making them a very good alternative to widely used flocculants viz., synthetic 

polymers derived from oil based sources.141 Secondly, the high aspect ratio of these CNs give 

rise to percolation at low concentration inducing the formation of network/floc.141 It has been 

found that while forming a percolation network, the higher aspect ratio particles tend to align 

themselves in a more wavy or tangled pattern as opposed to straight fillers.142 This would in 

turn help in containing the particle and formation of floc at low concentration. When the  

Thirdly, the occurrence of possible gelation as physical and chemical entanglements is reduced 

due to the electrostatic repulsion and rigidity of CNs which in turn makes the processing 

easier.141 

Some early research using CNs as flocculants have shown promising results. Researchers 

from Niinimäki group developed two generation of anionic CNFs namely dicarboxylic acid 

CNFs and sulfonated CNFs that can be employed in the coagulation-flocculation treatment of 

municipal wastewaters.143,144 These anionic CNFs were produced by nanofibrillation of their 

parent anionic cellulose derivatives using a homogenizer. Anionic cellulose derivatives used 

for this process were synthesized via periodate oxidation of cellulose followed by sodium 

chlorite oxidation to produce dicarboxylic acid cellulose derivate or sulfonation with sodium 

metabisulfite to produce sulfonated cellulose derivative. The first generation of anionic CNFs 

viz., dicarboxylic acid CNFs were able to flocculate wastewater efficiently and the dosages 

required were similar to that of the commercial flocculant. They performed as well as a 

commercial flocculant in COD removal while the turbidity reduction efficiency with these 

flocculants was 14-40% lower than commercial flocculant.143 On the other hand, the second 

generation of anionic CNFs viz., sulfonated CNFs possessed comparatively higher anionic 

charge and thus performed better than dicarboxylic acid CNFs in removing turbidity and COD 

with low dosages, and their performance were comparable to the commercial flocculant.144 It 

was also observed that when both CNFs were used as flocculants, there was a considerable 

reduction in the total chemical consumption relative to coagulation with ferric sulfite alone. 

The mechanism of this coagulation-flocculation with anionic CNFs relies on the charge 



55 
 

interaction and bridging of particles. Initially, the cationic ferric ion coagulant adsorbs onto the 

negatively charged particles surface to impart a non-uniform distribution of surface charges. 

Then anionic CNFs, in turn, produce bridges between these particles via cationic patches 

resulting in the formation of flocs that sediment. In the case of dicarboxylic acid CNFs, the 

flocculation performance is due to their high aspect ratio and negatively charged backbone 

constituting carboxyl groups. Under alkaline pH, these groups make the polymer chain stretch 

out because of electrostatic repulsion, allowing them to be extended and to produce loops and 

tails to promote bridging. This in turn enables them to form large flocs with an open structure. 

However, sulfonic groups present in sulfonated CNFs possess a larger degree of ionization 

compared to carboxyl groups in dicarboxylic acid CNFs and thus electrostatic affinity toward 

ferric ion patches of coagulant will be higher. This explains why the flocculation performance 

of sulfonated CNCs are better than dicarboxylic acid CNFs. They also demonstrated that the 

wastewater flocs produced with sulfonated CNFs were smaller, rounder and more stable under 

shear compared to flocs produced with commercial flocculant. Niinimäki and co-workers 

suggested that anionic CNFs are good alternatives for use as flocculants in the coagulation-

flocculation treatment of wastewater.143,144 Figure 2.20 is a schematic representation of anionic 

CNFs synthesis and their use in flocculation of fine particles during the coagulation-

flocculation treatment of municipal wastewater. 

 
Figure 2.20. Schematic illustration showing the synthesis of anionic CNFs and mechanism of 
fine particles flocculation by anionic CNFs during coagulation-flocculation treatment of 
municipal wastewater.143 (Reprinted with permission from ref. 143 © 2013 Elsevier) 
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Yu et al. demonstrated that the CNCs produced by the one step citric/HCl hydrolysis of 

MCC possessed comparatively higher flocculation performance of suspended kaolin clay 

particles compared to two other types of CNCs derived from H2SO4 and formic/ HCl hydrolysis 

in the coagulation-flocculation. The enhanced performance of the carboxylated CNCs is 

dependent on the surface chemical groups as these carboxylated CNCs possess more anionic 

functional groups compared to other types of CNCs with the same specific surface area. These 

functional groups can act as active binding sites to flocculate suspended particles through 

charge neutralization mechanism via the electrostatic adsorption with the anion groups of 

carboxylated CNCs, anionic kaolin and cationic coagulant CaCl2 particles.93 Quinlan et al. 

studied the flocculation of an anionic azo dye reactive orange 16 from aqueous solution using 

cationic CNFs produced by the quaternization of CNFs with GTMAC reagent. They also 

compared the removal efficiency of CNFs with varying degree of quaternization and they 

demonstrated that the removal efficiency depended on the charge density on the CNFs. Flocs 

were formed instantaneously when CNFs with the highest charged density were added to the 

anionic dye due to the immediate electrostatic interaction between the cationic functional 

groups on CNFs and anionic groups on dye resulting in charge neutralization and precipitation 

from solution and the maximum removal efficiency for this system was estimated to be 295.1 

mg/g.140 Similarly Jannah et al. demonstrated the flocculation of another anionic dye ethyl 

orange using chitosan grafted CNCs.145 Sun et al. reported on the flocculation of negatively 

charged bacteria using rod-shaped CNCs. The flocculation of bacteria to form bioflocs is one 

of the important colloidal activity in water treatment that needs to be controlled. Here the CNCs 

act as a non-adsorbing system that aid in microbial aggregation by depletion mechanism.146  

Several other interesting studies have been reported, and they demonstrated the 

promising potential of CNs based flocculants in other functional areas. They can also be 

extended for use in water treatment applications, such as TEMPO-oxidized CNFs for 

flocculation of kaolin clay,147 ECNCs for flocculation of precipitated calcium carbonate,148 

cationic CNCs grafted with pyridinium groups for flocculation of Chlorella vulgaris,141 CO2 

responsive CNCs grafted with imidazolium groups for flocculation of Chlorella vulgaris,149,150 
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and amine functionalized CNCs for the flocculation of negatively charged surfactants.151 Table 

2.5 summarizes the various CNs based flocculants for the flocculation of water contaminants. 

Table 2.5. Various CNs based flocculants used for the flocculation of water contaminants. 

S.No. CNs based flocculant Contaminant Ref. 

1 Dicarboxylic acid CNFs Municipal wastewater solid particles 143 

2 Sulfonated CNFs Municipal wastewater solid particles 144 

3 Carboxylated CNCs Kaolin clay 93 

4 Quaternized CNFs Reactive orange 16 140 

5 Chitosan grafted CNCs Ethyl orange 145 

6 Pristine CNCs Bacteria (Pseudomonas aeruginosa) 146 

7 Carboxylated CNFs Kaolin clay 147 

8 Electrosterically stabilized CNCs Calcium carbonate 148 

9 CNCs grafted with pyridinium 

groups 

Microalgae (Chlorella vulgaris) 141 

10 CNCs grafted with imidazolium 

groups 

Microalgae (Chlorella vulgaris) 149,150 

11 Amine functionalized CNCs Negatively charged surfactants 151 

2.6.4 Cellulose nanomaterials based water filtration membranes 

Water filtration membranes remove contaminants in water by size exclusion and charge 

mediated adsorption. CNs find applications in these water filtration membranes owing to their 

nano dimensions, high surface area and good mechanical strength. CN based membranes have 

been fabricated as pristine CN mats and as CN incorporated polymer composites. CN based 

membranes have been employed within a wide range of membrane separation processes, such 

as ultrafiltration, microfiltration, nanofiltration and membrane distillation. The inclusion of 

CNs within the polymer matrices markedly changes the membrane properties, such as tensile 

strength, surface hydrophilicity, pore size, porosity, permeability, selectivity and biofouling 

resistance.12  

Various CNs incorporated water filtration membranes have been developed. CNCs 

reinforced polyvinylideneflouride-co-hexafluoropropylene membranes developed by Laila et 

al. were used in membrane distillation.152 Metreveli et al. developed Cladophora CNCs based 
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filter paper capable of removing virus (Swine influenza virus) solely based on size exclusion 

principle.153 These Cladophora CNC based filter paper was further crosslinked using citric acid 

to make them ideal for removing tracer particles, such as Au nanoparticles as small as 20 nm.154 

Cladophora CNC based filter paper prepared by Metreveli et al. were used for the removal of 

xenotropic murine leukemia virus particles.155 Karim and co-workers, developed a wide range 

of CN-based membranes that can be used for wastewater treatment application.156–158 

Nanoporous membranes with CNCs as the functional entities in chitosan matrix were 

developed to remove cationic dyes, such as victoria blue, methyl violet and rhodamine 6G.156 

In an another study, CN-based functional membranes consisting of CNFs nanopaper dip coated 

with CNCs having sulfate or carboxyl surface groups were prepared for the removal of heavy 

metal ions (Ag+ and Cu2+/Fe3+/Fe2+) from industrial effluents.157 They have also developed 

high flux affinity membranes based on layered cellulose nanocomposite membrane consisting 

of cellulose microfiber sludge as a supporting layer and CNCs in a gelatin matrix as a functional 

layer for the removal of heavy metal ions (Ag+ and Cu2+/Fe3+/Fe2+) from industrial effluents.158 

Figure 2.21 shows a schematic representation of the fabrication process of layered cellulose 

nanocomposite membranes and their use in heavy metal ion capture. 

 
Figure 2.21. (a) The fabrication process of layered cellulose nanocomposite membranes using 
vacuum filtration process. (b) Heavy metal capture using the layered cellulose nanocomposite 
membranes.158 (Reprinted with permission from ref. 158 © 2016 Royal Society of Chemistry) 

Researchers from Bismarck’s group developed a wide variety of CNFs based nanopapers 

that can be used as membranes.159–161 These CNFs based nanopapers can be used for 

nanofiltration of organic solvents (tetrahydrofuran, n-hexane) and water.159 They have also 

enhanced the use of these nanopapers as tight ultrafiltration membranes.160 Nanopaper ion 
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exchangers prepared from phosphorylated CNFs can also be used for the continuous removal 

of Cu(II) from aqueous solution.161 Polyethersulfone composite membranes blended with 

CNFs prepared by Qu et al.162 and cellulose triacetate composite membranes blended with 

TEMPO oxidized CNFs prepared by Kong et al.163 were used for ultrafiltration. 

Chu and co-workers, prepared a wide range of nanofibrous microfiltration, nanofiltration 

and ultrafiltration membranes by infusing CNFs into or by creating CNFs based barrier top 

layer on electrospun poly(acrylonitrile) (PAN) nanofibrous scaffold supported by 

poly(ethylene terephthalate) (PET) non-woven substrate.164–171 CNF infused PAN/PET 

membranes were used to remove bacteria (Escherichia coli, Brevundimonas diminuta), virus 

(MS2 Bacteriophage) and dye (Crystal violet) contaminants.165 Amino modified CNFs infused 

PAN/PET membranes were used to remove bacteria (Escherichia coli), virus (MS2 

Bacteriophage) and/or toxic heavy metal ions (Cr6+, Pb2+). Here the amino modified CNFs 

were prepared by grafting carboxylated CNFs with polyvinylamine.166 CNF based barrier top 

layer containing PAN/PET membranes were used to remove virus like MS2 Bacteriophage and 

for the ultrafiltration of oil/water emulsions.167,168 They have also prepared PAN/PET 

membranes containing CNFs based nanocomposite barrier top layer made of either 

crosslinking poly(ethylene glycol) and CNFs or polymerizing polyamide around CNFs that can 

be used for filtration purposes.169,170 Apart from these membranes, thiol modified cellulose 

nanofibrous composite membranes for the adsorption of Cr(VI) and Pb(II) have been 

developed as well. Thiol modified CNFs were anchored by thermal crosslinking in an 

electrospun PAN nanofibrous scaffold to prepare this nanofibrous composite membrane. Here 

the thiol modification of CNFs was performed by grafting oxidized CNFs with cysteine so as 

to provide additional active sites for metal ion adsorption, apart from the active sites provided 

by the high surface area and the carboxyl groups of these CNFs. The qmax for Cr(VI) and Pb(II) 

was estimated to be 87.5 and 137.7 mg/g respectively.171 

2.6.5 Cellulose nanomaterial for advanced water treatment 

Advanced water treatment techniques using catalysts and disinfectants are typically 

employed for the chemical degradation of contaminants and disinfection of biological hazards, 
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such as microorganisms. Because of their high surface area, crystallinity, water dispersibility 

and surface functionalization capabilities, CNs can be used as an ideal support for these 

catalysts and disinfectants so as to produce systems with increased activity for use in water 

treatment applications.172–174  

Various CNs based catalytic systems have been developed to degrade contaminants in 

water. Wu et al.175 prepared CNC coated with palladium nanoparticles for the catalytic 

reduction of methylene blue. Synder et al.176 have produced CNFs/TiO2 composite films that 

were further functionalized with Ag or Au nanoclusters for the photodegradation of methylene 

blue. Figure 2.22 represents a schematic of the application of CNFs for use as a framework for 

catalytic films. 

 
Figure 2.22. (A) Schematic diagram showing the framework of a potential catalytic 
degradation film based CNFs/TiO2 composite doped with Au and Ag nanoclusters. (B) Digital 
images of the (a) dried CNFs/TiO2 film, (b) Au–TiO2–CNF film, and (c) Ag–TiO2–CNF 
film.176 (Reprinted with permission from ref. 176 © 2013 Elsevier) 

Liu et al.177 developed CNCs coated with TiO2 nanoparticles for the photocatalytic 

degradation of methyl orange dye. Apart from these systems, Kaushik et al.172 have described 

various other CN based catalytic systems in their review paper, and these systems have not 

been explored for use in functional water treatment processes. 

There are also many other promising materials based on CNs that can have potential 

application as disinfectants in water treatment, for instance, researchers have developed various 

systems, where CNs were modified to possess antibacterial properties by (1) depositing Ag 
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nanoparticles or nanoclusters on its surface,42,178–183 (2) depositing ZnO-Ag heterostructure 

nanoparticles on its surface,184 (3) conjugating CNs with allicin or lysozyme,185 as well as (4) 

coating with antibacterial polyrhodanine.186 However, these systems have not been tested in 

functional water treatment processes. 

2.6.6 Future perspectives of CNs in water treatment applications 

Even though CNs have been widely studied for use in water treatment applications; there 

are still scope for improvements when compared to conventional materials currently being 

used. Some of the challenges of CNs are: 

1. Currently, they are less cost effective compared to activated carbon and petroleum 

based polymers, 

2. The surface area of CNs is lower when compared to the highest grades of activated 

carbon are currently available in the market, 

3. Due to their high colloidal stability and nanosized dimensions, CNs may be harder to 

separate in some water treatment processes. Therefore it may be necessary to embed 

them within matrices. However, their dispersibility within other hydrophobic matrices 

limits their application in membranes and this necessitates the surface functionalization 

of CNs before their use. 

On the other hand, CNs possess many desirable properties over conventional materials, such 

as activated carbon and petroleum-based polymers used in water treatment applications. These 

are: 

1. Their production does not require high-temperature processes resulting in the lower 

emission of carbon dioxide compared to the production of activated carbon. Thus, CNs 

have less carbon footprint comparatively compared to activated carbon produced by 

thermal processes, 

2. They are more sustainable and environmentally friendly compared to petroleum-based 

polymer counterparts, 

3. Moreover, the increased surface area to volume ratio and quantum size effects of CNs 

produced from cellulosic sources not only increases the amount of adsorption sites but 



62 
 

also offers the possibility of tuning the surface properties of CNs through molecular 

modification. This makes CNs ideal for surface functionalization compared to native 

cellulose, thereby creating active sites for adsorption,  

4. They possess good mechanical strength and dispersibility in water, making them ideal 

for use in filtration membranes and as flocculants respectively.  

All these characteristics open the door for their use in various water treatment applications. 

And in view of the enormous potential of CNs, research and development should focus on 

reducing the cost of production as well as tailoring their surface functionalities for deployment 

in wastewater treatment systems. CN supported catalysts and disinfectants are emerging 

functional nanomaterials that may find new applications in wastewater treatments. We need to 

exploit new and novel CN based nanohybrids that are intelligent by functionalizing them with 

responsive moieties that can be tailored to specific applications, such as selective adsorption, 

simultaneous sensing and scavenging etc. Also, the adoption of these functional nanomaterials 

in scalable chemical engineering processes needs to be developed as most of the researchers 

currently only focus on the design and synthesis of functional nanomaterials. This points to the 

need for collaborative research between material scientists, chemists and chemical engineers, 

where scalable water treatment processes can be developed and implemented. Considering the 

pace of work being carried out in all these areas, we believe that the wastewater treatment 

processes employing these sustainable nanomaterials will become a reality in the near future. 

2.7 Summary 

In this chapter, a brief introduction on CNs especially CNCs, hydrogels and 

nanocomposite hydrogels are presented. CN incorporated hydrogels and the effect of 

incorporation of CNs were reviewed. This chapter also provides a comprehensive review of 

CN-based systems used for the removal of a plethora of contaminants in wastewater. 

Adsorbents based on CNs are ideal for removing dyes, heavy metal ions and pharmaceutical 

compounds in wastewater. Absorbents based on CNs have been proven to be effective for the 

removal of oil-based contaminants from water. CNs have also been used as reinforcement 

agents and fillers in the membrane for the filtration of a wide variety of pollutants. Flocculants 
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based on CNs can flocculate dyes, heavy metal ions, clay particles and bacterial biomass. They 

can also be used as supports for catalysts and disinfectants for treating organic and pathogenic 

contaminants in water. Thus, CNs offer many possibilities in water remediation in industries 

such as textile, pulp and paper, leather tanning, metal plating, mining, paint, fertilizer, food and 

pharmaceuticals. Based on the current literature review, it can be concluded that the use of CNs 

for water treatment application is a promising area of research. In this context, addressing the 

limitation associated with separation and functionality of CNCs for use in large scale water 

treatment processes will have implications in the near future. Thus, our goal is to develop novel 

CNCs incorporated nanocomposites with improved properties for use in water treatment 

applications.  
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Chapter 3* 

 Cellulose Nanocrystal–Alginate Hydrogel Beads as Novel 

Adsorbents for Organic Dyes in Aqueous Solutions 

A new generation of recyclable adsorbents comprising of cellulose nanocrystals and alginate 

(CNC-ALG) with superior adsorption capacity was developed. Sustainable nanomaterials like 

cellulose nanocrystals (CNCs) derived from pulp fibers and cellulosic biomass are ideal 

systems for removing contaminants in our water systems as their use will also contribute to the 

lesser dependence on adsorbents like activated carbon that generate greenhouse gases during 

its production. Adsorption characteristics of CNC-ALG hydrogel beads were evaluated using 

batch adsorption studies of a model organic dye called methylene blue (MB) in aqueous 

solution. The influence of various parameters such as contact time, adsorbent dosage, initial 

dye concentration, pH, temperature, ionic strength, crosslinking time and bead size on the MB 

adsorption were also investigated. The measured thermodynamic parameters confirmed a 

spontaneous exothermic adsorption process. The adsorption kinetics and mechanism of 

adsorption were best described using pseudo second order kinetic model and intra-particle 

diffusion model. Equilibrium adsorption data are fitted well using Langmuir adsorption 

isotherm and a maximum adsorption capacity of 256.41 mg/g was reported, which is 

comparable to that of activated carbon. We demonstrated that after five adsorption-desorption 

cycles, the removal efficiency of MB remained at ~97%, and the CNC-ALG hydrogel beads 

are effective adsorbents for the removal of organic dyes from wastewaters. 

 

 

 

 

 

*This chapter is adapted from a paper “Nishil Mohammed, Nathan Grishkewich, Richard M. 
Berry and Kam Chiu Tam, Cellulose Nanocrystal–Alginate Hydrogel Beads as Novel 
Adsorbents for Organic Dyes in Aqueous Solutions, Cellulose, 2015, 22(6), 3725-3738.” 
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3.1 Introduction 

Water is one of the commodities essential for the continual prosperity of developed and 

developing nations. The demand for clean water is increasing due to rapid population growth 

and industrial activity. Both ground and surface water reservoirs are being polluted by 

contaminated wastewater from industrial, municipal, and agricultural sources.1 Among the 

contaminants that pollute these water bodies, dye-containing effluents from wet processing 

textile industries are becoming a major issue, especially in countries such as India and 

China.187,188 The volume of dye-containing effluent discharged into water bodies in these 

countries is alarming, both from a toxicological and esthetic perspective,189 and hence the 

treatment of these effluents before their discharge is crucial. Methylene blue (MB) is the most 

common dye used for dyeing cotton, wood and silk. Exposure to MB molecules can cause eye 

burns, breathing complications, nausea, vomiting, profuse sweating, mental confusion and 

methemoglobinemia.90 

Various physical, chemical and biological treatment methods can be employed for dye 

removal.2 Among these treatment methods is adsorption, which when implemented using a 

well-designed system is considered to offer the best solution for producing high quality treated 

water.3,4 This technique offers many advantages such as simple design and operation, low 

initial investment, effectiveness and insensitivity to toxic substances.2,5,6 Activated carbon is 

considered the most widely used adsorbent for water treatment. However, the high cost and 

energy involved in producing and regenerating the absorbent have inspired the development of 

alternative low-cost adsorbents based on sustainable materials.3,90  

The use of sustainable nanomaterials such as cellulose nanocrystals (CNCs) for the 

adsorption of dyes from water was reported recently.91,92 Previous research from our research 

group have reported that CNCs possess a very good adsorption capacity for a model cationic 

dye, MB with a maximum adsorption capacity (qmax) of 118 mg/g. It was also found that this 

qmax further increased to 769 mg/g upon the introduction of additional carboxyl groups on the 

surface of CNC by TEMPO oxidation. These nanomaterials were also found to outperform 

several conventional adsorbents widely used in developing countries.92 CNCs are rod-like 
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nanoparticles obtained from cellulose, having diameters ranging from 5-20 nm and lengths of 

up to a few hundred nanometers. They can be produced at the industrial scale by acid hydrolysis 

of pulp fibers. Because of their high specific surface area, good mechanical strength, 

biodegradability and high functionality,10 adsorbents based on these nanomaterials have the 

capacity to remove wide varieties of pollutants from wastewater. However, the separation of 

these nanomaterials after adsorption requires coagulation and high-speed centrifugation, which 

limits their applications in large scale water treatment process.92 

Hydrogels are crosslinked polymer network structures capable of swelling and absorbing 

large quantities of water without dissolution. They contain various proportions of hydrophilic 

and hydrophobic components. Due to their high adsorption, recyclability and reusability for 

continuous processes, these hydrogels have gained a particular interest in wastewater 

treatment.54 Alginate is a widely used natural polysaccharide for the preparation of hydrogels. 

They are obtained from the cell walls of brown seaweed and the sodium salt of this 

polysaccharide is produced in large scales as sodium alginate. It is an anionic polysaccharide 

composed of (1-4) linked β-D-mannuronate (M) and α-L-guluronate (G) units linked by β-1, 4 

and α-1, 4 glycosidic bonds. In the presence of divalent cations, such as Ca2+, they form 

hydrogels via ionic crosslinking of calcium bridges between the M and G units of adjacent 

chains. Alginate is also biocompatible, biodegradable; readily available, inexpensive and non-

toxic.190 Due to the presence of carboxylate groups along the polymeric chains, they are widely 

used as biosorbents for dyes, metal ions, etc.191,192 

There is an increasing interest in using sustainable nanomaterials, such as CNCs to 

remove contaminants from wastewater. However, the practical challenge of separating these 

high surface area nanoparticles from wastewater needs to be addressed before they can be 

adopted for use in large-scale wastewater treatment plant. The present research describes a 

solution to this challenge by impregnating CNCs into alginate hydrogel beads that can be easily 

separated using sieves after use in batch adsorption system or can be packed in fixed column 

for continuous water treatment processes. The choice of the alginate biopolymer used for 

preparing the CNC incorporated hydrogel beads was decided based on several factors. Firstly, 
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the simplicity in the synthesis procedure as the alginate hydrogel beads can be easily prepared 

using ionic crosslinking method. Secondly, the materials used for the synthesis of the alginate 

hydrogel beads, such as sodium alginate and calcium chloride are eco-friendly and sustainable 

in nature. Thirdly, the inherent ionic charge and porous structure of alginate hydrogel beads 

can also promote their adsorption capabilities thereby yielding adsorbents with high adsorption 

capacity and recyclability. The incorporated CNCs can also provide added functionality to this 

hydrogel system by providing improved surface area, enhanced mechanical property, 

selectivity through surface modification of CNCs and crosslinking if CNCs are functionalized 

with crosslinkable groups. Also, the use of porous hydrogel matrix for the treatment of textile 

effluents can provide an added advantage compared to the hard substrate like activated carbon. 

The compressible nature of these porous hydrogel beads, as opposed to the hard substrates, 

provides the ability to squeeze out the adsorbed organic dyes after use in the adsorption process. 

Thus, these hydrogel beads act as a dye concentrators that help in recycling process for textile 

dyeing industries. The spent hydrogel matrix material after dye extraction can be burned to 

generate energy making the entire process, a zero-waste generating process.  

Although CNCs have been incorporated into alginate microsphere with the motivation 

of enhancing the mechanical strength and regulating the drug release behavior,69 no studies 

have been reported till date on the use of similar CNC embedded hydrogel beads for removal 

of organic dyes in aqueous solutions. We demonstrate their utility for the same by examining 

its performance in the adsorption of MB, a well-known textile dye. The proposed strategy can 

also mitigate the dependence on commonly used adsorbents, such as activated carbon, which 

has high activation cost, which also contributes to the release of greenhouse gases during its 

activation step for wastewater treatment. The potential of using environmentally friendly 

nanomaterials to remove contaminants from wastewater will have an enormous impact on third 

world countries where water pollution is becoming a major environmental issue. Figure 3.1 is 

a schematic illustration showing the synthesis of CNC-ALG hydrogel beads and their use in 

batch adsorption studies.  
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Figure 3.1. Schematic illustration showing the synthesis of CNC-ALG hydrogel beads and 
their use in batch adsorption studies. 

3.2 Experimental section 

3.2.1 Materials used 

Spray dried CNCs (average dimensions of 100 nm length and 5nm diameter, surface area 

of ~500 m2/g) were supplied by CelluForce Inc. Sodium alginate (ALG) was purchased from 

FMC Biopolymer. Methylene Blue (MB) and Sodium chloride (NaCl) were purchased from 

Sigma-Aldrich. Calcium chloride (CaCl2) was purchased from Fisher Scientific. All chemicals 

were used without further purification, and purified water from a Milli-Q Millipore system 

(>18 MΩcm) was used to prepare the samples. 

3.2.2 Preparation of hydrogel beads 

CNC-ALG hydrogel beads were prepared by an ionotropic gelation method using Ca2+ 

ions. Depending on the beads, 0.2 to 2 wt% CNCs were thoroughly mixed with 1 to 4 wt% of 

sodium alginate solution in a homogenizer. The homogenized solution was loaded into syringes 

and extruded through 22-gauge size needles using a syringe pump at a flow rate of 5 mL/min 

into 50 mL of 2 wt% CaCl2 solution that was gently stirred to prevent the beads from adhering 
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to each other. The beads were allowed to crosslink in CaCl2 solution for 15 min, after which 

they were washed with water to remove residual CaCl2 and the beads were used for batch 

adsorption studies. 

3.2.3 Characterization of hydrogel beads 

Digital photographs of pure ALG and CNC-ALG hydrogel beads were recorded for 

measuring the size. The mean diameter of the hydrogel beads was determined from the optical 

micrographs using an image analysis software (Analyzing Digital Images). The morphology 

and porous nature of freeze-dried beads were examined using a field emission scanning 

electron microcopy (FE-SEM, Zeiss LEO 1550) at 10 kV accelerating voltage.  

Gravimetric method is employed to calculate the water content, void fraction and 

swelling ratio of hydrogel beads. Beads were dried to a constant weight at 40°C and the water 

content (WC) was calculated using Equation 3.1.  

WC =  
W୵ − Wୢ

W୵
  

(3.1) 

where Ww (g) and Wd (g) are the weights of wet and dried beads respectively. The void fraction 

(ε) of the CNC-ALG hydrogel beads was calculated from Equation 3.2 based on the density of 

the bead matrix (alginate and CNC) and the weight change before and after drying.193 

ε = ቎
(W୵ − Wୢ)

ρ୵
ൗ

Wୢ ρ୫
ൗ + (W୵ − Wୢ)

ρ୵
ൗ

቏ 
 

(3.2) 

where Ww (g) and Wd (g) are given above, and ρm and ρw are the densities of the bead matrix 

(ρm = 1.60 g/cm3) and water (ρw = 1 g/cm3) respectively. A fixed amount of freeze-dried 

hydrogel beads were swollen in Millipore water for 5 h and the acquired water content is 

calculated as percentage to express the swelling ratio of hydrogel beads.  

To study the influence of CNCs on the mechanical properties of hydrogel beads, 0.5 wt% 

ALG hydrogel beads with and without CNCs were compressed using CETR UNMT testing 

machine. A constant load of 10 g was applied to compress the hydrogel beads to a constant 

height and measure the force which it can withstand.  
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Dynamic light scattering measurements were performed using a Brookhaven light 

scattering system to further prove that almost all CNCs are incorporated into the gel network 

formed by alginate. Intensity weighted particle size distribution of CaCl2 crosslinking solution 

before and after hydrogel bead formation were taken and compared to that CNCs dispersed in 

water. 

3.2.4 Batch adsorption studies  

Each batch adsorption experiment was performed by stirring CNC-ALG hydrogel beads 

at 500 rpm for 1 h in 50 mL of dye solution. All experiments were conducted at neutral pH and 

25 °C. The initial and final concentration of the bulk dye was measured using a Cary 100 UV-

Vis spectrophotometer. The calibration curve of MB at 664 nm was used to convert the 

absorption values of MB to its corresponding concentration. Dye removal % and amount of 

MB adsorbed (qe) on CNC-ALG hydrogel beads were calculated using the Equation 3.3 and 

3.4 respectively.194,195 

Dye Removal % =
(C଴ − Cୣ)

C଴
 ×100 

(3.3) 

qୣ =
(C଴ − Cୣ)V

m
 

(3.4) 

where qe is the amount of dye adsorbed for 1 g of adsorbent (mg/g), Ce is the equilibrium 

concentration of free dye molecules in the solution (mg/L), C0 is the initial dye concentration 

(mg/L), V is the volume of solution (L) and m is the mass of adsorbent (g).  

3.2.5 Effect of various parameters on dye adsorption 

The adsorption of dye onto the CNC-ALG hydrogel beads can be influenced by various 

parameters and hence the effect of contact time, adsorbent dosage, initial dye concentration, 

pH, ionic strength, crosslinking time, bead size and temperature on their ability to adsorb dye 

was studied.  

3.2.5.1 Effect of contact time 

The effect of adsorption time on dye removal was studied by measuring the dye 

concentration at regular time intervals from 0 to 180 min. Adsorption experiments were carried 
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out by stirring 445 mg (dry weight basis) of CNC-ALG beads in 50 mL of 200 mg/L dye 

solution at 500 rpm.  

3.2.5.2 Effect of adsorbent dosage 

The effect of adsorbent dosage on dye removal was studied by stirring varying amounts 

(35 to 600 mg (dry weight basis)) of CNC-ALG beads in 50 mL of 200 mg/L dye solution at 

500 rpm for 1 h.  

3.2.5.3 Effect of initial dye concentration 

The effect of initial dye concentration on dye removal was studied by varying the dye 

concentration from 100 to 1200 mg/L. Adsorption experiments were carried out by stirring 445 

mg (dry weight basis) of CNC-ALG beads in 50 mL of dye solution at 500 rpm for 1 h.  

3.2.5.4 Effect of pH 

The effect of pH on dye removal was studied by performing the dye adsorption studies 

and changing the pH of the dye solution to 2.5, 6.5 and 10 at 25 °C. Adsorption experiments 

were carried out by stirring 445 mg (dry weight basis) of CNC-ALG beads in 50 mL of 200 

mg/L dye solution at 500 rpm for 1 h. 

3.2.5.5 Effect of ionic strength 

The effect of ionic strength on dye removal was studied by performing dye adsorption 

studies in the presence of 0, 0.25, 0.5 and 1 M NaCl. Adsorption experiments were carried out 

by stirring 445 mg (dry weight basis) of CNC-ALG beads in 50 mL of 200 mg/L dye solution 

at 500 rpm for 1 h.  

3.2.5.6 Effect of cross-linking time 

The effect of cross-linking time on dye removal was studied by performing dye 

adsorption studies using CNC-ALG beads crosslinked in CaCl2 for various time intervals 15, 

30 and 60 min. Adsorption experiments were carried out by stirring 445 mg (dry weight basis) 

of CNC-ALG beads in 50 mL of 200 mg/L dye solution at 500 rpm for 1 h.  
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3.2.5.7 Effect of bead size 

The effect of crosslinking time on dye removal was studied by performing dye adsorption 

studies using CNC-ALG beads prepared with needles of varying gauge sizes 18G, 22G and 

25G inches. These needles produced beads having diameters of 3.4, 2.8 and 1.9 mm 

respectively. Adsorption experiments were carried out by stirring 445 mg (dry weight basis) of 

CNC-ALG beads in 50 mL of 200 mg/L dye solution at 500 rpm for 1 h.  

3.2.5.8 Effect of temperature  

The effect of temperature on dye removal was studied by performing dye adsorption 

studies at three different temperatures of 25, 35, 45 and 55°C at a pH 7. Adsorption experiments 

were carried out by stirring 445 mg (dry weight basis) of CNC-ALG hydrogel beads in 50 mL 

of 200 mg/L dye solution at 500 rpm for 1 h.  

3.2.6 Kinetic studies 

The kinetics of dye adsorption was studied by measuring dye concentrations of 5 

different batches of CNC-ALG hydrogel beads stirred in dye solutions for 3 h. Each batch 

consisted of 445 mg (dry weight basis) of beads stirred in a dye solution of varying initial 

concentration (100 mg/L, 200 mg/L, 400 mg/L, 600 mg/L and 800 mg/L) respectively. The 

dye uptake (qt) was then plotted against time (t) and analyzed using various models to obtain 

the kinetic parameters of adsorption.  

3.2.7 Adsorption isotherm  

The adsorption isotherm of this hydrogel bead system was determined by stirring 445 mg 

(dry weight basis) of CNC-ALG hydrogel beads with various initial dye concentrations (600 

mg/L, 1000 mg/L, 1400 mg/L, 1800 mg/L and 2000 mg/L). Beads were stirred at 500 rpm for 

1 h at pH 7 and 25°C. The equilibrium dye uptake (qe) was then plotted against equilibrium 

concentration of dye (Ce) and modeled using various mathematical models to determine the 

adsorption isotherms. 
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3.2.8 Desorption study 

The reusability of CNC-ALG hydrogel beads after dye adsorption was studied via 5 

consecutive adsorption – desorption cycles. A mixture of 1 M HCl and 98% ethanol with a 

volume ratio of 1:1 was chosen as the eluent to restore the adsorption sites of the CNC-ALG 

hydrogel beads. 75 mg (dry weight basis) of MB preloaded CNC-ALG hydrogel beads were 

separated from the batch adsorption runs and mixed with 20 mL of eluent, where MB was 

desorbed from the beads. For each cycle, 15 mL of 50 mg/L dye solution was employed for 

adsorption and 20 mL of eluent was employed for desorption. The adsorption and desorption 

cycle was 60 and 30 min respectively. 

3.3 Results and discussion 

3.3.1 Preparation of hydrogel beads 

Hydrogel beads were formulated in varying ratios of CNCs and alginate to study their 

individual contributions to the adsorption of MB. Figure 3.2a shows the dye removal % of 

freeze-dried hydrogel beads having a constant 2 wt% ALG and various wt% (0, 0.1, 0.5 and 1 

wt%) of CNCs. With increasing CNCs wt%, the percentage dye removal increased. Dye 

removal % of 2 wt% ALG bead with 1 wt% CNCs is almost three times higher than hydrogel 

beads with no CNCs. This increase in dye removal % is due to the increased number of 

adsorption sites contributed by the high surface area CNCs. A non-linear increase in the dye 

removal % with increase in CNC content was observed and this is possibly due to more 

aggregation of CNCs within the hydrogel beads at higher CNC content. CNCs tend to undergo 

gelation in the presence of Ca2+ ions which can be also one reason for the aggregation of CNCs. 

Hence, the adsorption capability of the CNCs is compromised to some extent. However, the 

effective increase in number of CNC active sites present inside the hydrogel beads still 

contributed to the non-linear increase in the adsorption.  It was also found that, compared to 

freeze-dried hydrogel beads, wet hydrogel beads displayed better adsorption capacity even with 

half the adsorbent dosage. This lower adsorption capacity may be attributed to a decrease in 

porosity as a result of the drying, creating a structural barrier that limits the diffusion of dye 

molecules to the adsorption sites.192 Lagoa et al. reported that dry alginate beads possessed a 
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lower porosity and hence they adsorbed metal ions at a slower rate compared to wet beads.196 

Figure 3.2b shows the dye removal % of wet hydrogel beads having a constant 1 wt% of CNCs 

and various wt% (2, 1 and 0.5 wt %) of ALG. It shows that the dye removal % increased with 

decreasing alginate content, due to the better accessibility of dye molecules to the adsorption 

sites on the CNCs arising from the loose network structure formed on reducing the alginate 

content. Figure 3.2c and 3.2d shows the improvement in dye adsorption characteristics of 0.5 

wt% ALG + 1 wt% CNC hydrogel beads compared to pure 0.5 wt% ALG hydrogel beads. 

Considering all these results, wet 0.5 wt% ALG + 1 wt% CNC hydrogel beads were chosen for 

further characterization and adsorption studies. 

 
Figure 3.2. (a) Dye Removal % of 2 wt% ALG hydrogel beads with different wt% of CNCs 
(Concentration of dye solution = 200mg/L, Volume of dye solution = 50 mL, Dosage of freeze-
dried hydrogel beads = 200 mg). (b) Dye Removal % of 1 wt% CNC containing hydrogel beads 
of different wt% ALG (Concentration of dye solution = 200 mg/L, Volume of dye solution = 
50 mL, Dosage of wet hydrogel beads = 150 mg). (c) Comparison in dye adsorption properties 
of pure ALG and CNC-ALG hydrogel beads (Concentration of dye solution = 200mg/L, 
Volume of dye solution = 50 mL, Dosage of wet hydrogel beads = 150 mg). (d) Illustration of 
dye adsorption capability of pure ALG and CNC-ALG hydrogel beads. 
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3.3.2 Characterization of hydrogel beads  

Digital photographs of pure ALG (Figure 3.3a) and CNC-ALG (Figure 3.3b) hydrogel 

beads revealed that the incorporation of CNCs into the ALG hydrogel beads imparted a 

characteristic white colour. The optical micrograph of wet CNC-ALG hydrogel beads (Figure 

3.3c) showed that they possess a smooth and uniform surface with an average diameter of 

around 2.9 mm (Table 3.1).  

 
Figure 3.3. (a) Digital photograph of pure ALG hydrogel beads. (b) Digital photograph of 
CNC-ALG hydrogel beads. (c) Optical micrograph of CNC-ALG hydrogel beads. 

Table 3.1. Mean diameter of CNC-ALG hydrogel beads using Analyzing Digital images. 

Bead No. Diameter (mm) 

1 2.90 

2 2.84 

3 2.89 

4 2.92 

5 2.95 

6 2.93 

Average 2.905 

The surface morphology and porous nature of beads were studied by characterizing the 

freeze-dried hydrogel beads using SEM. Figure 3.4a and 3.4b shows the surface morphology 

of both pure ALG and CNC-ALG hydrogel beads. The surface of pure ALG hydrogel beads 

was smoother and less dense in comparison to the CNC-ALG hydrogel beads. Incorporating 

CNCs into the hydrogel structure generated more undulations and folds on the bead surface, 

effectively increasing the surface area available for dye adsorption. These observations are in 

agreement with those reported previously.197,198 Figures 3.4c and 3.4d show the crosslinked 

and porous nature of the CNC-ALG hydrogel beads respectively. Figure 3.4d provides a visual 
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representation of the porous nature of the hydrogel beads and it does not facilitate the 

determination of the exact porosity. Moreover, the freeze-dried hydrogel beads used for the 

SEM experiments does not provide the exact visualization of the porous nature that the 

hydrogel beads in their native wet swollen state possess. 

 
Figure 3.4. (a) Surface morphology of pure ALG hydrogel beads. (b) Surface morphology of 
CNC-ALG hydrogel beads. (c) Crosslinked nature of CNC-ALG hydrogel beads. (d) Porous 
nature of CNC-ALG hydrogel beads. 

Figure 3.5 summarize the water content and void fraction of the pure ALG and CNC-

ALG hydrogel beads.  These results indicate the CNCs have a negligible effect on the water 

content and void fraction of the hydrogel when they are incorporated into its structure.  Thus, 

the addition of CNCs in the ALG hydrogel beads increased the amount of binding sites 

available for adsorption without compromising their inherent porous nature. This contributed 

to the improved dye adsorption characteristics of CNC-ALG compared to ALG hydrogel beads. 
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Figure 3.5. (a) Comparison of water content and void fraction of pure ALG and CNC-ALG 
hydrogel beads. 

The swelling ratio (Figure 3.6) of hydrogel beads with and without CNCs were also 

evaluated and it was found that the CNC-ALG beads have be comparatively lower swelling 

ratio than that of the ALG hydrogel beads which can be attributed to the high crystallinity of 

CNCs. This high crystallinity reduces the overall amorphous nature of the hydrogel matrix 

which is more favorable for swelling. Also, the CNCs that gets entangled within the alginate 

network chains, contributes to the mechanical reinforcement effect that also, in turn, lowers the 

swelling ratio. 

 
Figure 3.6. (a) The swelling ratio of hydrogel beads. 

Apart from this addition of CNCs could also reinforce the hydrogels and various studies 

have shown that CNCs improved the mechanical properties of hydrogels.53,66,67 Preliminary 

compression testing performed on 0.5 wt% hydrogel beads containing varying CNC content (1 

– 2 wt% CNC) showed improvement in their compressive strength upon increasing CNCs 

content. 0.5 wt% ALG hydrogel beads without CNCs were fragile and proper compression 
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testing could not be done on them. 2 wt% CNC containing hydrogel beads withstood higher 

force compared to 1wt % CNC containing beads as shown in Figure 3.7.  

 
Figure 3.7. (a) Compression testing of 0.5 wt% ALG hydrogels with 1wt % and 2 wt% CNCs. 

Dynamic light scattering measurements proved that CNCs were completely entrapped 

into the hydrogel beads. Intensity weighted particle size distribution (Figure 3.8) of 

crosslinking solution after bead formation was near to 0 kcps as compared to the CNCs 

dispersed in water having around 80 kcps. This denotes that CNCs are not present in the 

crosslinking solution and denotes are CNCs are completely entrapped within gel network 

formed by alginate. 

 
Figure 3.8. Dynamic light scattering measurements to prove the CNCs incorporation into 
hydrogel beads (Please note that the red dots is overlapping the black dots). 

 

 

 



79 
 

3.3.3 Effect of various parameters on dye adsorption 

Effect of various parameters such as contact time, contact time, adsorbent dosage, initial 

dye concentration, pH, ionic strength, crosslinking time, bead size and temperature on the dye 

adsorption characteristics of CNC-ALG hydrogel beads are discussed in the following sections.  

3.3.4 Effect of contact time 

Figure 3.9 shows the effect of contact time on dye removal %.  The rapid uptake of dye 

was observed within the first 30 min, which was followed by a slower uptake process until it 

approached equilibrium. During the initial stage, there was a large number of vacant sites 

available for adsorption, and with increasing time the occupied sites induced repulsive 

interactions between solute molecules on the surface and the bulk solution.199 From the binding 

isotherm, the equilibrium time for adsorption was determined to be approximately 1 h, hence 

all future adsorption studies were performed for a duration of 1 h. 

 
Figure 3.9. Dye removal % of CNC-ALG hydrogel beads with varying contact time. 

3.3.4.1 Effect of adsorbent dosage 

The effect of adsorbent dosage was investigated by varying the dosage of CNC-ALG 

beads (adsorbent) from 35 to 600 mg (dry weight basis) in 50 mL of 200 mg/L dye solution. 

Figure 3.10 shows that with increasing the amount of adsorbent, the dye removal % increased 

from 57 to 82% and equilibrated at around 445 mg of adsorbent. As the adsorbent dosage was 

increased, more active sites would be available for dye adsorption and would ultimately 

enhance dye uptake. This observation is consistent with the results of Deng et al.200 However, 

the amount of dye adsorbed per unit mass (qe) decreased from 150 to 14 mg/g with increasing 
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adsorbent dosage, which is attributed to the unsaturation of active sites on adsorbent due to the 

increase in the ratio of adsorption sites to dye molecules.201 

 
Figure 3.10. Dye removal % of CNC-ALG hydrogel beads with varying adsorbent dosage. 

3.3.4.2 Effect of initial dye concentration 

Adsorption of MB onto CNC-ALG beads was measured for five different initial dye 

concentrations for a fixed amount of adsorbent. Figure 3.11 shows that with increasing initial 

dye concentration, dye removal % initially increased and then decreased gradually. This initial 

increase in dye removal % at low dye concentration is attributed to the low ratio of initial 

number of dye molecules to adsorption sites. However, at higher dye concentration, the ratio 

of increase in dye concentration to the increase in the amounts of dye adsorbed becomes lower 

due to the availability of less adsorption sites, which agrees with the result of Saha et al.202 

Even though the removal percentage decreased with increasing dye concentration, the amount 

of dye adsorbed increased from 8 to 89 mg/g for an increase in initial dye concentration from 

100 to 1200 mg/L. A higher initial dye concentration provides the driving force for Fickian 

diffusion between the aqueous and solid phases and the number of dye molecules available for 

adsorption was greater for the same number of adsorption sites.194,203 
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Figure 3.11. Dye removal % of CNC-ALG hydrogel beads with varying initial dye 
concentration. 

3.3.4.3 Effect of pH 

The pH of the medium plays a major role in tailoring the surface charge of adsorbent via 

protonation or deprotonation of the functional groups. Hence understanding the influence of 

pH on the adsorption capacity of the adsorbent is important. Figure 3.12 shows that when the 

pH was increased from 2.5 to 10, the dye removal % did not change drastically. However, a 

slight increase in dye removal % from 82.0 to 84.5% was observed (as shown in the Figure 

3.12 inset). This result shows that the CNC-ALG beads can maintain a high adsorption capacity 

over a wide pH range. For the adsorbents possessing carboxyl (–COO-) and sulfate (–OSO3
-) 

functional groups, the negative surface charge decreased as pH approached the pKa of the 

functional groups. The pKa of –OSO3
- groups on the CNCs is ~1.9,30 and –COO- groups on the 

alginate ranges from 3 to 5.204 The slight increase in the dye removal % observed for CNC-

ALG hydrogel beads in the pH range (2.5 – 10) can be attributed to the change in the ionic 

characteristics of the alginate chains. There may be an excess of H+ ions competing with the 

cationic dye for adsorption sites at low pH. Operating at a higher pH is  useful for absorbing  

more  cationic dyes like MB  as the  surface  of  the  adsorbent  would become  more anionic  

with increasing  pH as reported previously.192,198,199,205 
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Figure 3.12. Dye removal % of CNC-ALG hydrogel beads with varying pH. 

3.3.4.4 Effect of ionic strength 

Effluents from the dye industry contain many components, such as acids or alkalis, salts, 

suspended or dissolved compounds, metal ions and other toxic compounds. The presence of 

these impurities increases the ionic strength of the medium, which may alter the adsorption 

performance.206 The effect of ionic strength on the adsorption of MB was investigated by 

adding varying amounts of NaCl to the dye solution. Figure 3.13 shows that when the ionic 

strength was increased from 0 to 1 M, the dye removal % decreased significantly from 75 to 

7%. This can be attributed to the screening of electrostatic interactions between the adsorbent 

and dye molecules due the presence of Na+ and Cl- ions in the solution.207,208 

 
Figure 3.13. Dye removal % of CNC-ALG hydrogel beads with varying ionic strength. 
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3.3.4.5 Effect of crosslinking time 

Figure 3.14 shows that the dye removal % did not decrease drastically with the increase 

in the crosslinking time for the time range used in this study. However, a slight decrease in the 

dye removal % from 69.08 to 68.35 % was observed with increasing cross-linking time (as 

shown in the Figure 3.14 inset). This can be attributed to the fact that with increasing 

crosslinking time, more Ca2+ ions can diffuse into the beads and increase the crosslinking 

density within the beads. This in turn reduces the free volume, i.e., the number of binding sites 

per unit volume of gel and the amount of dye adsorption decreases accordingly.209 

 
Figure 3.14. Dye removal % of CNC-ALG hydrogel beads with varying crosslinking time. 

3.3.4.6 Effect of bead size 

The size of the beads depends on many factors, such as needle diameter, charge applied 

to the bead surface, viscosity and concentration of the alginate solution. An easy way to control 

the bead size is to use needles with the desired diameter as identified by its gauge number. To 

study the effect of bead size on dye adsorption, beads were produced using needles of various 

gauge sizes. As shown in Figure 3.15, the dye removal % did not increase drastically with 

decreasing the size of the beads. However, a slight increase in the dye removal % from 83.49 

to 85.80 % was observed with decreasing size of beads (as shown in the Figure 3.15 inset). 

This can be attributed to the higher external surface area  of  smaller beads and the availability 

of functional groups that are responsible  for dye adsorption on the bead surface.210 
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Figure 3.15. Dye removal % of CNC-ALG hydrogel beads with varying bead size. 

3.3.5 Thermodynamic study 

The effect of temperature is an important parameter to be studied to understand the 

thermodynamics of adsorption. It was found that the dye removal % decreased from 77 to 69% 

when the temperature was increased from 25 to 55°C as shown in Figure 3.16a, which suggests 

that dye adsorption becomes less favorable at higher temperatures. To further understand the 

effect of temperature on the adsorption process, thermodynamic parameters, such as standard 

free energy (⧍G°), enthalpy (⧍H°) and entropy (⧍S°), were determined using the following 

equations: 

Kୢ =  
Cୟ

Cୣ
 

(3.5) 

⧍G =  ⧍H° − T⧍S° (3.6) 

ln Kୢ =  ൬
⧍S°

R
൰ − ൬

⧍H°
RT

൰ 
(3.7) 

where Kd is the distribution coefficient for the adsorption, Ca is the amount of dye (mg) 

adsorbed on the adsorbent per liter of the solution at equilibrium and Ce is the equilibrium 

concentration (mg/L) of the dye in the solution, T is the solution temperature (K) and R is the 

gas constant. ⧍H° and ⧍S° were calculated from the slope and intercept of Van’t Hoff plots of 

ln Kd versus 1/T (Figure 3.16b). The results are summarized in Table 3.2.  
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Figure 3.16. (a) Dye removal % of CNC-ALG hydrogel beads with varying temperature. (b) 
Plot of ln Kd versus 1/T. 

Table 3.2. Thermodynamic parameters for adsorption of MB on CNC-ALG hydrogel beads. 

Temperature (°C) Kd (L/g) ⧍G° (KJ mol-1)  

⧍H° = -18.39 kJ mol-1 

⧍S° = -12.50 J mol-1 K-1 

25 370.85 -14.66 

35 287.59 -14.54 

45 239.21 -14.41 

55 185.50 -14.29 

The distribution coefficient (Kd) is a useful parameter describing the capability of the 

alginate hydrogel beads to retain a solute and also the extent of its diffusion in a solution.211 It 

can be also used to compare the adsorption capacities of different adsorbents, when measured 

under similar conditions.212 The values of Kd were further used to determine ⧍H°, ⧍S° and 

⧍G°, ⧍H° and ⧍S° were found to be −18.39 kJ mol−1and −12.50 J mol−1K−1 respectively. 

Negative ⧍H° values reflect the exothermic nature of the process, whereas a small negative 

value ⧍S° suggests that no noticeable change in the structure of the CNC-ALG hydrogel beads 

occurs during the adsorption process. Our results agree with previous studies.213,214 Generally, 

the absolute magnitude of free energy change for physisorption is between −20 and 0 kJ mol−1, 

and chemisorption has a range of −80 to −400 kJ mol−1 215. ⧍G° values calculated for the dye 

adsorption onto CNC-ALG hydrogel beads at temperatures 25, 35, 45 and 55°C were −14.66, 

−14.54, −14.41 and -14.29 kJ mol−1 respectively, with an initial concentration of 200 mg/L. 

Hence, this process can be considered as physisorption, and the negative values of ⧍G° indicate 

that the adsorption process is spontaneous. It can be also noted that ⧍G° increases with 

increasing temperature, suggesting a decrease in adsorption with temperature. The decrease in 
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adsorption capacity with increasing temperature may be influenced by the weakening hydrogen 

bonding and van der Waals interaction between the adsorbent and adsorbate.216,217 

3.3.6 Kinetic studies  

The adsorption kinetics were studied to elucidate the rate of dye adsorption, adsorption 

mechanism and possible rate-controlling steps.102,218 The influence of adsorption time on the 

dye adsorption capacity of CNC-ALG hydrogel beads for various initial dye concentrations is 

shown in Figure 3.17a. In the present investigation, the adsorption data was analyzed and 

simulated using three kinetic models, namely the pseudo-first-order, pseudo-second-order 

kinetic and intraparticle diffusion models. These models can be expressed in the following 

forms: 

Pseudo-first-order model.219 

dq୲

dt
= kଵ(qୣ − q୲) 

(3.8) 

Pseudo-second-order model.220 

dq୲

dt
= kଶ(qୣ − q୲)ଶ 

(3.9) 

Intra-particle diffusion model.221 

q୲ =  k୧ୢ√t (3.10) 

where qe (mg/g) is the amount of dye adsorbed at equilibrium, qt (mg/g) is the amount of dye 

adsorbed at time t (min), and k1 (min-1) is the rate constant of the pseudo-first-order model, k2 

(g mg-1 min-1) is the rate constant of the pseudo-second-order model and kid (mg g-1 min-1/2) is 

the intra-particle diffusion rate constant. The initial absorption  rate  constant k2i (mg g-1 min-1) 

for the pseudo-second-order absorption kinetic model  can be calculated using the Equation 

3.11.222 

kଶ୧ =  kଶqୣ
ଶ (3.11) 

The experimental kinetic data for various initial dye concentrations was fitted using the 

linearized form of the pseudo-first-order (Equation 3.12) and pseudo-second-order model 

equation (Equation 3.13) respectively to determine the kinetic parameters of adsorption. 

log(qୣ −  q୲) = log  qୣ − 
kଵ

2.303
t 

(3.12) 
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t
q୲

=  
1

kଶqୣ
ଶ + 

1
qୣ

t 
(3.13) 

For the pseudo-first-order model, the rate constant (k1) and qe were determined from the 

slopes and intercepts of log (qe−qt) versus t.  For the pseudo-second-order model, the rate 

constant (k2) and qe were determined from the slope and intercepts of t/qt versus time t plots. 

The value of qe determined experimentally qe(expt), calculated qe(calc), and the correlation 

coefficient (R2) together with the kinetic adsorption rate constants k1, k2 and k2i are summarized 

in Table 3.3. It was observed that the R2 values for the pseudo-first-order kinetic model were 

lower than those for the pseudo-second-order kinetic model. The pseudo-second-order kinetic 

model gave a linear plot with an average regression coefficient of R2 = 0.99. Also, qe(calc) 

using pseudo-second-order kinetic model agreed well with qe(expt), confirming that the 

kinetics of dye adsorption by CNC-ALG hydrogel beads are better described by the pseudo-

second-order kinetic model rather than the pseudo-first-order model. The kinetic adsorption 

data and the prediction using the pseudo-second-order model are depicted using Figures 3.17a 

and 3.17b respectively.  

 
Figure 3.17. (a) Plot of qt versus time for various initial dye concentrations. (b) Pseudo-second-
order kinetic model fitting for batch adsorption of MB of various initial dye concentrations on 
CNC-ALG hydrogel beads. 
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Table 3.3. Adsorption kinetic parameters for MB on CNC-ALG hydrogel beads estimated 
using (a) Pseudo-First-Order and (b) Pseudo-Second-Order Model. 

(a) Pseudo-First-Order Model 

Concentration 

(mg/L) 

qe(expt)  

(mg/g) 

qe(calc)  

(mg/g) 

K1  

(min-1) 

R2 Standard 

error 

100 10.41 3.03 0.025 0.83 16.55 

200 17.24 5.43 0.031 0.95 8.59 

400 35.28 14.58 0.030 0.93 10.46 

600 50.29 24.75 0.034 0.93 10.80 

800 72.84 35.77 0.032 0.94 9.68 

(b) Pseudo-Second-Order Model 

Concentration 

(mg/L) 

qe(expt) 

(mg/g) 

qe (calc) 

(mg/g) 

K2 

(g mg-1 min-1) 

K2i 

(mg g-1 min-1) 

R2 Standard 

error 

100 10.41 10.48 0.03 3.66 0.99 0.72 

200 17.24 17.51 0.02 5.45 1.00 0.44 

400 35.28 35.97 0.01 8.23 0.99 0.58 

600 50.29 51.81 0.00 9.45 0.99 0.58 

800 72.84 74.63 0.00 14.41 0.99 1.04 

Kinetic modelling using pseudo-second-order model also showed that as the initial dye 

concentration increased, the initial adsorption rate constant (k2i) increased while the rate 

constant of adsorption (k2) decreased. This explains that the rate of adsorption depends on the 

concentration of dye molecules. With the increase in the dye concentration, the higher amount 

of dye molecules contributed to the increased concentration gradient promoting increased 

adsorption rate at the initial phase (k2i). However, the overall adsorption rate (k2) decreases 

considering the longer time it takes to reach the equilibrium. 

Since the adsorption process involves the transport of dye molecules from the bulk 

solution to the pores of the adsorbent beads, this transport process could be considered as the 

rate determining step. Since both the rate models cannot identify the diffusion mechanism 

during the adsorption process, our experimental data was also tested using intra-particle 

diffusion model. The experimental kinetic data for various initial dye concentrations was fitted 

using the linearized form of the intraparticle diffusion model (Equation 3.14) wherein the kid 

and C provide can be obtained from the slope and intercept of qt vs t0.5 plots. 

q୲ =  k୧ୢt଴⋅ହ + C (3.14) 
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Figure 3.18a and 3.19a to 3.19d are the plots of qt versus t0.5 for 100, 200, 400, 600 and 

800 mg/L dye concentration. It was observed that all these plots were not linear over the whole-

time range, suggesting that more than one process affected the adsorption. The three stages in 

the plot describe the mass transfer of dye into the CNC-ALG hydrogel beads wherein the first 

stage could be explained using boundary layer diffusion and second two stages using 

intraparticle diffusion. According to intraparticle diffusion model, the if the plot passed through 

the origin, intraparticle diffusion was the sole rate-limiting step and if not boundary layer 

diffusion controlled the adsorption to some degree.223,224 As seen in the figures, the lines did 

not pass through the origin and all the plots have an intercept which implies that intraparticle 

diffusion was not only the rate limiting step. The intercept value, C of the plots denotes the 

boundary layer thickness and intercept observed for all these plots suggest that a boundary 

layer resistance between the adsorbate and adsorbent is the rate-limiting factor for the 

adsorption process. 

The intraparticle diffusion constants kid.1, kid.2 and kid.3 which describe the diffusion rates 

of different stages of the adsorption process could be determined from the three slopes, each 

corresponding to one diffusion behavior. The numerical values of these intra-particle diffusion 

constants are summarized in Table 3.4.   

Table 3.4. Intra-particle rate parameters for various initial dye concentrations. 

Concentration 

(mg/L) 

kid.1 

(mg g-1 min-0.5) 

kid.2 

(mg g-1 min-0.5) 

kid.3 

(mg g-1 min-0.5) 

100 2.05 0.51 0.07 

200 2.41 0.85 0.14 

400 6.15 2.35 0.33 

600 12.58 3.47 0.52 

800 13.15 5.84 0.71 

The adsorption rate displays the trend, kid.1 > kid.2 > kid.3, which suggests that a rapid first 

stage controls diffusion of dye molecules into the bead, and a slower second and a much slower 

third stage until it reached an equilibrium. The first stage corresponds to the rapid diffusion 

(kid.1) of large amounts of dye molecules (about 50%) from the bulk dye solution to the surface 

of the adsorbent. When the adsorption sites on the exterior surface become saturated, dye 
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molecules enter the pores described by the kid.2 in the second stage. With dye molecules 

entering the pores, the diffusion resistance increases, leading to a reduction in the diffusion rate 

(kid.2). In the third stage, dye molecules diffuse into the interior of the adsorbent described by 

kid.3, and the rate of diffusion slowly decreases until the system reaches equilibrium.  

The obtained rate parameters kid.1, kid.2 and kid.3 were also plotted and correlated with the 

initial dye concentrations. The intra-particle diffusion parameter could also be correlated to the 

initial dye concentration by an equation of the form: 

k୧ୢ.୧ = A୧ (Initial dye concentration)୆౟ (3.15) 

log k୧ୢ.୧ = log A୧ +  B୧log  (Initial dye concentration) (3.16) 

where the subscript i possesses values 1, 2 or 3 referring to the diffusion parameters in the three 

regions respectively.225 A plot of log kid versus log (Initial dye concentration) in the three 

regions is shown in Figure 3.18b, and it was observed that when the initial dye concentration 

was increased, intra-particle diffusion rate would increase correspondingly. 

 
Figure 3.18. (a) Intraparticle diffusion kinetic model fitting for batch adsorption of 100 mg/L 
MB solution on CNC-ALG hydrogel beads. (b) The plot of log kid versus log (initial dye 
concentration). 
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Figure 3.19. Plot of qt versus t0.5 for (a) 200mg/L (b) 400 mg/L (c) 600 mg/L (d) 800 mg/L 
initial dye concentration. 

3.3.7 Adsorption isotherm  

An equilibrium between adsorption and desorption will be established, when an 

adsorbent is exposed to an adsorbate for longer period of time and for the development of an 

adsorption process, it is necessary to have a sound understanding on the properties of the 

system at equilibrium. Adsorption isotherms are normally used to model the equilibrium 

adsorption process and they describe the equilibrium of an adsorption system at a constant 

temperature by relating the concentration of adsorbate in the bulk to the specific adsorption of 

the adsorbent. There are several adsorption isotherm models used to describe the equilibrium 

distribution. Two commonly used adsorption isotherm models, the Langmuir and Freundlich 

adsorption isotherms, were used to fit our experimental data.  

The Langmuir isotherm model assumes monolayer adsorption over a homogeneous 

adsorbent surface with adsorption sites that are identical and energetically equivalent.  The 

Langmuir isotherm can be mathematically expressed by Equation 3.17.226  

qୣ =  
q୫K୐Cୣ

1 +  K୐Cୣ
 

(3.17) 
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where qe is the amount of dye adsorbed per g of adsorbent (mg/g) at equilibrium, qm is the 

maximum amount of dye that can be adsorbed per g of adsorbent (mg/g) in equilibrium, Ce is 

the equilibrium concentration of free dye molecules in the bulk solution (mg/L), and KL is a 

constant related to the energy of adsorption (L/mg) which shows the affinity between the dye 

and adsorbent. The values of KL and qm can be extracted by using the linearized form of the 

Langmuir isotherm (Equation 3.18). The linearized form of the Langmuir isotherm can be 

represented by a plot of 1/qe versus 1/Ce, where qm and KL can be found from the intercept and 

slope, respectively. 

1
qୣ

=  
1

K୐q୫Cୣ
+  

1
q୫

 
(3.18) 

Furthermore, a dimensionless constant obtained from the Langmuir model, RL 

(Separation factor) can be used to determine the favorability and feasibility of the adsorption 

process. RL can be calculated from Equation 3.19.227 

R୐ =  
1

1 +  K୐C଴
 

(3.19) 

where C0 is the initial dye concentration in solution (mg/L) and KL is the Langmuir constant 

(L/mg). The isotherm is unfavorable if RL > 1, linear if RL = 1, favorable if 0 < RL < 1 and 

irreversible if RL = 0. 

The Freundlich model assumes multilayer adsorption with non-uniform distribution of 

adsorption heat and affinities over a heterogeneous adsorbent surface. The Freundlich isotherm 

can be mathematically expressed using Equation 3.20.228 

qୣ = K୊Cୣ
ଵ ୬ൗ

 (3.20) 

where qe is the amount of dye adsorbed per g of adsorbent (mg/g) at equilibrium, KF is related 

to the adsorption capacity, 1/n is heterogeneity factor which ranges from 0 to 1 and Ce is the 

equilibrium concentration of free dye molecules in the solution (mg/L). The values of KF and 

1/n can be extracted by using the linearized form of the Freundlich isotherm (Equation 3.21). 

The linearized form of the Freundlich isotherm can be represented by a plot of log qe versus 

log Ce, where KF and 1/n can be determined from the intercept and slope respectively. 

log qୣ = log K୊ +  
1
n

logCୣ 
(3.21) 
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Values of 1/n also indicate whether the adsorption process is irreversible (1/n=0), 

favorable (0<1/n<1) and unfavorable (1/n >1).198 The calculated parameters qm, KL, KF, n and 

the correlation coefficients (R2) are summarized in Table 3.5. The R2 values of the linear form 

of Langmuir model were much closer to unity in comparison of those from the Freundlich 

model, indicating that the Langmuir isotherm better describes the adsorption process.227 The 

maximum adsorption capacity (qm) of the CNC-ALG hydrogel beads was found to be 256.4 

mg/g for MB, which is a significant improvement over the dye adsorption capacity of CNC 

alone (118 mg/g) reported previously.92 Considering the monolayer adsorption characteristics 

of Langmuir adsorption isotherm, it can be inferred that the adsorption of the dye occurs in a 

monolayer pattern along the entire porous hydrogel bead matrix comprising of CNCs and 

alginate polymer. The linearized Langmuir and Freundlich adsorption isotherm plots are shown 

Figures 3.20a and 3.20b respectively.  

 
Figure 3.20. Linearized (a) Langmuir (b) Freundlich plots for adsorption of MB onto CNC-
ALG hydrogel beads. 

Table 3.5. Langmuir and Freundlich constants and regression coefficients of linearized plots 
for adsorption of MB on CNC-ALG hydrogel beads. 

Model Parameters 
 

Langmuir qm KL R2 Standard error 

256.410 0.002 0.998 0.0001 

Freundlich n KF R2 Standard error 

1.541 1.931 0.988 0.0346 

The RL values for various initial dye concentrations were also found to be between 0 and 

1, indicating that the adsorption is favorable (Figure 3.21). Also, the values of 1/n calculated 
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using Freundlich model equation, were smaller than 1, again indicating the favorable 

adsorption conditions. 

 
Figure 3.21. The plot of separation factor at various initial dye concentrations. 

3.3.8 Desorption study 

Adsorbent reusability can be important if the material has to be employed in practical 

wastewater treatment systems. The reusability of CNC-ALG hydrogel beads was examined 

through repeated adsorption–desorption cycles. After regenerating the beads using a 1:1 HCl – 

ethanol eluent mixture, the removal efficiency of MB after five adsorption-desorption cycles 

remained at ~97% and their adsorption capacity was almost fully recovered as shown by their 

adsorption capacity over 5 adsorption cycles (Figure 3.22). From this result, it can be concluded 

that the adsorbent can be readily regenerated and has considerable potential in wastewater 

treatment applications.198 

 
Figure 3.22. The adsorption capacity of CNC-ALG hydrogel beads for MB during 
regeneration cycles. 
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3.4 Conclusions 

CNC-ALG hydrogel beads were prepared and their dye adsorption behavior was 

investigated in batch adsorption studies. These hydrogel beads displayed improved adsorption 

capabilities in comparison to pure ALG hydrogel beads. Adsorption isotherm studies revealed 

that the Langmuir isotherm described the adsorption process better than the Freundlich 

isotherm, and the maximum adsorption capacity of these hybrid hydrogel beads was found to 

be 256.4 mg/g for MB. CNC-ALG hydrogel beads were also found to be reusable, as these 

hydrogel beads showed more than 97% dye removal efficiency even after 5 successive 

adsorption-desorption cycles. All these results indicate that CNC-ALG hydrogel beads can be 

used as an effective adsorbent for the removal of dyes and has the potential to be used in 

industrial and environmental applications.  
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Chapter 4* 

 Continuous Flow Adsorption of Methylene Blue by 

Cellulose Nanocrystal–Alginate Hydrogel Beads in Fixed 

Bed Columns 

The adsorption behavior of methylene blue by cellulose nanocrystal-alginate (CNC-ALG) 

hydrogel beads in a fixed bed column was studied by varying the initial dye concentration, bed 

depth and flow rate. An unusual phenomenon was observed in the early phase of the adsorption, 

and the phenomenon was elucidated by varying other critical design parameters, such as the 

flow direction, diameter of column and composition of adsorbent. The swelling and shrinkage 

of hydrogel beads during the adsorption was responsible for the anomalous concentration 

versus time profile of the adsorption process. The maximum adsorption capacity of the column 

was 255.5 mg/g, which is in agreement with the batch study determined from the Langmuir 

adsorption isotherm. Moreover, a comprehensive understanding of the adsorption mechanism 

of the CNC-ALG hydrogel beads during the early stages of adsorption was derived from this 

study. 

 

 

 

 

 

 

 

 

 

*This chapter is adapted from a paper “Nishil Mohammed, Nathan Grishkewich, Herman 
Ambrose Waeijen, Richard M. Berry and Kam Chiu Tam, Continuous Flow Adsorption of 
Methylene Blue by Cellulose Nanocrystal–Alginate Hydrogel Beads in Fixed Bed Columns, 
Carbohydrate Polymers, 2016, 136, 1194-1202.” 
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4.1 Introduction 

Dyes used across textile industries, pulp and paper industries, dye and dye intermediate 

industries, pharmaceutical industries, tannery and kraft bleaching industries etc. are considered 

one of the important organic contaminants introduced to the natural water resources or 

wastewater streams.229 This is alarming both from toxicological and esthetical perspectives and 

hence the treatment of this dye effluent before discharging into water bodies is crucial 189. 

Several researchers have considered methylene blue (MB) as a model cationic organic dye for 

adsorption studies.92,218,230 This is because of the high solubility of MB in aqueous solution and 

harmful side effects of MB which necessitates its removal from waste water.90,231,232 MB is 

used extensively for dying cotton, wood and silk and exposure to MB molecules can cause eye 

burns, breathing complications, nausea, vomiting, profuse sweating, mental confusion and 

methemoglobinemia.90 

Among the various treatment methods employed for dye removal, adsorption is 

considered superior because of its simple design and operation, low initial investment, 

effectiveness and insensitivity to toxic substances.2,5,6 Moreover, this technique when 

performed using a well-designed system offers the best results that produce high quality treated 

water.3,4 Activated carbon produced from various sources is the most widely used adsorbent 

for wastewater treatment.195,233,234 However, the high cost and energy involved in its production 

and regeneration has resulted in an increasing interest to develop alternative low-cost 

adsorbents, such as rice husk, fly ash, hazelnut shell, banana peel, orange peel, kaolin etc.2  

Recently, our group has demonstrated that adsorbents based on the sustainable 

nanomaterial called cellulose nanocrystals (CNCs) can outperform the adsorption capacity of 

these non-conventional low-cost adsorbents.92 CNCs are rod-like nanoparticles having a 

diameter of 10-20 nm and lengths of several hundred nanometers obtained by the H2SO4 

hydrolysis of pulp fibers.235 These CNCs possess high specific surface area, good mechanical 

strength, biodegradability and high functionality.10 Moreover, the use of CNCs provides a more 

sustainable alternative compared to other conventional nanostructures produced from 

petrochemical and activated carbon sources because of the negligible carbon footprint, 
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biodegradability and non-toxicity. Reports suggest that the CNCs can be produced on a large 

scale (1 ton/day) by a Canadian industry named Celluforce and the synthesis process employed 

by them is eco-friendly and sustainability as it gives thrust to the regeneration of sulphuric acid 

used for the sulphuric acid hydrolysis.236–238 Hence, adsorbents based on these nanomaterials 

should have an enormous capability for adsorbing a wide variety of pollutants from wastewater. 

However, the practical application of these nanomaterials in large scale water treatment 

processes is limited due to the difficulty of separating them from aqueous solutions.92 To 

address this problem, it is desirable to embed these nanomaterials into three-dimensional 

networks that can facilitate their easy separation using sieves after batch adsorption or use in a 

continuous fixed bed system. 

Hydrogels are crosslinked three-dimensional polymer network structures that have 

gained a particular interest in wastewater treatment due to their high adsorption capacities, 

regeneration capacities and reusability for continuous processes.54 Alginate obtained from cell 

walls of brown seaweed is the most widely used biopolymer to prepare hydrogel beads for 

wastewater treatment due to their biocompatibility, biodegradability, large-scale availability, 

lower cost and non-toxicity.190,239 Our group has recently developed CNCs incorporated 

alginate (CNC-ALG) hydrogel beads having excellent adsorption capability that can be easily 

used in fixed bed columns for large scale water treatment processes. CNC-ALG hydrogel beads 

possess an overall anionic charge and batch adsorption studies have shown that they have very 

good adsorption capacity for a model cationic dye called methylene blue.15   

Application of adsorption techniques for large-scale wastewater treatment usually 

employs continuous operations, such as fixed bed units, as this allows for large volumes of 

contaminated water to be treated within a shorter time period. These units may be easily scaled 

up from the laboratory to pilot unit, and the process is easy to monitor and operate.218,230 

Continuous adsorption processes using fixed bed columns are an effective process for cyclic 

sorption/desorption as it makes the best use of the concentration gradient as a driving force for 

adsorption. This in turn allows for efficient utilization of the sorbent capacity and results in 

better quality of the effluent.239 
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Several studies have reported on the use of hydrogel beads made from biopolymers such as 

alginate and chitosan in fixed bed columns for the adsorption of contaminants from water.239–

243 However, none of the studies have concentrated on the adsorption behavior of these 

hydrogel beads when used in fixed bed column studies. Moreover, until now there is no 

reported study where CNCs based hydrogel beads have been used for fixed bed column studies. 

Hence this work reports on the study of the adsorption behavior of CNC-ALG hydrogel beads 

in a fixed bed column for adsorption of MB. Figure 4.1 is a schematic diagram of a fixed bed 

adsorption column process employing CNC-ALG hydrogel beads as dye adsorbents. 

 
Figure 4.1. Schematic diagram of a fixed bed adsorption column process employing CNC-
ALG hydrogel beads as dye adsorbents. 

4.2 Experimental section 

4.2.1 Materials used 

The Acrylic tubing of 1/2” (1.27 cm) outer diameter and 3/8” (0.95 cm) inner diameter, 

as well as 1” (2.54 cm) outer diameter and 7/8” (2.22 cm) inner diameter were purchased from 

P&A Plastics Inc. located in Hamilton, Ontario. Plastic and brass couplings were purchased 

from Lowes/Home Depot. CNCs (spray dried) used in this study was supplied by CelluForce 

Inc. Sodium alginate (ALG) was purchased from FMC Biopolymer. Methylene blue (MB) was 

purchased from Sigma-Aldrich. Calcium chloride (CaCl2) was purchased from Fisher 
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Scientific. All the chemicals were used without further purification and purified water from a 

Milli-Q Millipore system (>18 MΩcm) was used in preparing the sample solutions. 

4.2.2 Preparation and characterization of hydrogel beads  

CNC-ALG hydrogel beads were prepared by mixing the CNCs with alginate solution and 

then dispensing small droplets into a gelation bath containing CaCl2 using a syringe and 

hypodermic needle. Here the CNC-ALG composite solution was prepared by mixing equal 

volumes of 1 wt % ALG solution and 2 wt % CNC solution so that the final composition that 

can be used to formulate the hydrogel beads is 0.5 wt% ALG and 1 wt% CNC.  After 

thoroughly mixing the solution using a homogenizer, the solution was loaded into syringes and 

extruded through 22-gauge size needles using a syringe pump at a flow rate of 5 mL/min into 

50 mL of 2 wt% CaCl2 solution that was gently stirred to prevent the beads from adhering to 

each other. Hydrogel beads were formed instantaneously in the gelation bath and were 

crosslinked for another 15 min. The preparation of hydrogel beads was carried out at neutral 

pH and 25°C. These hydrogel beads were characterized using several techniques and the effect 

of incorporating CNCs into the ALG hydrogel beads was studied by comparing the 

characteristics of 0.5 wt% ALG hydrogel beads with and without CNCs.15  

4.2.3 Fixed bed column adsorption experiments 

A 30 cm long acrylic tube of 0.95 cm diameter having a volume of 21.26 cm3 was used 

as the column for the majority of the fixed bed experiments. Steel mesh was placed at both 

ends of the column to prevent the hydrogel beads from exiting the column. Silicone tubing was 

connected to either end of the plastic couplings to draw the solution in and out of the column. 

CNC-ALG hydrogel beads were then suspended in the column filled with water so that they 

would not adhere to the sides of the column or to each other. Prior to each experiment, water 

was passed through the column to evacuate air bubbles and impurities. Then, the dye solution 

was pumped through the fixed bed from the bottom using a peristaltic pump at a desired flow 

rate. Effluent samples were collected from the top of the column at different intervals and the 

concentration of MB was analyzed by measuring the absorbance at 664 nm with a UV/Visible 

spectrophotometer. Breakthrough curves were obtained by plotting Ct/Co (mg/L) against t 
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(min) where Ct is the effluent dye concentration; Co is the influent dye concentration and t is 

the service time. All tests were carried out at room temperature, 25°C (2).  

4.2.4 Effect of various operating parameters 

The shape of the breakthrough curve and time for breakthrough appearance are very 

important characteristics for determining the operation and the dynamic response of a fixed 

bed adsorption column. The influence of various parameters such as initial MB concentrations, 

bed depth and flow rates on the initial 90 min of the breakthrough curves was studied.244 

4.2.4.1 Effect of initial dye concentration 

The effect of initial dye concentration on the breakthrough curves was investigated using 

feed solutions of initial MB concentrations of 50, 150 and 250 mg/L. The investigation was 

done using fixed beds with a bed depth of 22 cm and flow rate of 4.40 mL/min. 

4.2.4.2 Effect of bed depth 

The effect of bed depth on the breakthrough curves was investigated using fixed beds of 

varying volumes, having bed depths of 22, 44 and 66 cm. The feed solution had an initial MB 

concentration of 50 mg/L in all cases and was allowed to flow through the hydrogel beads with 

a flow rate of 4.40 mL/min. 

4.2.4.3 Effect of flow rate 

The effect of flow rate on the breakthrough curves was investigated using flow rates of 

1.17, 2.34 and 4.40 mL/min. In all cases, a feed solution having an initial MB concentration of 

50 mg/L was passed through a fixed bed of depth 22 cm.  

4.2.5 Assessment of trend in the breakthrough curves 

Fixed bed column adsorption experiments were performed by changing the composition 

of the adsorbent and altering the vessel design parameters such as reversing the direction of 

flow and increasing the adsorption vessel diameter to examine their effect on the breakthrough 

profile. These experiments would confirm if the adsorbent itself  caused the unique 

breakthrough curve observed during the initial 90 min or if it was a consequence of the current 

adsorption vessel design and setup. 
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4.2.5.1 ALG hydrogel beads with and without CNCs 

To investigate whether CNCs inside the hydrogels have any contribution to the observed 

phenomenon, column adsorption experiments using alginate hydrogel beads with and without 

CNCs were carried out. In this study, a feed solution of initial MB concentration of 50 mg/L 

was passed upwards through a 30 cm long column of 0.95 cm diameter containing 22 cm bed 

depth of pure ALG or CNC-ALG hydrogel beads. Effluent samples were collected from the 

top of the column at different intervals and the concentration of MB was analyzed by measuring 

the absorbance at 664 nm with a UV/Visible spectrophotometer. 

4.2.5.2 Reverse flow 

To understand whether the direction of flow had an influence on the breakthrough curve, 

the flow of the feed solution was reversed. For this, a feed solution of initial MB concentration 

50 mg/L was passed downwards through a 30 cm long column at a flow rate of 4.4 mL/min. 

Effluent samples were collected from the bottom of the column at different intervals and were 

analyzed similar to above. 

4.2.5.3 Larger column diameter 

To understand whether the diameter of the column had an influence on the breakthrough 

curve, the feed solution was passed through a column having a larger diameter than the one 

used for the operating parameter experiments. A 50 cm long column with a diameter of 2.22 

cm was used. The investigation was done by passing a feed solution of initial MB concentration 

50 mg/L upwards through a fixed bed with bed depth of 46 cm at a flow rate of 24 mL/min. 

Effluent samples were collected from the top of the column at different intervals and were 

analyzed similar to above. 

4.2.5.4 Larger diameter column with reverse flow and very low flow rate 

A column adsorption experiment featuring a combination of the above-mentioned two 

parameters was operated at a very low flow rate to test further whether the phenomenon still 

existed. A 15 cm column having a diameter of 2.22 cm was used. The investigation was 

performed by passing a feed solution of initial MB concentration of 50 mg/L downwards 

through a fixed bed with bed depth of 10 cm at a flow rate of 1 mL/min. Effluent samples were 
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collected from the bottom of the column at different intervals and were analyzed similar to 

above. 

4.2.6 Dynamic bed depth study 

The effect of initial dye concentration on the bed depth was studied using a set of fixed 

bed column experiments. Feed solutions of different initial MB concentrations 100, 250, 400 

and 550 mg/L were passed through 30 cm long columns having a bed depth of 22 cm at a flow 

rate of 4.40 mL/min. Then the decrease in bed depth over time was measured for 4 h using a 

measuring scale.   

4.2.7 Hydrogel beads swelling study 

To further understand the mechanism behind the shrinkage of the adsorbent bed during 

the column studies, the adsorbent was subject to a constant exterior dye concentration with 

their size changes documented over time. Three hydrogel beads of uniform size were placed 

within a Petri dish containing 250 mg/L of dye. The hydrogel beads were placed on a wire 

mesh in the Petri dish to immobilize them within the solution. The hydrogel beads were then 

photographed with the help of a microscope over a period of 4 h. These images were analyzed 

using the Analyzing Digital Images software to calculate the percentage change in the volume 

of hydrogel beads. The percentage change in bead volume was plotted by taking the average 

volume of 3 hydrogel beads. 

4.2.8 Analysis of fixed bed adsorption data 

To calculate the maximum adsorption capacity of the hydrogel beads and other useful 

parameters pertaining to adsorption column process, the adsorbent bed was completely 

exhausted with MB. This was accomplished by passing a feed solution of initial MB 

concentration 250 mg/L at 4.40 mL/min through a 10 cm long column having a bed depth of 

7.4 cm. High removal of MB was noticed when the dye solution initially came in contact with 

the fresh porous adsorbent, which gradually changed with time until breakthrough profile was 

established. Various parameters were calculated as in previous reported studies 218,244.   

The treated effluent volume Vt (mL) was determined using Equation 4.1.  
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V୲ = Qtୣ (4.1) 

where  Q  is  the  volumetric  flow  rate  (mL/min)  and  te is  the  time  at exhaustion (min).  

For a given concentration of feed and flow rate, the maximum column capacity qtotal (mg) 

can be obtained from the area above the breakthrough curve. Subsequently the area under the 

curve of the concentration adsorbed versus time will give the maximum column capacity, 

which was calculated by integrating the Cad (mg/L) versus t (min) plot using the Equation 4.2. 

q୲୭୲ୟ୪ =  
Q

1000
න Cୟୢ

୲ୀ ୲౪౥౪౗ౢ

୲ୀ଴

dt 
 

(4.2) 

Cad used in the above equation can be found from the difference between influent and effluent 

dye concentrations as shown in Equation 4.3. 

Cୟୢ =  C୭ −  C୲ (4.3) 

where Cad, Co, Ct, ttotal and Q are the adsorbed dye concentration (mg/L), influent dye 

concentration (mg/L), effluent dye concentration (mg/L), total flow time (min) and volumetric 

flow rate (L/min) respectively.  

 The maximum adsorption capacity of the hydrogel beads qm (mg/g) used in the column 

is defined by Equation 4.4 as the total amount of dye adsorbed (qtotal) per gram of sorbent at 

the end of total flow time.  

q୫ =  
q୲୭୲ୟ୪

m
 (4.4) 

where m is the total amount of adsorbent (g) in the column.   

The total amount of dye sent to the column Wtotal (mg) was calculated using Equation 4.5. 

W୲୭୲ୟ୪ =  
C୭Qt୲୭୲ୟ୪

1000
 

(4.5) 

The total amount of dye removed R using the current column can be calculated in percentage 

using Equation 4.6. 

R =  
q୲୭୲ୟ୪

W୲୭୲ୟ୪
 ×100 (4.6) 
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4.3 Results and discussion 

4.3.1 Preparation and characterization of hydrogel beads 

Alginate is an anionic polysaccharide composed of (1-4) linked β-D-mannuronate (M) 

and α-L-guluronate (G) units. They can form hydrogels via intermolecular crosslinking of the 

G residues with divalent cations like Ca2+.190 When the aqueous alginate solution containing 

CNCs is dropped into the CaCl2 ionic crosslinking solution, the structure of the G residues in 

the alginate chain allows for a high degree of coordination of the Ca2+ ions. This is because the 

sugar ring of the guluronic acid is in the 1C4 conformation, and the polymer chain adopts a 

characteristic zigzag shape which creates pocket-like cavities in which Ca2+ cations can be 

easily accommodated. This leads to the egg-box model of crosslinking wherein the G blocks 

of one polymer form junctions with the G blocks of adjacent polymer chains 245–247. A 

comprehensive characterization of hydrogel beads was performed in our previous study.15 

From our previous work, using equilibrium batch adsorption studies it was shown that 

the adsorption of methylene blue onto CNC-ALG hydrogel beads followed the Langmuir 

adsorption isotherm, implying homogeneous mono-layer coverage. In addition, it was found 

from monitoring the kinetics of these batch experiments that the adsorption followed the 

pseudo-second-order model and intra-particle diffusion model. The results of the batch 

experiments conducted at various temperatures and ionic strength suggest that the adsorption 

is physisorption contributed by both hydrogen bonding and electrostatic interactions.15 

4.3.2 Fixed bed column adsorption experiments 

When assessing the usability of an adsorbent for a fixed bed adsorption unit, it is 

important to study the changes in the breakthrough profile as the initial adsorbate 

concentration, volumetric flow rate, and bed depth are altered. These breakthrough profiles will 

yield two important times, breakthrough time (when Ct=0.05C0) and exhaustion time (when 

Ct=0.95C0), and the variations in these times with changes to the flow rate and initial adsorbate 

concentration give insight to changes to the size of the mass transfer zone.248 The focus of this 

study is to depict how the mass transfer zone was affected by these parameter changes; 

however, a unique phenomenon was witnessed at the early stages of each breakthrough 
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experiment. Until now no literatures have reported on this type of breakthrough profile for 

fixed bed adsorption of hydrogel based adsorbents. Hence, we studied this breakthrough profile 

in detail to elucidate the effect of various parameters on the breakthrough curve, and the 

physical reason for this behavior.  

4.3.3 Effect of various operating parameters  

The influences of various operating parameters, such as initial MB concentration, bed 

depth and volumetric flow rate on the fixed bed adsorption of MB by CNC-ALG hydrogel 

beads were studied and the breakthrough curves for the initial 90 min of the adsorption are 

shown in Figures 1 to 4. Breakthrough curves demonstrated a dramatic increase (Region 1) 

followed by a gradual decrease (Region 2) with increasing concentration until the point of 

saturation (the last region being characteristic of a breakthrough curve). This was very different 

from the S-shaped breakthrough curves reported previously,218,241,242 where the height of bed 

containing rigid adsorbent (e.g. activated carbon) does not change with dye adsorption. This 

peculiar phenomenon observed in the breakthrough curve depicted in Region 1 and 2 may be 

due to the characteristic swelling and shrinkage of the hydrogel beads respectively during the 

adsorption of the MB. During the swelling of adsorbent hydrogel beads, the rearrangement of 

the adsorbent within the bed occurs and this causes alteration in the void spaces between the 

beads. This results in lesser contact of the bulk fluid with the adsorbent, leading to an increase 

in effluent dye concentration. During the shrinkage of hydrogel beads, the fixed bed achieves 

a more efficient packing, decreasing channeling along the walls of the column. This results in 

better contact with the bulk solution, promoting the mass transfer of dye molecules and helping 

to achieve a lower effluent dye concentration. The prominence of this phenomenon increases 

with increase in the flux of dye molecules into the hydrogel beads. 

4.3.3.1 Effect of initial dye concentration  

Breakthrough curves for MB adsorption at influent concentrations of 50 mg/L, 150 mg/L, 

and 250 mg/L, a flow rate of 4.40 mL/min and a bed depth of 22 cm are shown in Figure 4.2a. 

At a lower influent dye concentration, longer time was required for the available active sites of 

the hydrogel beads to be fully saturated as a result of lower adsorbate dosage and slower 
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transport of dye molecules.218 The driving force for adsorption is between the adsorbate ion 

concentration on the adsorbent and in the bulk fluid.244,249 A lower influent concentration 

resulted in a smaller concentration gradient which contributed to a slower transport of dye 

molecules into hydrogel beads, compared to a higher influent dye concentration. Hence at a 

lower dye concentration, more time was required to saturate the active sites of hydrogel beads 

resulting in a higher efficiency of adsorption that leads to a decrease in effluent dye 

concentration. Apart from this, the characteristic phenomenon observed in the breakthrough 

curves became more prominent with higher influent dye concentration. This was due to the 

higher flux of dye molecules moving into the hydrogel beads as a result of the higher 

concentration gradient, as shown in Figure 4.2b.  

 
Figure 4.2. (a) Breakthrough curves for MB adsorption at different initial dye concentrations. 
(b) Effluent dye concentration for MB adsorption at different initial dye concentrations. 

4.3.3.2 Effect of bed depth 

Breakthrough curves for MB adsorption obtained at bed depths of 22, 44, and 66 cm, and 

a flow rate of 4.40 mL/min and initial dye concentration of 50 mg/L are shown in Figure 4.3. 

It was observed that the amount of MB removed from the influent was greater at increased bed 

depths. This was due to a larger service area available for adsorption, or an increase in the 

active adsorbent sites.218,250 Apart from this, the characteristic phenomenon observed in 

breakthrough curves became less prominent with the increase in bed depth as the flux of dye 

per bead decreased. The fact that the effluent concentration is not zero after the first plug of 

dye passed through the column in these experiments indicates that the mass transfer zone is, in 
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fact, larger than each of these bed depths. Ideally, this situation would be avoided in practice 

by increasing the bed depth. 

 
Figure 4.3. Breakthrough curves for MB adsorption at different bed depths. 

4.3.3.3 Effect of flow rate 

The flow rate is an important parameter as it determines the contact time between the 

solute and adsorbent surface. Breakthrough curves for MB adsorption at flow rates of 1.17, 

2.34, and 4.40 mL/min, the initial dye concentration of 50 mg/L, and bed depth of 22 cm are 

shown in Figure 4.4. It was observed that the amounts of MB adsorbed onto CNC-ALG 

hydrogel beads decreased with increasing flow rates since the residence time of the solute in 

the fixed bed is directly proportional to the flow rate, and a large residence time will allow a 

greater amount of dye to be adsorbed.251 Thus, the contact time of MB with CNC-ALG 

hydrogel beads is very short at higher flow rate resulting in lower efficiency of adsorption that 

leads to an increase in the effluent dye concentration.244 Apart from this, the characteristic 

phenomenon observed in breakthrough curves becomes more prominent and occurs at an 

earlier time with the increase in flow rate as the flux of dye into the hydrogel bead increases.  
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Figure 4.4. Breakthrough curves for MB adsorption at different flow rates. 

4.3.4 Assessment of trend in the breakthrough curves 

To ensure that the above characteristic phenomenon observed in breakthrough curves 

was influenced by the adsorbent and not the experimental setup, we evaluate the breakthrough 

curves by varying adsorbent composition and vessel design parameters.   

4.3.4.1 ALG hydrogel beads with and without CNCs 

To evaluate whether this phenomenon was related to the presence of the cellulose 

nanocrystals in the alginate matrix, adsorption experiments were carried out using pure ALG 

and CNC-ALG hydrogel beads separately. Both the adsorption experiments showed this 

characteristic phenomenon in breakthrough curves (Figure 4.5) which necessitates the 

importance to study the swelling response of the hydrogel beads in detail. It was also observed 

that even though the swelling associated overshoot peak for both the hydrogel beads was 

similar, the normalized effluent concentration (C/C0) has a lower plateau value for CNC-ALG 

hydrogel beads at longer times. This could be attributed to the higher adsorption capacity of 

the CNC-ALG hydrogel beads compared to the pure ALG hydrogel beads observed earlier. 
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Figure 4.5. Breakthrough curve for MB adsorption when the bead composition was changed. 

4.3.4.2 Reverse flow 

The direction of flow was reversed and the influent dye was pumped through the column 

from above as opposed to all other experiments wherein the dye was pumped from the bottom. 

It was observed that the characteristic phenomenon observed in the breakthrough curve still 

persists (Figure 4.6) and hence we concluded that the direction of flow was not responsible for 

the observed phenomenon.  

 
Figure 4.6. Breakthrough curve for MB adsorption when the flow direction was reversed. 

4.3.4.3 Larger diameter column 

When a larger diameter adsorption vessel was used for the adsorption experiments, this 

characteristic phenomenon was still evident in the breakthrough curve (Figure 4.7). From this, 

we inferred that the overshoot in the breakthrough curve is most likely related to the swelling 
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and shrinkage of the hydrogel beads instead of channeling associated with flow through smaller 

diameter columns.  

 
Figure 4.7. Breakthrough curve for MB adsorption when a larger diameter column was used. 

4.3.4.4 Larger diameter column with reverse flow and very low flow rate 

An adsorption experiment using a combination of the previous two parameters was 

carried out at a very low flow rate to further evaluate the influence of fixed bed operation 

parameters on the occurrence of this characteristic phenomenon in the breakthrough curves. It 

was observed that the phenomenon still persists (Figure 4.8) reaffirming the need to study the 

swelling response of hydrogel beads during the adsorption. 

 
Figure 4.8. Breakthrough curve for MB adsorption when a larger diameter column was used 
with reverse flow and very low flow rate. 
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4.3.4.5 Breakthrough dependency on column diameter  

It was reported that due to increased bed voidage along the wall, the longitudinal flow 

velocity will be maximum, resulting in an earlier breakthrough. Breakthrough for the flow near 

the wall occurs earlier when the bed voidage is within three pellet diameters or larger. This 

effect is small for a bed/pellet diameter ratio greater than 20.248 When the bed/pellet diameter 

is larger than 21, a plug flow profile can be assumed where the entrance and wall effects were 

minimized.252,253 In the present study, the average diameter of the hydrogel beads (d) was 2.9 

mm, with the small column having a diameter (D) of 9.5 mm and the larger column having a 

diameter of 22.2 mm. Therefore, the D/d ratio for the small and larger diameter columns were 

3.28 and 7.66 respectively. Therefore, we would expect that for a larger diameter column, the 

adsorption efficiency should increase as a result of larger number of hydrogel beads along the 

cross-sectional area of the column that facilitates more contact with the hydrogel beads and 

decrease channeling along the column wall. 

4.3.4.6 Long term behavior of breakthrough curves 

The main focus of this study was to investigate the characteristic phenomenon occurring 

at the early stage of the breakthrough curve, however, not much was said on the long-term 

breakthrough behavior. Based on the later portion of the breakthrough curves and comparing 

it to additional sources, 254 this plateau in effluent concentration followed by a slight increase 

at later times indicates that our choice of operating region has resulted in a system where film 

diffusion is the controlling factor for dye adsorption within the hydrogel beads. This can be 

characterized by the low flow rate used in the system, which increases the size of the stagnant 

fluid barrier (film) surrounding each bead, decreasing the mass transfer to the surface of the 

hydrogel beads and ultimately the rate of adsorption.  

4.3.5 Dynamic bed depth study 

Figure 4.9a shows the photographs of changes in the bed depth over four h when a feed 

solution of initial MB concentration 250 mg/L was passed through the fixed bed. Photographs 

clearly show that depth of the bed decreases with time and the hydrogel beads used in the 

column have decreased in size (Figure 4.9b). Bed depth was also measured over time and the 
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normalized bed depth was plotted against time as shown in Figure 4.9c. It was also observed 

that the percentage bed shrinkage at the end of 4 h increased with increasing influent dye 

concentration and reached an equilibrium bed depth beyond which there was no longer a 

decrease in bed depth. Figure 4.9d shows the percentage decrease in bed height with influent 

dye concentration. The decrease in bed depth was a consequence of the hydrogel bead 

shrinkage because of water being expelled from the interior of the hydrogel beads during 

adsorption of MB. Even though the hydrogel beads swell initially, no visible increase in the 

bed depth was observed along that time. This is due to the swelling of the hydrogel beads within 

their void spaces and rearrangement of the hydrogels beads within the bed. 

Given the small column diameter to bead ratio, any decrease in bead size would result in 

an increased packing factor due to more hydrogel beads fitting within the cross-sectional area 

of the column, as well the ability of the hydrogel beads to fill more void space than their larger 

counterparts. Two processes are occurring in the bed shrinkage: (a) the decrease in bead size 

and (b) the decrease in the void volume of the bed. Hence, the swelling response of the hydrogel 

beads is an important contributory factor controlling the breakthrough curves for these kinds 

of hydrogel based adsorbents. Also, such a decrease in bed depth for porous hydrogel based 

sorbents was reported for the first time and this understanding can be very important for the 

process engineers trying to use adsorbent systems in the future.  
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Figure 4.9. Photographs of (a) bed depth changes during the adsorption of 250 mg/L dye 
solution in a fixed bed column study over a period of 4 h (b) hydrogel beads before and after 
fixed bed column study. (c) Bed depth changes during the adsorption of 250 mg/L dye solution 
in a fixed bed column study over a period of 4 h. (d) The percentage decrease in bed depth at 
the end of 4 h of fixed bed column dye adsorption study for various initial dye concentrations. 

4.3.6 Hydrogel beads swelling study 

Figure 4.10 shows the percentage change in volume of the hydrogel beads over time 

when placed in a Petri dish containing 250 mg/L initial MB concentration for four h. The figure 

shows three distinct phases of the hydrogel beads viz., (I) Native phase (II) Swelling phase and 

(III) Shrinkage phase as represented by the schematic at the bottom of the figure. The hydrogel 

beads showed an initial increase followed by a decrease in their volume. This swelling behavior 

had a significant influence on the phenomenon observed in the breakthrough curves. The initial 

increase in the volume of hydrogel beads was caused by osmotic swelling. When fresh beads 

were placed in the dye solution, the concentration of dye molecules outside of the hydrogel 

beads was much higher than the interior of the hydrogel beads. The larger concentration 
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gradient caused the diffusion of the dye molecules into the hydrogel beads resulting in a higher 

osmotic pressure inside the hydrogel beads that triggered the hydrogel beads to swell. 

Following this phase, the volume of hydrogel beads decreased with time due to charge 

shielding and hydrophobic interactions of the dye molecules. As more dye molecules were 

getting adsorbed into the hydrogel beads, the charge shielding effect on the ionized groups 

within the hydrogel was enhanced resulting in charge repulsion between the ionized carboxyl 

groups of the alginate polymer within the crosslinked network of the hydrogel beads. Diffusion 

of MB into the hydrogel beads produced a less polar environment within the hydrogel due to 

the hydrophobicity of the MB which produced a more compact structure.255,256  

 
Figure 4.10. Percentage change in volume of the hydrogel beads when subjected to a constant 
exterior dye concentration over time. (Inset: Schematic diagram of the swelling behavior of 
CNC-ALG hydrogel beads during fixed bed column adsorption of methylene blue.) 

4.3.7 Analysis of fixed bed adsorption data  

The maximum adsorption capacity of the hydrogel beads and the influence of various 

parameters on the column adsorption experiment were calculated by performing an experiment 

where the adsorbent was completely saturated with the dye (Figure 4.11). The maximum 

adsorption capacity (qm) of the CNC-ALG hydrogel beads used in the fixed bed was found to 

be 255.5 mg/g which was approximately equal to the reported qm value determined from batch 
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adsorption experiment reported in our other paper.15 Table 4.1 summarizes the various column 

operating parameters used in the experiment. 

 
Figure 4.11. Breakthrough curve for MB adsorption for fixed bed column dye adsorption 
experiment carried out at 250 mg/L initial dye concentration, bed depth 7.4 cm, flow rate 4.17 
mL/min. 

Table 4.1. Column operating parameters determined using a fixed bed column dye adsorption 
experiment. 

S. No. Column Parameters Values 

1 Volumetric flow rate, Q (mL/min) 4.17 

2 Time at exhaustion, te (min) 291.08 

3 Treated effluent volume, Vt (mL) 1214.71 

4 Maximum column capacity, qtotal (mg) 19.37 

5 Adsorbed dye concentration, Cad (mg/L), 15.95 

6 Total flow time, ttotal (min) 234.00 

7 Total amount of dye sent to the column, Wtotal (mg) 254.60 

8 Total amount of dye removed, R (%) 7.61 

Apart from this in our previously reported paper, the reusability of the hydrogel beads 

have been evaluated by desorbing MB using a 1:1 HCl – Ethanol eluent mixture and it showed 

that the hydrogel beads retain their full adsorption capacity even after five 

adsorption/desorption cycles.15 Therefore, a lifetime of the generated hydrogel beads used in 

the fixed bed is at least for five adsorption/desorption cycles which support the reusability of 

this fixed bed column for a minimum of 5 times.  
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4.4 Conclusions 

Fixed bed column studies using CNC-ALG hydrogel beads to remove methylene blue 

were conducted. The effect of various column operating parameters, such as initial dye 

concentration, bed depth and flow rate on the breakthrough curves was studied. A unique 

phenomenon in the breakthrough curves was observed in the early time period of dye 

adsorption. Breakthrough curves demonstrated a dramatic increase followed by a gradual 

decrease to a plateau at saturation. The hydrogel beads in the column exhibited an osmotic 

swelling followed by a charge shielding assisted shrinkage during the dye adsorption which 

affected the packing of the fixed bed resulting in the particular phenomenon observed in the 

breakthrough curve. It was found that this phenomenon improved the performance of the 

adsorbent, as lower void fraction meant more contact between the bulk fluid and adsorbent 

hydrogel beads. The maximum adsorption capacity of the hydrogel beads was found to be 

255.5 mg/g and various other parameters pertaining to column adsorption experiment were 

calculated from the breakthrough curve.   
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Chapter 5* 

 Surface Functionalized Cellulose Nanocrystals for 

Selective Adsorption in Water Treatment Applications 

Incorporating surface functionalized CNCs into hydrogel beads open a whole new world of 

possibilities for the application of CNCs in the removal of contaminants in waste water. Herein, 

we report for the first time the use of pristine and surface functionalized CNCs for the selective 

adsorption of a specific dye from a mixture of dye molecules. CNCs were coated with 

melamine-formaldehyde (MF) and polydopamine (PD) to prepare surface functionalized CNCs 

such as MF-CNCs and PD-CNCs respectively. The selectivity of pristine and surface 

functionalized CNCs was investigated using selective dye adsorption studies. PD-CNC-ALG 

hydrogel beads have very good selectivity for dye containing Eschenmoser functional groups. 

Batch adsorption studies confirmed that these hydrogel beads possessed very good adsorption 

for methylene blue and copper. Silver nanoparticles (Ag-NPs) were also chelated to PD-CNC-

ALG hydrogel beads and these hydrogel beads showed excellent antibacterial activity with 

minimal leaching of Ag-NPs. Such system may find application in organic dyes removal, heavy 

metal ions removal and the disinfection of bacteria contaminated water. Thus, PD-CNC-ALG 

hydrogel beads could be versatile adsorbents that possess multi-functional capabilities in 

wastewater treatment systems. 

 

 

 

 

*This chapter is partially adapted from “Nishil Mohammed, Zengqian Shi, Nathan 
Grishkewich, Richard M. Berry and Kam Chiu Tam, Pristine and Surface Functionalized 
Cellulose Nanocrystals for Selective Adsorption of Cationic Dyes, Manuscript Under 
Preparation” and “Nishil Mohammed, Aravind Ramaraju, Zengqian Shi, Nathan Grishkewich, 
Richard M. Berry, William A. Anderson and Kam Chiu Tam, Polydopamine Functionalized 
Cellulose Nanocrystal–Alginate Nanocomposites as Versatile Adsorbent for Efficient Removal 
of Organic Dyes and Heavy Metal Ions in Water, Manuscript Under Preparation” 
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5.1 Introduction 

Water is the elixir of life; however, it is contaminated by a wide variety of contaminants 

from industrial, municipal and agricultural activities. Effluent discharges from these activities 

contains a plethora of compounds such as organic dyes, heavy metal ions, pharmaceuticals, 

detergents, food additive, agrochemical, microbial contaminant etc.1,257 Hence, to ensure water 

is safe for human consumption and is suitable for a wide variety of recreational activities, 

several water treatment methods including membrane filtration,165,166 adsorption,15,258 ion 

exchange,95,134 coagulation-flocculation,139,143 photocatalysis,11,176 etc. were adopted. Among 

all these methods, adsorption is one technique that offers promising results at an affordable 

cost if they are employed using well-designed system. Activated carbon is the conventional 

and most common adsorbent used, however, its production is energy intensive, expensive and 

a contributor to greenhouse gas emission. Hence, there is a growing interest to develop low- 

cost alternatives from forest products and agricultural biomass.2,3,7–9 In this context, the use of 

sustainable nanomaterials such as cellulose nanocrystals (CNCs) to prepare sustainable 

platforms for wastewater treatment is a novel approach that has a negligible carbon footprint.12–

14 

CNCs are rod-like nanoparticles extracted from cellulosic sources using H2SO4 

hydrolysis. CNCs produced by this method bear negative sulfate ester groups on its surface and 

they are rod-shaped with a length of 100 to 250 nm and lateral dimensions of 5 to 70 nm. They 

also possess several attractive characteristics such as high specific surface area, high specific 

strength, hydrophilicity, biodegradability and surface functionalization capabilities.10 In 

addition, their large-scale availability make them attractive candidates for use in wastewater 

treatment applications.12 However, the separation of these nanomaterials after use in water 

treatment is a challenge because of their high colloidal stability and nanosize. Therefore, it is 

ideal to incorporate CNCs within a polymer matrix forming macrobeads that can be readily 

separated, besides offering the possibility of adding new functionalities. Previous studies in our 

laboratory revealed that these CNCs could be easily incorporated into alginate hydrogel beads 

via simple ionotropic gelation process using divalent cations such as Ca2+ ions.15–18   
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Several studies have shown that the functionalization of nanoparticles affords them the 

capability of selective binding to compounds bearing a specific charge or functional groups. 

The strategy of functionalizing CNCs for the selective adsorption has not yet been explored. 

Thus, we report for the first time how pristine and surface functionalized CNCs can be used 

for the selective adsorption of a specific dye from a mixture dye molecules. CNCs were coated 

with melamine-formaldehyde (MF) and polydopamine (PD) to prepare surface functionalized 

CNCs such as MF-CNCs and PD-CNCs respectively. MF functionalization introduces the 

porous character to pristine CNCs in addition to the introduction of positive charges and 

enriches its surface with a large number of amine groups.42,44 This would make them ideal for 

the adsorption of anionic compounds. PD functionalization introduces catechol groups, amines 

and aromatic moieties on the surface of pristine CNCs, making them selective to compounds 

with Eschenmoser functional groups. Studies have already shown that polydopamine 

selectively bind to organic dyes such as methylene blue (MB) that bear Eschenmoser functional 

groups. This selective adsorption process is driven by Eschenmoser salt assisted 1,4-Michael 

addition reaction between the ortho position of catechol phenolic hydroxyl group of 

polydopamine and Eschenmoser group in MB.258  

Thus, surface functionalization of CNCs opens a whole new world of possibilities for the 

application of CNCs incorporated nanocomposites in various water treatment applications. In 

this work, we developed a novel nanocomposite viz., PD-CNC-ALG hydrogel beads 

containing PD-CNCs that possess specific interactions and surface area as an adsorbent for use 

in water treatment application. These hydrogel beads were found to be highly selective to MB 

bearing Eschenmoser functional group. They also displayed very good adsorption for heavy 

metal ions like Pb2+, Hg2+, Cr3+ and Cu2+. Silver nanoparticles (Ag-NPs) were also deposited 

on the surface of PD-CNCs prior to being incorporated into the hydrogel beads. The prepared 

Ag-NP@PD-CNC-ALG hydrogel beads showed good antibacterial activity against gram 

positive and gram negative bacteria thus making them applicable as an ideal disinfectant for 

water treatment processes. The anchoring of Ag-NPs onto the PD-CNCs before incorporating 

into hydrogel beads also significantly reduce the leaching of ions associated with porous 
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hydrogel matrix materials. Figure 5.1 is a schematic diagram showing the synthesis and 

versatile application of PD-CNC-ALG hydrogel beads for water treatment application. 

 
Figure 5.1. Schematic diagram showing the synthesis and versatile application of PD-CNC-
ALG hydrogel beads for water treatment application. 

5.2 Experimental section 

5.2.1 Materials used 

CNCs used in this study were supplied by CelluForce Inc. Dopamine hydrochloride, 

tris(hydroxymethyl)aminomethane, silver nitrate, ammonium hydroxide (NH4OH), melamine, 

formaldehyde, NaOH, methylene blue hydrate (MB), methyl orange (MO), rhodamine B (RB), 

crystal violet (CV) and copper (II) sulfate pentahydrate were purchased from Sigma-Aldrich. 

Divalent acetates of mercury, copper, zinc, nickel, lead, cadmium, manganese and cobalt were 

purchased from Merck. Chromium (III) nitrate nonahydrate (Cr(NO3)3.9H2O) was purchased 

from Lobachemie and sodium arsenite (NaAsO2) was purchased from SD Fine Chemicals 

Limited. Calcium chloride and nutrient broth powder (OptiGrow™ Preweighed LB Broth, 

Lennox) were purchased from Fisher-Scientific. Sodium alginate (Protanal® GP 3550) was 

purchased from FMC BioPolymer and plate count agar (DifcoTM Ref. 247940) was purchased 

from Becton Dickinson and Company. All these chemicals were used as received without 

further purification. Escherichia coli and Bacillus subtilis bacteria were purchased from 
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Cedarlane Laboratories, in Burlington, Ontario. Purified water from a Milli-Q Millipore system 

(>18 MΩcm) was used in preparing the sample solutions. 

5.2.2 Surface functionalization of CNCs 

Preparation of MF-CNCs, PD-CNCs and Ag-NP@PD-CNCs were carried out using the 

previously reported protocols with slight modifications,42–45 and the typical procedures used to 

synthesize them are described below: 

5.2.2.1 Preparation of MF-CNCs 

In a typical synthesis procedure, MF precursor solution was initially prepared and mixed 

with CNC suspension. In this step, 2.2 g of melamine and 4.0 mL of formaldehyde (37% in 

water) was added to 10 mL Millipore water in a 50-mL flask. The pH of the solution was 

adjusted to 8 and 9 with 1 M NaOH and the temperature was raised to 80 ºC while the solution 

was magnetically stirred. Within 5 min, the precursor solution turned from cloudy to 

transparent and after 30 min, this solution was added to the CNC suspension. In the second 

step, MF precursor solution was added to 100 mL of CNC suspension (1%), followed by 

adjusting the pH between 4 and 5 using 1 M HCl and stirred at 80 ºC for 2 h. The solution was 

then allowed to cool to room temperature and purified via repeated filtration and washing with 

Millipore water until the filtrate became clear. 

5.2.2.2 Preparation of PD-CNCs 

In a typical synthesis procedure, 1.0 g of CNCs was dispersed in 200 mL Millipore water 

using an IKA T25 homogenizer. This is followed by the addition of 0.3 g of 

tris(hydroxymethyl)aminomethane to maintain the pH at 8.0. Then, 1.0 g of dopamine 

hydrochloride was added to this solution and stirred using a magnetic stirrer for 3 h at 60 ºC. 

The final product solution was then purified using an ultrafiltration cell equipped with a 0.1µm 

filtration membrane and several times of washing with 200 mL Millipore water until the filtrate 

became clear.  
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5.2.2.3 Preparation of Ag-NPs@PD-CNCs  

PD-CNCs were also deposited with silver nanoparticles for use in antibacterial studies. 

In a typical synthesis procedure, 3.0 wt% NH4OH solution was slowly added to a 20 mL of 

silver nitrate solution (0.25 wt%) under mild stirring until the solution became transparent 

indicating the formation of diamine silver (I). Then 0.5 mL of PD-CNC solution (3.0 wt%) was 

added to this solution and stirred at room temperature for 1 h. This is followed by the addition 

of 1 mL dopamine hydrochloride solution (0.4 wt%) to facilitate the reduction of silver ion. 

After 30 min, the resulting solution was purified via centrifugation at 8000 rpm for 10 min and 

washed with Millipore water three times to remove unbound silver nanoparticles. As a control, 

free silver nanoparticles (Ag-NPs) without PD-CNCs were also prepared under similar 

conditions. 

5.2.2.4 Preparation of hydrogel beads 

PD-CNC-ALG hydrogel beads were prepared using a similar protocol reported 

previously.15–17 Simple ionotropic gelation of PD-CNCs containing sodium alginate solution 

using divalent cations like Ca2+ could instantaneously form hydrogel beads. In a typical 

synthesis procedure, 2 wt% of the PD-CNCs solution was thoroughly mixed with equal volume 

of 1 wt% sodium alginate solution using a homogenizer and transferred to a syringe equipped 

with 22 G gauge needle. Using an injection pump, the solution was extruded at a rate of 

5mL/min into a gellant bath containing 50 mL of 2 wt% CaCl2 solution. Slight stirring was also 

applied to the gellant bath while dispensing the polymer solution to prevent the hydrogel beads 

from sticking to each other. The beads were then allowed to crosslink in CaCl2 solution for 15 

min after which they were washed with 10 mL water to remove residual CaCl2. As a control, 

CNC-ALG beads were also prepared in a similar manner. To demonstrate the versatile 

application of these hydrogel beads as water disinfectant, antibacterial Ag-NP@PD-CNC-ALG 

hydrogel beads were also prepared using the same protocol. 

5.2.3 Characterization  

Transmission electron microscopy (TEM) characterization of pristine CNCs, PD-CNCs, 

Ag-NPs, Ag-NPs@PD-CNCs and MF-CNCs were performed using a Philips CM10 electron 
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microscope. TEM samples were prepared by spraying the aqueous solution (0.005 wt% solid) 

sample onto a carbon-coated copper grid and air drying overnight at room temperature. Zeta 

potential of pristine CNCs, MF-CNCs and PD-CNCs were measured with a Zetasizer 

(Malvern, Nano ZS90). Visual difference in the appearance of hydrogel beads after the 

incorporation of PD-CNCs was observed by studying images of the CNC-ALG and PD-CNC-

ALG hydrogel beads. Porous nature and elemental analysis of the Ag-NP@PD-CNC-ALG 

hydrogel beads were examined using a field emission scanning electron microscopy (FE-SEM) 

(Zeiss LEO 1530) at 10 kV of accelerating voltage equipped with energy dispersive analysis 

of X-rays (EDAX) (Pegasus 1200). 

5.2.4 Selectivity studies 

The affinity of pristine and surface functionalized CNCs towards dye molecules bearing 

a specific charge or functional group was studied by performing selective dye adsorption 

experiments. In this experiment, three different stock solutions of mixed dyes viz., MB/MO 

(Dark green colour), MB/RB (Purple colour) and MB/CV (Dark blue colour) having 1:1 molar 

ratio were prepared by mixing equal volumes of respective individual dye such as MB (Blue 

colour), MO (Orange colour), RB (Pink colour) and CV (Crystal violet) stock solutions. The 

concentration of each individual dye present in the stock solutions of dye mixtures was 10 ppm. 

Stock solutions of pristine CNCs, PD-CNCs and MF-CNCs in Millipore water (20 mg/mL) 

were used as the adsorbents. Additional selective dye adsorption experiments were also 

performed using CNC-ALG and PD-CNC-ALG hydrogel beads as adsorbents in order to study 

whether surface functionalized CNCs have the potential of manipulating the selectivity of the 

hydrogel beads. The widely used equations to calculate the removal % and uptake of a 

contaminant are described by Equation 5.1 and 5.2 respectively.194 

Removal % =
(C଴ − Cୣ)

C଴
 ×100 

(5.1) 

 

qୣ =
(C଴ − Cୣ) V

m
 

(5.2) 

where qe is the amount of contaminant adsorbed for 1 g of adsorbent (mg/g), C0 is the initial 

contaminant concentration (mg/L), Ce is the equilibrium concentration of free contaminant 
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molecules in the solution (mg/L), V is the volume of solution (L) and m is the mass of adsorbent 

(g). All the selective dye adsorption studies were performed at a neutral pH and 25 ºC using 

procedures described below: 

5.2.4.1 Selectivity study for pristine CNCs and surface functionalized CNCs 

In this experiment, 5 mL of adsorbent stock solution and 5 mL of MB/MO mixture were 

placed in a 20-mL vial and the solution was stirred at 500 rpm for 1 h. The effective dosage of 

adsorbent and concentration of individual dye used in this study was 10mg/mL mg and 5 ppm 

respectively. After 1 h, the mixture was centrifuged in a Heraeus Megafuge at 8000 rpm for 15 

min to separate the adsorbent from the dye solution. For adsorbents CNCs and PD-CNCs, the 

mixture was transferred to a centrifuge tube containing 96.5 µL of CaCl2 solution (2.16 M) 

prior to centrifugation. This induces the agglomeration of adsorbent – dye complex thereby 

improving their separation from dye solution during centrifugation. The concentration of the 

dye in the dye mixture before and after adsorption was quantified using a Cary 100 UV-Vis 

spectrophotometer. Control adsorption experiments using individual dye solutions were also 

conducted. Selective dye adsorption studies using various dosages of pristine CNCs (5, 10, 15, 

20 and 25 mg/mL) were performed to examine the influence of adsorbent dosage on selectivity. 

To elucidate the improved selectivity of PD-CNCs for Eschenmoser group containing dyes, 

additional selective dye adsorption studies were performed for PD-CNCs using MB/RB and 

MB/CV dye mixtures. The removal% of individual dye molecules in all these experiments were 

calculated using Equation 5.1. 

5.2.4.2 Selectivity study for CNC-ALG and PD-CNC-ALG hydrogel beads  

In this experiment, 75 mg (dry weight basis) of PD-CNC-ALG hydrogel beads were 

mixed at 500 rpm for 1 h in a 20-mL vial containing 10 mL of MB/MO, MB/RB and MB/CV 

(5 ppm) dye mixtures h. After stirring, the concentration of individual dye molecules in the dye 

mixtures before and after adsorption was determined. A comparative selective dye adsorption 

study using the same dosage of CNC-ALG and PD-CNC-ALG hydrogel beads was also 

performed to evaluate the improved selectivity of PD-CNC-ALG hydrogel beads for 
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Eschenmoser group containing dyes over CNC-ALG hydrogel beads. The removal% of 

individual dye molecules in all these experiments was calculated using Equation 5.1. 

5.2.5 Dye adsorption studies  

Batch adsorption studies using a model Eschenmoser group containing organic dye, MB 

were carried out to evaluate the adsorption characteristics of pristine CNCs, PD-CNCs, CNC-

ALG and PD-CNC-ALG hydrogel beads. All the batch adsorption studies were conducted at a 

neutral pH and 25 ºC using procedures described below: 

5.2.5.1 Dye adsorption study for pristine CNCs and PD-CNCs 

In this experiment, stock solutions of dye (25 ppm) and adsorbents, i.e. pristine CNCs 

and PD-CNCs (10 mg/mL) were first prepared. Then 5 mL of adsorbent stock solution and 5 

mL of dye stock solution were mixed in a 20-mL vial and the solution was stirred at 500 rpm 

for 1 h. After stirring, the mixture was transferred to a centrifuge tube containing 96.5 µL CaCl2 

(2.16 M) and centrifuged in a Heraeus Megafuge at 8000 rpm for 15 min on order to separate 

the adsorbent from dye solution. The concentration of MB in the supernatant was then 

measured using UV-Vis spectrophotometer. The removal% and uptake of dye were calculated 

using Equation 5.1 and 5.2 respectively. 

5.2.5.2 Dye adsorption study for CNC-ALG and PD-CNC-ALG hydrogel beads 

In this experiment, two adsorption cycles employing a fresh batch of respective hydrogel 

beads in each cycle were carried out and the concentration of dye solution after each cycle was 

determined. 135 mg (dry weight basis) of hydrogel beads were stirred in a 20-mL vial 

containing 15 mL of 100 ppm MB solution at 500 rpm for 1 h. After stirring, the beads were 

separated from the solution and a new batch of beads (135 mg) was added to this solution and 

stirred for another 1 h. The decrease in the initial dye concentration using the first set and 

second set of beads was measured using UV-Vis spectrophotometer. The removal% and uptake 

of dye were calculated using Equation 5.1 and 5.2 respectively. 
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5.2.6 Heavy metal ion adsorption studies 

Batch adsorption experiments were carried out using various heavy metal ions such as 

As3+, As5+, Cd2+, Co2+, Cr3+, Cu2+, Fe3+, Mn2+, Ni2+, Pb2+, Zn2+ and Hg2+ to evaluate the heavy 

metal adsorption ability of PD-CNC-ALG hydrogel beads. In a typical batch adsorption 

experiment, 7.5 mg of water-swollen hydrogel beads were stirred overnight in a 20-mL vial 

containing 5 mL of 50 ppm concentration heavy metal ion solution at 500 rpm for 1 h. All the 

adsorption experiments were carried out at a neutral pH and room temperature (25 ºC). The 

initial and final concentrations of the heavy metal ion solutions were measured using ICP-MS 

after acidification (5% HNO3 for all heavy metal ions except Hg2+ and 5% HCl for Hg2+). The 

removal% of heavy metal ions can be calculated using Equation 5.1. 

5.2.7 Kinetic studies 

Kinetics of adsorption was studied by measuring the MB concentration of 5 different 

batches of PD-CNC-ALG hydrogel beads stirred in dye solutions at 500 rpm for 3 h. Each 

batch consisted of 75 mg (dry weight basis) of PD-CNC-ALG hydrogel beads in 250 mL flasks 

containing 50 mL solutions of MB with various initial concentrations (100, 200, 300, 400 and 

500 ppm) respectively. Then the concentration of MB was measured at regular time intervals 

and these concentrations were used to calculate the uptake of MB over time t (qt) using 

Equation 5.2. The uptake of MB (qt) was then plotted against time (t) and the obtained data 

was further analyzed using various models to obtain the kinetic parameters of adsorption. 

5.2.8 Adsorption Isotherm  

Adsorption isotherms can be used to determine the maximum adsorption capacity (qmax) 

of PD-CNC-ALG hydrogel beads for commonly found water contaminants such as organic 

dyes and heavy metal ions. The model compounds chosen to evaluate the adsorption capacity 

of organic dyes and heavy metal ions are MB and copper respectively as these hydrogel beads 

were found to have very good adsorption for MB and Copper. In this experiment, adsorbate 

solutions of MB and copper were prepared by dissolving varying amounts of methylene blue 

hydrate and copper (II) sulfate pentahydrate in Millipore water. Then 75 mg (dry weight basis) 

of PD-CNC-ALG hydrogel beads were dispersed in 250 mL flasks containing 50 mL solutions 
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of the respective adsorbate solution (MB or Copper) of various initial concentrations (100, 200, 

300, 400 and 500 ppm) respectively. The hydrogel beads were mixed at 500 rpm for 24 h at a 

neutral pH and 25 ºC. After 24 h stirring, the concentrate of adsorbate before and after 

adsorption was measured using the UV-Vis spectroscopy. For the concentration of MB, the 

absorbance values at 664 nm were determined using UV-Vis spectrophotometer. For the 

concentration of copper, ethylenediamine was first added to the solution containing Cu2+ ions 

and the complex formed by ethylenediamine with Cu2+ ions yielded absorbance value at 556 

nm that were determined using UV-Vis spectrophotometer.259 The equilibrium uptake of 

adsorbate qe was then calculated using Equation 5.2 and the qe was plotted against equilibrium 

concentration of adsorbate Ce. This equilibrium data was fitted to a linearized form of Langmuir 

adsorption isotherm equation as shown in Equation 5.3. 

1
qୣ

=  
1

K୐q୫Cୣ
+  

1
q୫

 
(5.3) 

where qm is the maximum amount of adsorbate adsorbed per gram of adsorbent (mg/g) in 

equilibrium and KL is a constant related to the energy of adsorption (L/mg) that depicts the 

affinity between the heavy metal ion and adsorbent. Parameters qm and KL were determined 

from the intercept and slope of the plot of 1/qe versus 1/Ce, respectively. 

5.2.9 Antibacterial studies 

The antibacterial characteristics of PD-CNC-ALG hydrogel beads were achieved by 

depositing Ag-NPs onto PD-CNCs in these hydrogel beads. To evaluate its antibacterial 

activity, varying dosages of Ag-NP@PD-CNC-ALG hydrogel beads (10, 20 and 30 mg) were 

added to three scintillation vials containing 10 mL of medium containing the bacteria. This 

bacterium containing medium was prepared by inoculating 100 µL of bacterial inoculum into 

10 mL of LB Broth. The scintillation vials containing the different doses of hydrogel beads and 

a control glass vial without beads were incubated at 37 ºC and shaken at 250 rpm for 24 h. After 

24 h, the turbidity of the solution was noted and the solutions from each of these vials were 

serially diluted and plated onto agar plates to count the colony forming units (CFU).  This 

experiment was performed using both Gram-negative bacteria (Escherichia coli) and Gram-
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positive bacteria (Bacillus subtilis) to evaluate the performance of the system against both 

bacterial types. 

5.2.10 Leaching studies 

Experiments were performed to evaluate if there is any leaching of the components from 

the PD-CNC-ALG hydrogel beads into the bulk solution. This is to demonstrate the practical 

applicability of these hydrogel beads for use in water treatment applications. The test involved 

immersing 40 mg of freeze-dried hydrogel beads in 20 mL of Millipore water for 24 h at 25 

ºC. After 24 h, the hydrogel beads were separated from the solution to ascertain if there is any 

visible leaching of PD-CNCs from the hydrogel beads into the solution. The release of Ag-NPs 

from the Ag-NP@PD-CNC-ALG hydrogel beads was also determined using the UV-Vis 

spectrophotometer at 430 nm.260  

5.3 Results and discussion 

5.3.1 Preparation and characterization 

Pristine CNCs, when dispersed well in aqueous solutions, possess high surface area that 

is fully accessible for functionalization with PD and MF resin. MF-CNCs are formed by the in 

situ polycondensation of MF resin on the surface of CNCs when the pristine CNCs are mixed 

with MF precursor.44,45 Upon the polycondensation of MF-resin onto pristine CNCs, the colour 

of the pristine CNC solution turns to milky white as shown in Figure 5.2. Polydopamine can 

be coated as a thin layer onto virtually any material by spontaneous oxidation of dopamine in 

an alkaline solution and this strategy is employed to coat polydopamine onto CNCs.42,43,47 

Coating of polydopamine onto pristine CNCs transform the pristine CNC solution into a black 

dispersion as shown in Figure 5.2.  
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Figure 5.2. Photographs of the glass vials containing 1 wt% of the pristine CNCs, MF-CNCs 
and PD-CNCs. 

TEM images of pristine CNCs, MF-CNCs and PD-CNCs are shown in Figure 5.3. 

Comparing the TEM images of MF-CNCs and PD-CNCs with that of pristine CNCs, we noted 

MF and PD were successfully coated onto CNCs. TEM images of pristine CNCs lacks the 

contrast, while with the coating of CNCs with MF and PD resulted in a better contrast. 

 
Figure 5.3. TEM images of (a) Pristine CNCs (b) MF-CNCs (C) PD-CNCs. 

Ag-NPs can also be deposited onto PD-CNCs by in situ reduction of silver nitrate with 

PD-CNCs.42,43 The morphology of the Ag-NPs@PD-CNCs (Figure 5.4b) revealed that Ag-NPs 

were deposited on the surface of PD-CNC with lower aggregation compared to pure Ag-NPs 

(Figure 5.4a) which formed large clusters when dried on the copper grid. It is well-known that 

pure Ag-NPs tends to agglomerate.261 Depositing Ag-NPs onto PD-CNCs is an effective 

strategy to minimize the agglomeration and preserve the large surface area thereby having a 

greater impact on their antibacterial activity.42 With Ag-NPs chelated onto PD-CNCs,  the 
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leaching of Ag-NPs from the hydrogel beads is negligible, it is thus effective when used for 

water treatment applications. 

 
Figure 5.4. TEM images of (a) Ag-NPs (b) Ag-NPs@PD-CNCs. 

Zeta potential measurements were performed to elucidate the surface charge 

characteristics of pristine and surface functionalized CNCs. Figure 5.5 shows the zeta potential 

measurements of pristine CNCs, MF-CNCs and PD-CNCs in different pHs. The surface of 

pristine CNCs and PD-CNCs were negative at all the pH values, while MF-CNCs displayed a 

strong dependence on pH; with positive values in acidic, neutral and near basic pH conditions 

and negative value in strong base.  

 
Figure 5.5. Zeta potential of pristine CNCs, MF-CNCs and PD-CNCs as a function of pH. 

Ag-NP@PD-CNC-ALG hydrogel beads can be easily prepared by ionotropic gelation of 

alginate polymer chains present in the nanocomposite solution comprising of Ag-NPs@PD-

CNCs using divalent cations like Ca2+ ions.15–18 Photographs of the CNC-ALG and Ag-
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NP@PD-CNC-ALG hydrogel beads are shown in Figure 5.6 respectively. CNC-ALG hydrogel 

beads are white whereas PD-CNC-ALG beads are black in colour since polydopamine 

functionalization of CNCs gives this characteristic black colour to the PD-CNC-ALG beads. 

 
Figure 5.6. Digital photograph of (a) CNC-ALG hydrogel beads (b) PD-CNC-ALG hydrogel 
beads. 

Cross-sectional SEM image (Figure 5.7) of the Ag-NP@PD-CNC-ALG hydrogel beads 

revealed the porous nature of the hydrogel beads. This porous nature of the hydrogel beads can 

contribute to the increased surface area for the adsorption of contaminants, such as organic 

dyes and heavy metal ions. Figure 5.7 provides a visual representation of the porous nature of 

the hydrogel beads and it does not facilitate the determination of the exact porosity. Moreover, 

the freeze-dried hydrogel beads used for the SEM experiments does not provide the exact 

visualization of the porous nature that the hydrogel beads in their native wet swollen state 

possess. SEM elemental analysis performed on a smaller section of the hydrogel matrix (shown 

at the top right corner of the figure) confirmed the existence of all the expected elements present 

in the Ag-NP@PD-CNC-ALG hydrogel beads, and the percentage content of the elements are 

also shown.  
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Figure 5.7. SEM-EDAX characterization of the Ag-NP@PD-CNC-ALG hydrogel beads. 

5.3.2 Selectivity studies  

Sulfate ester groups introduced on the surface of pristine CNCs during their production 

from pulp fibers via H2SO4 hydrolysis impart an overall negative charge to the pristine CNCs.10 

The anionic charges on this pristine CNCs interact strongly with the cationic compounds as 

demonstrated previously.92 Surface functionalization is an ideal strategy to improve its affinity 

towards compounds bearing a specific charge or functional group. MF coating on CNCs can 

transform the charges on pristine CNCs from negative to positive. This will facilitate the 

binding to negative compounds. Also, PD possesses higher affinity towards Eschenmoser 

functional groups,258 and hence coating of pristine CNCs with PD can also improve the affinity 

of CNCs towards compounds bearing Eschenmoser functional group. Thus, the surface 

functionalization of CNCs can be performed to tailor their selectivity to a wide range of 

compounds. This is further demonstrated by performing various selective dye adsorption 

experiments using pristine and surface functionalized CNCs. Figure 5.8 shows the chemical 

structures of the entities used for the functionalization of CNCs (Dopamine and Melamine-
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Formaldehyde) and organic dyes (MB, MO, RB and CV) used in the selective dye adsorption 

studies. 

 
Figure 5.8. Chemical structure of (a) Dopamine (b) Melamine-Formaldehyde (c) MB (d) MO 
(e) RB and (f) CV. 

Figure 5.9 shows the selective dye adsorption capability of pristine CNCs, MF-CNCs 

and PD-CNCs. When adsorption experiments were performed on MB/MO dye mixture using 

the same dosage of pristine CNCs, MF-CNCs and PD-CNCs, dark green colour of the MB/MO 

dye mixture changed to light green, blue and orange colour respectively. The light green colour 

is due to the presence of MB in the solution even though the majority of MB was removed 

from MB/MO. Negatively charged pristine CNCs bind to positively charged MB resulting in 

the removal of MB. The blue colour of the MB/MO dye mixture in the presence of MF-CNCs 

is due to the complete removal of MO leaving behind MB. Positively charged MF-CNCs bind 

to negatively charged MO resulting in the completely remove MO. The orange colour for PD-

CNCs is due to complete removal of MB from MB/MO mixture, leaving behind MO. PD has 

a higher affinity towards Eschenmoser group containing MB resulting in the complete removal 

of MB.258 UV-Vis spectrophotometer measurements performed on these solutions for 

individual dyes at their absorbance maximum validated these results. Thus, the affinity of 



135 
 

pristine CNCs to MB can be effectively improved by the complete removal of MB from 

MB/MO by PD coating. The selective adsorption of MB is driven by the 1,4-Michael addition 

reaction between the Eschenmoser structure of MB and the ortho position of the catechol 

phenolic hydroxyl group of PD.258  

 
Figure 5.9. Selective dye adsorption study of MB/MO using pristine and surface functionalized 
CNCs. 

Selective dye adsorption studies performed using varying dosages of pristine CNCs is 

shown in Figure 5.10. Results show that relatively higher amount of MB could be removed 

from MB/MO by increasing the concentration of pristine CNCs. However, increasing the 

dosage above 40 mg/mL did not have any significant improvement on the affinity towards the 

MB rather it binds to more MO because of the higher number of adsorption sites. 
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Figure 5.10. Selective dye adsorption study of MB/MO using varying dosages (i) 5 (ii) 10 (iii) 
15 (iv) 20 and (v) 25 mg/mL of pristine CNCs. 

Selective adsorption studies on MB/RB and MB/CV using PD-CNCs was performed to 

further confirm the improved affinity of PD towards Eschenmoser functional groups. RB and 

CV were chosen in accordance to their chemical similarity to MB with respect to Eschenmoser 

functional group. Figure 5.11 indicates that the purple colour of MB/RB and dark blue colour 

of MB/CV dye mixtures change to pink colour and colourless when selective dye adsorption 

studies were performed using PD-CNCs as adsorbents. This is because RB remained in the 

case of MB/RB dye mixture as opposed to no dye left behind in the case of MB/CV dye 

mixture. This is because of CV bears Eschenmoser functional group like MB as opposed to RB 

and this clearly validates the improved affinity of PD towards Eschenmoser functional groups. 

Also, it should be noted that the as the selectivity for PD-CNCs was imparted by 1,4-Michael 

addition reaction their reversibility may be limited to only single use as opposed to another 

type of CNCs whose selectivity was based on electrostatic interaction. 
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Figure 5.11. Selective dye adsorption of (a) MB/RB and (b) MB/CV using PD-CNCs. 

Surface functionalized CNCs can also impart this selectivity property to the hydrogel 

beads and this is demonstrated by performing selective dye adsorption experiments using PD-

CNC-ALG hydrogel beads wherein the PD-CNCs have an affinity for Eschenmoser functional 

groups bearing compounds. Figure 5.12 shows that the colours of the dye mixtures of MB/MO 

and MB/RB changed from dark green and purple to yellow and pink colour when PD-CNC-

ALG hydrogel beads were used. UV-Vis spectrophotometer measurements on both the residual 

solutions after adsorption indicated the 100% removal of MB by PD-CNC-ALG hydrogel 

beads from MB/MO and MB/RB dye mixtures leaving behind MO and RB respectively. In 

case of MB/CV dye mixture, the solution turned completely colourless after adsorption 

denoting the complete removal of both MB and CV from the MB/CV dye mixture. This is 

because both MB and CV possess Eschenmoser functional groups with strong affinity to PD-

CNCs. 
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Figure 5.12. Photographs of selective adsorption of MB from (a) MB/MO (b) MB/RB (c) 
MB/CV mixed solutions by using PD-CNC-ALG hydrogel beads. 

Figure 5.13 shows the colour of the MB/MO dye mixture before and after adsorption 

using CNC-ALG and PD-CNC-ALG beads. The colour of MB/MO dye mixture after 

adsorption using CNC-ALG hydrogel beads, retained a slight green colour indicating the 

presence of MB in the solution whereas the colour of MB/MO dye mixture after adsorption 

using PD-CNC-ALG beads changed from green to yellow indicating the complete removal of 

MB. The CNC-ALG beads were capable of removing only 72% MB from the MB/MO dye 

mixture as opposed to 100% removal reported for the PD-CNC-ALG hydrogel beads. This 

selective dye adsorption study performed with MB/MO dye mixture using CNC-ALG and PD-

CNC-ALG hydrogel beads revealed the increased affinity of PD-CNC-ALG hydrogel beads 

towards MB compared to CNC-ALG hydrogel beads. 
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Figure 5.13. Photographs of selective adsorption of MB from MB/MO mixed the solution by 
using CNC-ALG and PD-CNC-ALG hydrogel beads. 

5.3.3 Dye adsorption studies 

Figure 5.14a shows the colour of MB solution after each batch adsorption cycle for CNC-

ALG and PD-CNC-ALG hydrogel beads. The colour of MB solution clearly indicated that PD-

CNC-ALG hydrogel beads adsorb comparatively more dye than CNC-ALG hydrogel beads 

during the batch adsorption cycles and at the end of the second cycle, where the MB solution 

became colourless in PD-CNC-ALG hydrogel beads denoting the complete removal of MB. 

Figure 5.14b shows the concentration of MB during each batch adsorption cycle for CNC-ALG 

and PD-CNC-ALG hydrogel beads. At the end of first and second cycles, the concentration of 

MB was 21.89 mg/L and 7.56 mg/L respectively for CNC-ALG hydrogel beads whereas for 

PD-CNC-ALG hydrogel beads it had lower values of 14.35 mg/L and 0 mg/L respectively. 

This proves that at the same dosage of PD-CNC-ALG hydrogel beads, it is possible to adsorb 

more MB compared to CNC-ALG hydrogel beads. The effectiveness of the PD-CNCs was 

further confirmed by comparing its MB adsorption ability with that of pristine CNCs. Figure 

5.15 shows 90.05% of the dye was removed with PD-CNCs and only 71.35% was removed 

with pristine CNCs. This is because polydopamine functionalization of CNCs provides an 

improved affinity for CNCs towards Eschenmoser group containing dyes. It was already 

reported that there is an Eschenmoser salt assisted 1,4-Michael addition reaction between the 
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ortho position of catechol phenolic hydroxyl group of polydopamine and Eschenmoser group 

in MB that drives the adsorption process.258 

 
Figure 5.14. (a) Photographs of MB adsorption by CNC-ALG and PD-CNC-ALG beads 
during two successive equilibrium batch adsorption cycles. (b) The concentration of MB during 
the two successive equilibrium batch adsorption cycles for CNC-ALG and PD-CNC-ALG 
beads respectively. 

 
Figure 5.15. Dye Removal % of pristine CNCs and PD-CNCs. 

5.3.4 Heavy metal ions adsorption studies 

Figure 5.16 shows the removal % of various heavy metal ions by PD-CNC-ALG 

hydrogel beads. The result suggests that PD-CNC-ALG hydrogel beads are very effective in 

removing Pb2+, Hg2+, Cr3+ and Cu2+ as more than 80% of all heavy metal ions were removed. 

The hydroxyl and amine groups present on the polydopamine coating of CNCs can serve as 

binding sites to chelate the heavy metal ions.258  
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Figure 5.16. Removal % of various heavy metal ions by PD-CNC-ALG hydrogel beads. 

5.3.5 Kinetic studies 

Adsorption kinetic study of an adsorbent is essential to understand the rate of adsorption, 

mechanism of adsorption and possible rate controlling steps. The kinetics of CNC-ALG 

hydrogel beads was reported previously.15 Similar to CNC-ALG hydrogel beads; pseudo-

second order kinetic model fitted well to model the adsorption kinetics of MB on PD-CNC-

ALG hydrogel beads. This model can be expressed using Equation 5.4.220 

dq୲

dt
= kଶ(qୣ − q୲)ଶ 

(5.4) 

where qe (mg/g) is the amount of dye adsorbed at equilibrium, qt (mg/g) is the amount of dye 

adsorbed at time t (min), and k1 (min-1) is the rate constant of pseudo first order model, k2 (g 

mg-1 min-1) is the rate constant of pseudo second order model. The experimental kinetic data 

for various initial dye concentrations were fitted using the linearized form of pseudo-second-

order model equation (Equation 5.5) to determine the kinetic parameters of the adsorption 

process. 

t
q୲

=  
1

kଶqୣ
ଶ +  

1
qୣ

t 
(5.5) 

The pseudo second order rate constant (k2) and qe were determined from the slope and 

intercepts of the plots of t/qt versus time t. The value of experimentally determined qe (qe(expt)), 

calculated qe (qe(calc)), correlation coefficient (R2) are shown in Table 5.1. The pseudo-second-

order kinetic model gave an excellent fit with an average regression coefficient of R2 = 0.99. 
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Also, qe(calc) determined from the pseudo-second-order kinetic model agreed well with qe 

(expt), confirming that the kinetics of dye adsorption by CNC–ALG hydrogel beads are better 

described by the pseudo- second-order kinetic model rather than the pseudo- first-order model. 

The kinetic adsorption data and their fitting using pseudo-second order equation is shown in 

Figure 5.17. 

 
Figure 5.17. (a) Plot of qt versus time for various initial dye concentrations. (b) Pseudo-second-
order kinetic model fitting for batch adsorption of various initial dye concentrations onto PD-
CNC-ALG hydrogel beads. 

Table 5.1. Estimated absorption kinetic parameters for MB on PD-CNC-ALG beads 
determined using Pseudo-second-order kinetic model. 

Concentration 

(mg/L) 

qe (expt) 

(mg/g) 

qe (calc) 

(mg/g) 

k2×10-4
 

(min-1) 

R2 

100 48.20 47.39 7.65 0.99 

200 98.15 98.03 4.80 0.99 

300 138.21 140.84 2.51 1.00 

400 169.19 172.41 1.92 0.99 

500 208.66 208.33 1.75 0.99 

5.3.6 Adsorption isotherm 

The abundant functional groups present in polydopamine such as catechol groups, amine 

groups, and aromatic moieties are expected to offer a large number of active sites to bind heavy 

metal ions and organic pollutants like dyes via electrostatic interaction, coordination or 

chelation, hydrogen bonding, or π−π stacking interaction.46 The ability of PD-CNC-ALG beads 

to adsorb MB and Cu2+ ions was evaluated by plotting the adsorption isotherm. The equilibrium 

adsorption data needed to construct the Langmuir adsorption isotherm was obtained from the 
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concentration values of MB and Cu2+ ions. UV-Vis spectroscopy was used to measure the 

concentration values of MB and Cu2+ ions. MB possesses an absorbance peak at 664 nm 

whereas for Cu2+ ions it is essential to form a coloured complex with ethylenediamine prior to 

measurement so that an absorbance maxima can be obtained at 556 nm.259 Figure 5.18 shows 

the formation of Cu2+ – Ethylenediamine complex and the corresponding calibration curve used 

for the determination of Cu2+ concentration.  

 
Figure 5.18. (a) Formation of Cu2+ – Ethylenediamine coloured complex (c) Calibration curve 
used for the calculation of Cu2+ concentration. 

Adsorption isotherms were used to show the relationship between the mass of adsorbate 

adsorbed per unit mass of the sorbent (qe) and the liquid phase adsorbate concentration (Ce) at 

equilibrium. The equilibrium adsorption data was modeled using the Langmuir adsorption 

isotherm and the maximum adsorption capacity of PD-CNC-ALG beads for MB and Cu2+ ions 

was determined. The Langmuir isotherm is described by using Equation 5.6.226  

qୣ =  
q୫K୐Cୣ

1 + K୐Cୣ
 

(5.6) 

where qe is the amount of dye adsorbed per g of adsorbent (mg/g) in equilibrium, qm is the 

maximum amount of dye which can be adsorbed per g of adsorbent (mg/g) in equilibrium, Ce 

is the equilibrium concentration of free dye molecules in the solution (mg/L) and KL is a 

constant related to the energy of adsorption (L/mg) which shows the affinity between the dye 

and adsorbent. The values of KL and qm can be extracted using the linearized form of the 

Langmuir isotherm (Equation 5.7). 
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(5.7) 

The linearized form of the Langmuir isotherm is described by a plot of 1/qe versus 1/Ce 

(Figure 5.19a for MB and Figure 5.19b for Copper), and qm is determined from the slope. The 

qm of MB and Cu2+ ions onto the PD-CNC-ALG beads were calculated to be 333.33 mg/g and 

72.99 mg/g respectively. It was also observed that polydopamine functionalization of CNCs 

has resulted in a 30% increase in the qm of hydrogel beads for MB compared to pristine CNCs 

incorporated hydrogel beads which has a reported qm value of 256.41 mg/g.15  

 
Figure 5.19. Linearized Langmuir plot for adsorption of (a) MB and (b) Cu2+ onto PD-CNC-
ALG hydrogel beads. 

5.3.7 Antibacterial studies  

In this study, PD-CNC-ALG hydrogel beads were made antibacterial so that they can be 

used for the disinfection of bacteria in the water. This was done by depositing Ag-NPs onto 

PD-CNCs before incorporating within into the alginate hydrogel bead. Ag-NP@PD-CNC-

ALG beads were then evaluated for their antibacterial activity on Gram-positive bacteria 

Bacillus subtilis and Gram-negative bacteria Escherichia coli. Figure 5.20 shows the CFU on 

the agar plates for Escherichia coli and Bacillus subtilis with varying dosage of Ag-NP@PD-

CNC-ALG hydrogel beads respectively. Figure 5.21 shows the vials containing various 

dosages of the Ag-NP@PD-CNC-ALG hydrogel beads in the bacteria containing media for 

both Escherichia coli and Bacillus subtilis respectively. The CFU and turbidity of various 

dosage samples were compared to the control sample with no hydrogel beads. 1 mg/mL dosage 

sample appeared slightly turbid whereas both 2 mg/mL and 3 mg/mL dosage samples were 
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clear suggesting the presence of bacteria in 1 mg/mL dosage sample and no bacteria in the rest. 

This was confirmed from the CFU counts done on the gar plates. CFU counts for Escherichia 

coli were 4.32×109, 4.16×109 and 0 for control, 1mg/mL and rest of the samples (2 mg/mL and 

3 mg/mL) respectively. CFU counts for Bacillus subtilis were 4.2×109, 6.3×107 and 0 for 

control, 1mg/mL and rest of the samples (2 mg/mL and 3 mg/mL) respectively. For both the 

bacteria, as the number of Ag-NP@PD-CNC-ALG hydrogel beads increased, the density of 

bacterial colonies decreased because of the increased silver content present that contributes to 

the increased antibacterial activity.  

 
Figure 5.20. CFU on the agar plates for Escherichia coli and Bacillus subtilis with varying 
dosage of Ag-NP@PD-CNC-ALG hydrogel beads respectively. 

 
Figure 5.21. Vials containing various dosages of the Ag-NP@PD-CNC-ALG hydrogel beads 
in the bacteria containing media for both Escherichia coli and Bacillus subtilis. 



146 
 

5.3.8 Leaching studies  

Ag-NPs possessed excellent antimicrobial properties against a wide variety of 

microorganisms.262 However the massive deployment of Ag-NPs for water treatment 

applications has been hindered due to non-availability of suitable anchoring substrates that 

prevent Ag-NPs release into water and dislodgement of the Ag-NPs from the polymeric 

matrix.263,264 In this work, this problem was addressed by chelating Ag-NPs on PD-CNCs 

before they were incorporated in alginate hydrogel matrix which can prevent the leaching of 

Ag-NPs. Ag-NPs possesses a characteristic peak at around 430 nm due to the surface plasmon 

resonance,260 and hence the release of Ag-NPs can be determined by UV-Vis 

spectrophotometer with a detection limit of 0.1µg/L. Figure 5.22 shows the UV-Vis spectra 

various standard concentrations and release a sample of Ag-NPs. The release samples did not 

show the typical peak of Ag-NPs indicating that the concentration of Ag-NPs in the sample 

was below 0.1µg/L which is far below the WHO’s recommended limit for total Ag 

concentration in drinking water of 100 µg/L.264 This may due to strong chelation of Ag-NPs 

on the PD-CNCs within the crosslinked alginate hydrogel matrix. Also, no visible leaching of 

PD-CNCs from the Ag-NP@PD-CNC-ALG hydrogel beads was observed when the hydrogel 

beads were stored in water for a prolonged period of time. 

 
Figure 5.22. UV-Vis spectra of Ag-NPs of various standard concentrations and release sample. 
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5.4 Conclusions  

Pristine CNCs were coated with melamine-formaldehyde (MF) and polydopamine (PD) 

to prepare MF-CNCs and PD-CNCs respectively. Selective dye adsorption studies performed 

using pristine CNCs and surface functionalized demonstrated that the selectivity of the CNCs 

can be tailored by surface functionalization. When methylene blue (MB)/methyl orange (MO) 

dye mixtures were subjected to adsorption using pristine and surface functionalized CNCs, 

negatively charged pristine CNCs showed an affinity for positively charged dye MB. Whereas, 

positively charged MF-CNCs were found to have a high affinity for negatively charged dye 

MO. The selectivity of pristine CNCs for MB was further improved upon coating with PD as 

it has high affinity towards Eschenmoser functional groups present in MB. This is validated by 

performing additional adsorption experiments using dye mixtures of MB with rhodamine B 

and crystal violet respectively. The ability of the surface functionalized CNCs to tailor the 

properties of nanocomposites that incorporate them was further explored by preparing a novel 

nanocomposite viz., PD-CNC-ALG hydrogel beads. The applicability of these hydrogel beads 

for water treatment application was demonstrated using selectivity studies, batch adsorption 

studies and antibacterial studies. Selective dye adsorption studies have demonstrated that PD-

CNC-ALG hydrogel beads have selectivity towards Eschenmoser group containing dyes like 

MB and have improved adsorption ability for these dyes compared to CNC-ALG hydrogel 

beads. They also showed the good binding ability for heavy metal ions like Pb2+, Hg2+, Cr3+ 

and Cu2+. Kinetics of MB adsorption onto PD-CNC-ALG beads was modelled using the 

pseudo-second-order kinetic model and the rate constants of adsorption were determined. The 

maximum adsorption capacity of PD-CNC-ALG hydrogel beads for MB and Cu2+ ions were 

found to be 333.33 mg/g and 72.99 mg/g respectively. Ag-NPs can also be chelated with PD-

CNC-ALG hydrogel beads thereby reducing the leaching of Ag-NPs from their polymeric 

matrix. Thus, the prepared PD-CNC-ALG hydrogel beads can be considered as a versatile 

adsorbent with a wide range of capabilities for use in water treatment.  
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Chapter 6* 

 Diffusion-Controlled Simultaneous Sensing and 

Scavenging of Heavy Metal Ions in Water Using 

Atomically Precise Cluster–Cellulose Nanocrystal 

Composites 

Development of a system that can simultaneously sense and scavenge toxic heavy metal ions 

at low concentrations is an ideal solution for in-situ monitoring and purification of 

contaminated water. In this paper, we report on the synthesis and application of a novel system, 

luminescent atomically precise cluster – cellulose nanocrystal composite namely bovine serum 

albumin protected gold nanoclusters (Au@BSA NCs) loaded cellulose nanocrystal – alginate 

hydrogel beads, that can simultaneously sense and scavenge heavy metal ions, specifically 

mercury ions in water. Characterization of the system performed using scanning electron 

microscopy coupled with energy dispersive spectroscopy and X-ray photoelectron 

spectroscopy elucidated the physical and chemical characteristics of the system. Additionally, 

we proposed a new method to visualize the diffusion phenomenon and calculate the effective 

diffusion coefficient of heavy metal ions in hydrogel beads by monitoring the fluorescence 

quenching dynamics of Au@BSA NCs upon binding with mercury ions. Finally, practical 

applications of this nanocomposite were demonstrated using batch adsorption experiments as 

well as using a dip pen device loaded with the hydrogel beads for in-situ monitoring of heavy 

metal ions in water. 

 

 

 

*This chapter is adapted from a paper “Nishil Mohammed, Avijit Baidya, Vasanthanarayan 
Murugesan, Avula Anil Kumar, Mohd Azhardin Ganayee, Jyoti Sarita Mohanty, Kam Chiu 
Tam and Thalappil Pradeep, Diffusion-Controlled Simultaneous Sensing and Scavenging of 
Heavy Metal Ions in Water Using Atomically Precise Cluster–Cellulose Nanocrystal 
Composites, ACS Sustainable Chemistry and Engineering, 2016, 4 (11), 6167-6176.” 
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6.1 Introduction 

Water is being increasingly contaminated by a wide variety of pollutants from industrial, 

municipal and agricultural sources like heavy metal ions, dyes, food additives, 

pharmaceuticals, detergents, agrochemicals, etc. Thus, access to clean water is becoming more 

challenging and efficient technologies that can purify this contaminated water have become 

essential.1,257 Among all these pollutants, toxic heavy metal ions, which accumulate in the food 

chain, continue to be a major concern. Various physical, chemical and biological treatment 

methods can be employed to remove heavy metal ions from water. Of all these treatment 

methods, adsorption implemented using a well-designed system offers the best solution for 

producing high quality treated water at affordable cost. This technique offers many advantages, 

such as simplicity in design and operation, low initial investment, effectiveness and 

insensitivity to other substances present in the water stream. Researchers round the globe are 

seeking for a various low-cost non-conventional adsorbent materials.2,3,7,8,265  

In this context, the use of sustainable nanomaterials such as cellulose nanocrystals 

(CNCs) for the adsorption of heavy metal ions from water is gaining momentum and several 

researchers have examined its feasibility.107,109,113,114,171,266 CNCs are rod-like nanoparticles 

obtained from cellulosic biomass, having diameters in the range of 5-20 nm and lengths of a 

few hundred nanometers. They can be produced at the industrial scale by acid hydrolysis of 

pulp fibers. Because of their high specific surface area, good mechanical strength, 

biodegradability and high functionality,10 adsorbents based on these nanomaterials have the 

capacity to remove a wide variety of pollutants from wastewater.12,13 Even though these 

nanomaterials were found to outperform several conventional adsorbents used in developing 

countries, their practical application for large-scale water treatment systems is limited as they 

are difficult to separate from the water bodies after adsorption. This can be solved by 

incorporating them into matrices, like hydrogel beads that can be easily used in batch as well 

as column adsorption processes.15–17  

Mercury, in both organic and inorganic forms, is one of the most hazardous 

environmental contaminants among all heavy metal ions.267 Different approaches have been 
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used for the determination of trace levels of mercury. Fluorescence-based techniques are 

important in the determination of ionic mercury. However, for trace levels of heavy metals, 

ultrasensitive methods that are readily implementable in the field have to be developed, 

working at the limit of single ions.268  

Aspicules,269 atomically precise quantum clusters of noble metals, have been gaining 

attention in the field of sensor owing to their enhanced photostability, high quantum yield and 

ease of functionalization. Their discrete energy states resulting from a size range corresponding 

to Fermi wavelength of electrons, endow them with luminescent properties in the visible range. 

Though a wide range of ligands have been utilized for synthesizing aspicules, biomolecules 

like proteins and peptides are emerging owing to their simplicity in synthesis, biocompatibility 

and wide range of applications. Noble metal clusters protected with BSA, lysozyme, and 

lactoferrin are some notable examples.270–275 Xie et al.,276 first reported the use of BSA 

protected gold nanoclusters (Au@BSA NCs) for sensing Hg2+ ions. Several other groups have 

used the protein protected quantum cluster systems for sensing heavy metal ions like Hg2+, 

Cu2+ and Pb2+. Though highly sensitive, the colloidal stability of these clusters limit their 

application in the field and thus a suitable substrate to anchor them is required. We have 

previously demonstrated the ability of Au@BSA to bind with nanofibers and have used it for 

detecting Hg2+ ions. Such confinement on a substrate also leads to an increase in the 

luminescence intensity.277 

Until now there have been no reports on CNCs based nanocomposites that can be used 

for the simultaneous sensing and scavenging of heavy metal ions in water. In this paper, we 

report on the synthesis and application of novel nanocomposite hydrogel beads, viz., Au@BSA 

NCs loaded cellulose nanocrystal-alginate hydrogel beads that can simultaneously sense and 

scavenge heavy metals ions, specifically Hg2+ ions in water. Several researchers have 

attempted to probe diffusion and calculate the effective diffusion coefficient using various 

techniques that are rather complex. Herein, we reported a novel approach based on the 

fluorescence quenching dynamics of Au@BSA NCs upon Hg2+ ion binding, which can be used 

as a tool to probe diffusion and determine the diffusion coefficient of Hg2+ ions in the hydrogel 
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beads. Here the sensing occurs as a result of the adsorption of Hg2+ ions on Au@BSA NCs 

which is controlled by several parameters like analyte concentration, porous and anionic nature 

of the hydrogel bead, etc. We performed batch adsorption experiments to elucidate the 

adsorption characteristics that are pertinent to the sensing application. At this stage of 

development, the practical application of this system for the removal of Hg2+ ions in 

contaminated water is limited to small scale operations. Finally, the practical application of 

these hydrogel beads is demonstrated using a dip pen device containing these hydrogel beads 

for in-situ monitoring of heavy metal ions in water. Figure 6.1 is schematic representation 

showing the preparation of atomically precise cluster-cellulose nanocrystal composites and 

their simultaneous sensing and scavenging of Hg2+ ions in water. 

 
Figure 6.1. Schematic representation showing the preparation of atomically precise cluster-
cellulose nanocrystal composites and their simultaneous sensing and scavenging of Hg2+ ions 
in water. 
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Experimental section 

6.1.1 Materials used 

CNCs supplied by University of Maine Process Development Centre were used in this 

study (Please note: Both Celluforce and UMaine CNCs are sulfated CNCs, however for this 

work included in Chapter 6, we used UMaine CNCs because of proprietary reasons). Sodium 

alginate (ALG) was purchased from FMC Biopolymer. Sodium chloride (NaCl), calcium 

chloride (CaCl2) and tetrachloroauric acid trihydrate (HAuCl4.3H2O) were purchased from 

Sigma-Aldrich. Bovine serum albumin (BSA) was purchased from Sisco Research 

Laboratories Pvt. Ltd. Divalent acetates of mercury, copper, zinc, nickel, lead, cadmium, 

manganese, cobalt, iron, and magnesium were purchased from Merck. Chromium (III) nitrate 

nonahydrate (Cr(NO3)3.9H2O) was purchased from Lobachemie and sodium arsenite (NaAsO2) 

was purchased from SD Fine Chemicals Limited. Purified water from a Milli-Q Millipore 

system (>18 MΩcm) was used for all the experiments. All chemicals were used directly without 

additional purification. 

6.1.2 Preparation of nanocomposite 

Preparation of nanocomposite was performed in two steps. In the first step, synthesis of 

Au@BSA NCs loaded CNC gel was carried out. During this step, 1 mL of 6 mM HAuCl4.3H2O 

aqueous solution was added dropwise to a 4-mL reaction mixture containing 25 mg BSA and 

150 mg CNCs, stirred overnight. After 30 min, the pH of this solution was adjusted to ~12 by 

adding 200 µL of 1 M NaOH and then the whole reaction mixture was stirred overnight. The 

reaction mixture turned into a gel-like structure and the formation of Au@BSA NCs was 

indicated by the characteristic colour change from pale yellow to deep brown, with intense red 

fluorescence under UV light. In the second step, the final nanocomposite, viz. Au@BSA NCs 

loaded CNC-ALG hydrogel beads was prepared by further crosslinking the earlier synthesized 

Au@BSA NCs loaded CNC gel using ALG by ionotropic gelation method in the presence of 

Ca2+ ions. During this step, the desired ratio of Au@BSA NCs loaded CNC gel and ALG 

solution were thoroughly homogenized and loaded into syringes. This homogenized solution 

was then extruded through syringes mounted with 24-gauge size needle using a syringe pump 
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at a flow rate of 0.8 µL/min into 20 mL of 2 wt% CaCl2 solution that was gently stirred to 

prevent the beads from adhering to each other. The hydrogel beads that were formed were then 

allowed to crosslink in CaCl2 solution for 15 min, after which they were washed with water 

several times to remove residual CaCl2 and BSA, and used for further experimentations. 

6.1.3 Batch adsorption studies 

In a typical batch adsorption experiment, 500 mg of water-swollen hydrogel beads were 

stirred overnight in a vial containing 5 mL of heavy metal ion solution of either Hg2+ or Cu2+ 

at neutral pH and 25 °C. The initial and final concentrations of the heavy metal ion solutions 

were measured using ICP-MS after acidification (5% HCl for Hg2+ and 5% HNO3 for Cu2+). 

Removal % and uptake of heavy metal ions (qe) by hydrogel beads were calculated using 

Equation 6.1 and 6.2 respectively.194,195 

Removal % =
(C଴ − Cୣ)

C଴
 ×100 

(6.1) 

Uptake (qୣ) =
(C଴ − Cୣ)V

m
 

(6.2) 

where qe is the amount of heavy metal ions adsorbed per g of adsorbent (mg/g) in equilibrium, 

Ce is the equilibrium concentration of free heavy metal ions in the bulk solution (mg/L), C0 is 

the initial heavy metal ion solution concentration (mg/L), V is the volume of solution (L) and 

m is the mass of adsorbent (g).  

The adsorption capacity of this nanocomposite for Hg2+ and Cu2+ uptake was also 

evaluated using Langmuir adsorption isotherm. This was performed by plotting the equilibrium 

heavy metal ion uptake (qe) against the equilibrium concentration of heavy metal ion (Ce) for 

batch adsorption experiments performed with different initial heavy metal ion concentrations, 

ranging from 20 to 100 ppm. This equilibrium data was fitted using the linearized form of 

Langmuir adsorption isotherm model mentioned in Equation 6.3. 

1
qୣ

=  
1

K୐q୫Cୣ
+  

1
q୫

 
(6.3) 

where qm is the maximum amount of heavy metal ions which can be adsorbed per gram of 

adsorbent (mg/g) in equilibrium and KL is a constant related to the energy of adsorption (L/mg) 
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which depicts the affinity between the heavy metal ion and adsorbent. Parameters qm and KL 

were determined from the intercept and slope of the plot of 1/qe versus 1/Ce, respectively. 

6.1.4 Development of an ideal sensor-scavenger system 

Three hydrogel bead systems containing the CNC:ALG ratios of 1:2, 1:1 and 2:1, were 

prepared by mixing different ratios of Au@BSA NCs loaded CNC gel and ALG solutions. 

Leaching of Au@BSA NCs from the hydrogel beads placed in water for 2 days were analysed 

by inspecting the supernatant, both visually under UV light and measuring the absorbance at 

280 nm using UV-Vis spectrophotometer. Also, the mercury removal % of the three systems 

were compared using batch adsorption studies. 

6.1.5 Sensing experiments 

Further, the sensitivity of this nanocomposite to various heavy metal ions was also 

analyzed. For the single hydrogel bead sensing experiment, one bead was placed in each HPLC 

vial containing 1 mL of 1 ppm concentration of various heavy metal ion solutions like Hg2+, 

Cu2+, Zn2+, Ni2+, Pb2+, Cd2+, Cr3+, As3+, Mn2+, Co2+ and Fe2+. The fluorescence of Au@BSA 

NCs inside the hydrogel beads, when immersed in these heavy metal ion solutions, was 

monitored to evaluate the sensitivity and selectivity of the system. Hydrogel bead was also 

placed in the solution of Mg2+ and Ca2+ ions, which are the common ions contributing to the 

hardness of water, in order to study the effect of counter ions. 

6.1.6 Characterization of nanocomposite 

Photographs of the hydrogel beads were recorded and the mean diameter of hydrogel 

beads was measured using a vernier caliper. Morphology, elemental analysis and elemental 

mapping studies of the hydrogel beads were performed using a scanning electron microscopy 

(SEM) equipped with energy dispersive analysis of X-rays (EDAX) (FEI Quanta 200). For the 

SEM and EDAX measurements, freeze-dried hydrogel bead samples were spotted on an 

aluminium sample stub. X-ray photoelectron spectroscopy (XPS) measurements were 

conducted using an Omicron ESCA Probe spectrometer with unmonochromatized AlKα X-

rays (energy = 1486.6 eV). High-resolution transmission electron microscopy (HR-TEM) of 

Au@BSA NCs was performed with JEOL 3010, a 300-kV instrument. The samples for HR-
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TEM was prepared by dropping the dispersion on a carbon-coated copper grid. UV-Visible 

absorption spectra and photoluminescence spectra of Au@BSA NCs was acquired using Perkin 

Elmer Lambda 25 UV-Vis spectrophotometer and Jobin Yvon NanoLog spectrofluorometer, 

respectively. 

6.1.7 Quenching dynamics to study diffusion 

Dark field fluorescence microscopy was employed to monitor the quenching dynamics 

of Au@BSA NCs upon the diffusion of Hg2+ ions into the hydrogel beads. Fluorescence 

imaging and spectra of hydrogel beads were performed using the Cytoviva HSI system 

containing an Olympus BX-41 microscope equipped with a Dage high-resolution camera. Dark 

field fluorescence microscopy was used in an excitation window corresponding to 

DAPI/FITC/TEXAS RED (DAPI, 452−472 nm; FITC, 515−545 nm; TEXAS RED, 600−652 

nm), and emission was collected using a triple pass emission filter DAPI/FITC/TEXAS RED 

(DAPI, 452−472 nm; FITC, 515−545 nm; TEXAS RED, 600−652 nm). We have chosen 

similar excitation and emission filters for simultaneous visualization of the fluorescent area 

along with the quenched area. The distinct red fluorescence of the cluster allows us to easily 

distinguish between the quenched and fluorescent part of the hydrogel bead.  

Hydrogel beads of a size greater than 1 mm were imaged under a dark field fluorescence 

microscope. The intense red colour of the bead indicates the uniform distribution of the 

clusters. Hydrogel beads were initially kept in Millipore water and the fluorescence intensity 

was observed for some time to confirm that it did not change in the control condition. Then a 

single bead was immersed in 100 ppm Hg2+ ion solution and time-dependent quenching of red 

emission from Au@BSA NCs was observed. Images were captured at regular time intervals. 

By monitoring the fluorescence area from these images, the diffusion kinetics of the Hg2+ ions 

was studied. The rate of diffusion of ions corresponds to the rate of fluorescence quenching. 

As the time scale of reaction between the metal ion and the cluster which quenches the 

luminescence is much faster than ionic diffusion, the error due to the former event is 

insignificant. The diffusion of Hg2+ ions into the hydrogel bead was monitored by studying the 

reduction in the fluorescence diameter of the bead. 
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Diffusion coefficient (D) is an essential parameter for modelling diffusion and can be 

obtained by solving Fick’s second law.  

∂ଶC
∂xଶ  = −

1
D

∂C
∂t

 
(6.4) 

where C is the concentration, x is the position and t is the time. Solving this equation requires 

knowledge of flux and concentration varying over time. The rate of change of mercury 

concentration (dCo) can be equated to the rate of change in fluorescence intensity (dFI) using 

the following equation: 

dC଴  =  dF୍ (6.5) 

By substituting the above equation in Fick’s law, we obtain the coefficient for 

fluorescence quenching which is similar to D for Hg2+ ions and was calculated by analyzing 

the variation of red intensity along the bead diameter at various time points. The variation in 

red intensity along the diameter of the bead was extracted using an image analysis code run 

using the open software called R. The R-code written using the JPEG library is mentioned in 

the appendix. 

For ease of calculation, the equation representing the concentration was assumed to be a 

multiple of two independent functions, distance and time. The variation in red intensity for 

various time points was fitted to a sine curve representing the variation along the diameter. 

Then, the maximum intensity (taken from the center of the sine curve) was plotted against time, 

to obtain the function for a change of intensity with time. This was fitted to an exponential 

curve. The solution for Fick’s equation under homogenization seems to fit the equation of 

fluorescence as a function of distance and time as given by:  

F = 0.66 sin( 
xπ

1260
) e൫ି୲

ଵହଽସൗ ൯ − 0.11 (6.6) 

Also, the minimum measurable distance, i.e. length of one pixel, and the error from fitting the 

exponential decay for time constant were used to calculate the error. The detailed error 

calculation is mentioned below. 

D =
lଶ

πଶτ
 

(6.7) 

To calculate error, 
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ΔD =
l(2τΔl +  Δτl)

πଶτଶ 
 

(6.8) 

Here, τ = 1594 s, l = 0.126 cm, Δl = 0.75 x 10-4 cm (size of one pixel) and Δτ = 478.7 sec (error 

from fitting the decay equation). Substituting this in the equation, we get ΔD = 0.3 x 10-6 

cm2/sec. 

6.1.8 Dip pen experiments 

A concept dip pen device was fabricated to demonstrate the application of these hydrogel 

beads for in-situ monitoring of heavy metal ions in water. A capillary column of inner diameter 

2 mm and length 5 cm was filled with hydrogel beads of diameter 1.9 mm along the length of 

the column. This capillary column was dipped into a glass vial containing 5 mL of 50 ppm 

mercury ion solution. Photographs of the dip pen device placed in the mercury ion solution 

were taken at regular intervals to monitor fluorescence quenching of Au@BSA NCs, as a result 

of the capillary rise of mercury ion solution through the hydrogel beads. 

6.2 Results and discussion 

6.2.1 Preparation of nanocomposite  

Highly fluorescent Au@BSA NCs with a characteristic red emission are formed as a 

result of in-situ reduction of Au ions encapsulated in BSA protein upon adjusting the reaction 

pH to ~12 by the addition of NaOH.276 When the synthesis of these nanoclusters takes place in 

the reaction mixture containing CNCs, it leads to the formation of a gel-like structure due to 

the ion-mediated gelation of CNCs by the cationic Au ions. Chau et al.278 and Shafiei-Sabet et 

al.279 have reported that CNCs at a particular concentration tend to form gel-like structure upon 

the addition of cations due to stronger propensity of CNCs for side-by-side association. 

Gelation of CNCs can be induced by the increasing ionic strength of CNC suspension with the 

addition of salts. Salt addition reduces the Debye length of CNCs and as a result the 

electrostatic repulsion between them is suppressed and dominant attractive forces like van der 

Waals forces and hydrogen bonding come into play.278,279  

When the nanocomposite solution containing Au@BSA NCs, CNCs and ALG was 

introduced to CaCl2 solution, hydrogel beads were instantaneously formed, as a result of 
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ionotropic gelation of ALG by Ca2+ ions. ALG is an anionic polysaccharide composed of (1-

4) linked β-D-mannuronate (M) and α-L-guluronate (G) units which in the presence of divalent 

cations, such as Ca2+ form hydrogels via ionic crosslinking of calcium bridges between the M 

and G units of the adjacent chains.190 Figure 6.2 shows the Au@BSA NCs loaded CNC gel and 

Au@BSA loaded CNC-ALG hydrogel beads under white light and UV light. 

 
Figure 6.2. Photographs of (a) Au@BSA NCs loaded CNC gel, (b) Au@BSA NCs loaded 
CNC-ALG hydrogel beads under white light and UV light. The luminescence intensity in the 
sample bottle ((a), middle) is non-uniform as the excitation is from the top and it becomes 
attenuated at the bottom.  

Au@BSA clusters were studied independently in the group and previous studies 

including ours280,281 have established that the clusters showing emission at 660 nm are 

composed of 30 atoms of Au. They also exhibit well-defined mass spectra, measured using 

matrix-assisted laser desorption ionization (MALDI).  However, as the focus here is on sensing 

and scavenging, we are not discussing these aspects in greater detail.  

6.2.2 Development of an ideal sensor-scavenger system 

Among the three nanocomposite hydrogel bead systems, 1:2 CNC:ALG system was 

found to be an ideal sensor-scavenger system. This system showed lesser leaching of Au@BSA 
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NCs as compared to 1:1 and 2:1 systems when placed in water for 2 days. Figure 6.3a shows 

the photographs of the vials containing the 3 systems, taken at the start and end of the leaching 

experiment. More intense red luminescence was observed for the supernatant for the 1:1 and 

2:1 system compared to 1:2 system, due to the higher leaching of Au@BSA NCs from these 

systems. This is further confirmed by the higher UV absorbance of the supernatants from the 

1:1 and 2:1 systems compared to the 1:2 system measured at 280 nm, as shown in Figure 6.3b. 

Mechanical integrity tests performed by stirring the beads vigorously overnight showed that 

the 1:2 was more robust compared to other systems as shown in Figure 6.3c Figure 6.3d shows 

that the 1:2 system also displayed higher Hg2+ removal compared to the 1:1 and 2:1 systems.  

 
Figure 6.3. (a) Photographs of the vials containing (A) 1:2 (B) 1:1 and (C) 2:1 CNC:ALG 
nanocomposite hydrogel systems taken at the start and end of the leaching experiment. (b) UV 
absorbance spectra of the supernatant from the three systems taken at the end of the leaching 
experiment. (c) Photographs of the vials containing (A) 1:2 (B) 1:1 and (C) 2:1 CNC:ALG 
nanocomposite hydrogel systems taken at the end of mechanical integrity experiment. (d) Plot 
of Hg2+ removal % with varying CNC:ALG ratio. 

Because of the high surface area and negative charge of CNCs, they are also capable of 

absorbing heavy metal ions. A control batch adsorption experiment performed by stirring 10 
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mg/mL CNCs and 50 ppm Hg2+ at pH 7 and 25 °C overnight showed that CNCs themselves 

were capable of removing 50% Hg2+ (Figure 6.4).  

 
Figure 6.4. Concentration of Hg2+ before and after adsorption with CNCs (Adsorbent dosage 
= 10 mg/mL, Adsorbate concentration = 50 ppm, pH = 7, Temperature = 25 °C). 

The carboxylate groups present along the polymeric chains of ALG coupled with the 

porous nature of the hydrogel beads also contribute to the adsorption of heavy metal ions.191,192 

Thus, the synergistic adsorption by the CNCs and ALG in the nanocomposite contributed to an 

increased adsorption performance of 1:2 system compared to the other two systems.  

6.2.3 Sensing experiments 

Au@BSA NCs fluoresce with a deep red emission which when entrapped inside these 

hydrogel beads also impart the characteristic red fluorescence to the beads under UV light. 

Single hydrogel bead sensitivity experiment, performed using 1 ppm concentration of all the 

major heavy metal ions such as Hg2+, Cu2+, Zn2+, Ni2+, Pb2+, Cd2+, Cr3+, As3+, Mn2+, Co2+ and 

Fe2+ employing 1:2 CNC:ALG system showed that the nanocomposite is highly selective to 

Hg2+ ions. The nanocomposite itself was prepared using CaCl2 that dissociates into Ca2+ and 

Cl- ions, where Ca2+ ions will aid in the crosslinking of alginate chains and Cl- ions remain free 

in the solution or diffuse into hydrogel beads. No fluorescence quenching of Au@BSA NCs 

was observed when the nanocomposites were stored in this solution for several hours and hence 

it is clear that Au@BSA NCs are not sensitive to Cl- ions. No sensitivity to Ag+ was seen for 

this cluster system.275 In addition, Xie et al.275 and Hu et al.272 have reported on the selectivity 

of Au@BSA NCs using various chemical species and have demonstrated that they are highly 

selective to Hg2+ ions. Figure 6.5 shows that the fluorescence of hydrogel beads were 



161 
 

completely quenched in the presence of Hg2+ ions and slight fluorescence quenching also 

occurred in the presence of Cu2+ ions.  

 
Figure 6.5. Photographs of vials containing hydrogel bead placed in 1 ppm concentration of 
various heavy metal ions. 

There are several proposed mechanisms for the fluorescence quenching of Au@BSA 

NCs by Hg2+ ions,273 such as (a) high affinity metallophilic bonding between the d10 centers of 

Hg2+ and Au+ that disrupts the fluorescence from Au-BSA interactions275 and (b) photo-induced 

electron transfer process wherein the Hg-S bonds are formed with BSA which causes the 

reduction of Hg2+ to Hg+ and the latter species creates interference during excitation, thereby 

quenching the fluorescence.272 Apart from this at a similar heavy metal ion concentration, the 

binding affinities of Hg2+ with Au+ is much stronger compared to other toxic metal ions, which 

also makes Au@BSA NCs more sensitive to Hg2+ ions.275 The selectivity of the nanocomposite 

to heavy metal ions is based on the type of gold nanoclusters incorporated in them. For 

example, Pb and As selectivity can be imparted to the nanocomposite by incorporating gold 

nanoclusters reported earlier by Zhu et al.282 and Subhasish et al.,283 respectively. Earlier 

reports have also shown that Cu2+ ions can also quench the fluorescence of Au@BSA NCs via 

ion-induced aggregation as they possess a strong affinity towards BSA and histidine.284,285 And 

hence the slight fluorescent quenching of hydrogel beads observed in the case of Cu2+ ions can 

be attributed to this fact. Copper interference for this sensor is due to the nature of the Au@BSA 

NCs that was selected in the design of this nanocomposite. Choosing another cluster system 

that is highly selective and specific to Hg2+ would be the ideal solution to tackle this limitation. 

The fluorescence of the hydrogel beads after exposure to varying concentration of Hg2+ 

was examined. The experiment showed that hydrogel beads are sensitive to as low as 1 ppm. 

Even though the sensitivity of this nanocomposite has been studied using a much lower 

concentration of Hg2+ ions, the minimum sensitivity reported in this study is 1 ppm. The 
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quenching of Au@BSA NCs fluorescence upon binding to Hg2+ ions is limited by the diffusion 

of Hg2+ ions into the hydrogel beads, which in turn is controlled by several other factors, such 

as size, charge, concentration gradient of diffusing ions,286 crosslinking density of hydrogels,286 

interfacial properties of hydrogel matrix materials with the solute,287 etc. At a lower 

concentration of Hg2+ ions, the rate of diffusion will be drastically reduced and visual detection 

of the fluorescence quenching of Au@BSA NCs upon Hg2+ ions diffusion may require a 

sufficiently longer time for the current nanocomposite. For the dynamic quenching 

experiments, we have conducted studies using 100, 10 and 1 ppm Hg2+, and noticed that the 

Au@BSA NCs was completely quenched in 45 min, 3 h and 24 h, respectively. Further studies 

are underway to develop systems that can detect a lower concentration of Hg2+ within a shorter 

time span. As a preliminary experiment, we have investigated the ability of the nanocomposite 

in detecting the smaller concentration of Hg2+ ions relevant to drinking water. For this, we have 

studied the sensitivity of Au@BSA NCs CNC-ALG nanocomposite to 1 ppb, 2 ppb and 10 ppb 

Hg2+ in both de-ionized water and tap water using photoluminescence spectroscopy. Emission 

spectra after subjecting the nanocomposite to various concentrations of Hg2+ ions are shown in 

the figure below. From the Figure 6.6, it is evident that the material is sensitive down to 1 ppb 

in both de-ionized water and tap water. The nanocomposite being a gel shows multiple features 

due to scattering.  
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Figure 6.6. (a) Emission spectra of Au@BSA NCs CNC-ALG composite with different 
concentrations of Hg2+ ions in de-ionized water. (b) Emission spectra of Au@BSA NCs CNC-
ALG nanocomposite with different concentrations of Hg2+ ions in tap water. 

6.2.4 Adsorption of heavy metal ions  

Among all the heavy metal ions tested for the sensing experiments, the adsorption 

capability of the nanocomposite for the most sensitive ion, namely Hg2+ was estimated using 

the Langmuir isotherm. Figure 6.7a shows the fitting of equilibrium data using the linearized 

form of Langmuir adsorption isotherm and the maximum adsorption capacity (qm) was 

calculated to be 26 mg/g. Figure 6.7b displays the photographs of the crushed and freeze-dried 

nanocomposite material before and after adsorption, under white light and UV light. After 

binding to Hg2+, the colour of the nanocomposite changed from yellowish brown to deep 

brown. Also, the fluorescence of the nanocomposite was completely quenched confirming the 

higher binding of Hg2+ to the nanocomposite. Adsorption studies were also carried out using 

Cu2+
,
 which also showed some fluorescent quenching during the single hydrogel bead sensing 

experiment (Figure 6.8). 
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Figure 6.7. (a) Equilibrium Hg2+ batch adsorption data, fitted using linearized form of 
Langmuir adsorption isotherm. (b) Photographs of the vials containing nanocomposite (A) 
before and (B) after adsorption of Hg2+ ions under white light and UV light, respectively. 

 
Figure 6.8. (a) Equilibrium Cu2+ batch adsorption data, fitted using linearized form of 
Langmuir adsorption isotherm. (b) Photographs of the vials containing nanocomposite (A) 
before and (B) after adsorption of Cu2+ ions under white light and UV light, respectively. 

6.2.5 Characterization of nanocomposite  

The average diameter of the hydrogel beads measured using a vernier caliper was 2.70 

mm, which was illustrated in Figure 6.9. Ten hydrogel bead samples were used for this 

measurement.  
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Figure 6.9. (a) Photograph of the vernier caliper used for the measurement of hydrogel bead 
diameter. (b) The average diameter of the hydrogel beads used to measure the bead diameter. 

SEM image of the freeze-dried hydrogel bead (Figure 6.10a) shows undulations and folds 

on the bead surface. The inset of the Figure 6.10a also shows these investigations at a higher 

magnification. Cross-sectional image of the hydrogel bead (Figure 6.10b) shows the porous 

nature of the nanocomposite which can also contribute to increased surface area of binding as 

well as diffusion of heavy metal ions. Figure 6.10b provides a visual representation of the 

porous nature of the hydrogel beads and it does not facilitate the determination of the exact 

porosity. Moreover, the freeze-dried hydrogel beads used for the SEM experiments does not 

provide the exact visualization of the porous nature that the hydrogel beads in their native wet 

swollen state possess. 

 
Figure 6.10. SEM image showing (a) surface morphology and (b) porous nature of the 
hydrogel bead, after drying. 
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SEM-EDAX elemental analysis and elemental mapping of the control, Hg2+ saturated 

and Cu2+ saturated nanocomposite are presented in Figures 6.11, 6.12 and 6.13, respectively. 

A comparison of the results from Figures 6.11 and 6.12, confirms the homogeneous adsorption 

of Hg2+ throughout the nanocomposite. Similarly, comparison of Figures 6.11 and 6.13 

revealed the homogeneous adsorption of Cu2+ throughout the nanocomposite.  

 
Figure 6.11. SEM-EDAX elemental analysis and elemental mapping of control 
nanocomposite. 

 
Figure 6.12. SEM-EDAX elemental analysis and elemental mapping of Hg2+ saturated 
nanocomposite. 
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Figure 6.13. SEM-EDAX elemental analysis and elemental mapping of Cu2+ saturated 
nanocomposite. 

Au@BSA NCs which gives the characteristic red fluorescence as well the sensing 

property to the nanocomposite has also been characterized. TEM image (Figure 6.14a) shows 

that these nanoclusters are around 2 nm in size. UV-Vis spectrum (Figure 6.14b) shows a peak 

at ~280 nm and photoluminescence spectrum shows an emission maximum at 660 nm when 

excited at 365 nm. These are the characteristic features for BSA protected Au 

nanoclusters.277,280  

 
Figure 6.14. (a) TEM image (b) UV-Vis absorbance spectrum and (c) Photoluminescence 
spectra showing the excitation (black line) and emission (red line) peaks of Au@BSA NCs. 

Although we have studied such clusters through mass spectrometry in earlier studies,27 

this was not possible in view of the nanocomposite nature of the present material which 

prevents ionization and desorption of the cluster. XPS analysis of the nanocomposite was 

performed to elucidate the fluorescence quenching as well as to confirm the adsorption of Hg2+ 
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by the nanocomposite. XPS spectra in the Au 4f region of nanocomposite before and after 

adsorption of Hg2+ are shown Figure 6.15a. Comparing the XPS spectra, it is observed that the 

adsorption of Hg2+ on the nanocomposite has led to an increase in the binding energy of Au 

from 84.5 eV to 84.9 eV. This is reportedly due to oxidation of Au core by the Hg2+, which 

causes quenching of red fluorescence.277 Also the peak of Hg 4f7/2 seen at 101.8 (Figure 6.15b) 

implies that there is a reduction of Hg2+ to Hg0, which occurs when Hg2+are adsorbed on the 

nanocomposite.277 

 
Figure 6.15. (a) XPS spectra of Au 4f region for the nanocomposite before (up) and after 
(down) Hg2+ adsorption. (b) XPS spectra of Hg 4f region of the nanocomposite after Hg2+ 
adsorption (Hg 4f data are given only after Hg2+ adsorption as the control nanocomposite does 
not have Hg2+). 

6.2.6 Quenching dynamics to study diffusion 

Practical knowledge of the mass transfer characteristics of the sorption process, 

especially diffusion occurring through porous media during this sorption process is essential 

for various applications, especially from an industrial standpoint. It is necessary to determine 

the optimal flow rate and the residence time in columns and reactors. Numerous methods and 

experiments have been devised to estimate the value of D, which is an essential parameter for 
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modelling diffusion. However, all the methods are elaborate, involving diffusion cell set up, 

couette flow set-up, radio tracers, rotation disc measurement, and scanning electrochemical 

micrograph. The coefficient can also be estimated by monitoring the bulk solution 

concentration, but it often contains many uncertainties.288 In this study, a novel and relatively 

simpler method were used, wherein the quenching dynamics of the Au@BSA NCs was 

observed under dark field fluorescence microscopy upon diffusion of Hg2+ into the hydrogel 

bead. 

Figure 6.16 shows the quenching of nanocomposite fluorescence with respect to the 

diffusion of Hg2+ ions at various time intervals. It is seen that the intensity of red emission was 

slowly quenched from the surface of the bead and progressed inwards. The blue and green 

intensities, also seen in the images were found to be constant over time.  

 
Figure 6.16. Quenching of nanocomposite fluorescence with respect to the diffusion of Hg2+ 
ions at various time points (Scale bar shown in the pictures is 200 µm).  The initial 
concentration of Hg2+ in the solution 100 ppm. 

The plot showing the variation in red intensity along the bead diameter at time t = 100 s 

for 100 ppm concentration of Hg2+ is given in Figure 6.17a. It was observed that the 

fluorescence of hydrogel bead was completely quenched after time t = 2500 s. The red intensity 

from a completely quenched bead (t = 2500 s) was subtracted from the other images, thus 

ensuring that intensity used for calculation was only from the fluorescent cluster. Our previous 

reports indicate that the reaction of Au@BSA NCs with Hg2+ ion is generally fast and 

uniform277 and hence we also assume that the reaction rate far exceeds the diffusion rate. Figure 
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6.17b shows the sine curve fitting of the variation in red intensity for various time intervals. 

The maximum intensity (taken from the center of sine curve) plotted against time as shown in 

Figure 6.17c follows a typical exponential decay.  

 
Figure 6.17. (a) Plot showing the variation in red intensity along the bead diameter at t = 100 
s for 100 ppm concentration of Hg2+. (b) Plot showing the fitting of the variation in red intensity 
for various time points to a sine curve. (c) The plot of the maximum intensity (taken from the 
center of sine curve) plotted against time. 

The variation of the concentration as a function of distance and time (Equation 6.6) was 

obtained by multiplying the individual equations of distance and time, respectively. We solved 

for D by inserting this function in Fick’s equation (Equation 6.4). The diffusion coefficient of 

the bead calculated using this technique was found to be 1.01 (±0.3) x 10-6 cm2/s. There were 

no data in the literature on the diffusion of mercury through these beads and hence were unable 

to make any comparison. However, the diffusion coefficient for Cu2+ in water was measured 

by Marcinkowsky and Phillips289 using radioactive tracers and by Quickenden and Jiang290 

using a rotating disk electrode. Both these investigators measured diffusion coefficient in the 

range of 6.2 × 10-6 to 7.5 × 10-6 cm2/s. Jang et al. measured the diffusion coefficient of Cu2+ for 

3.2% calcium alginate beads to be in the range of 1.0 × 10-5 to 1.4 × 10-5 cm2/s.291 However, 

for small analytes, the diffusion rate through a bead is similar to that of the diffusion in water.291 

Hg2+ ions being heavier than the Cu2+ ions, seemingly diffuse slower through the hydrogel bead. 

The lower diffusion rate could also be due to the binding of Hg2+ ions with the clusters and 

high affinity of this reaction.  

To ensure that the diffusion coefficient can be equated to the fluorescent intensity of the 

bead, we have placed a single hydrogel bead in control solution (Millipore water) for nearly 24 
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h and monitored any reduction in nanocomposite fluorescence as a result of leaching of 

Au@BSA NCs.  No visible change in colour of the control solution was observed indicating 

no leaching of the Au@BSA NCs. However, in the sample the complete quenching of the 

Au@BSA fluorescence was observed within 2500 s when we used 100 ppm Hg2+. In general, 

we have placed the hydrogel bead in water for at least 15 min before the start of the experiment 

to ensure that there is no visible leaching of Au@BSA NCs. Within the time span of 1 h of the 

experiment, we do not believe that there would be any leaching of clusters to impact our 

calculation of diffusion coefficient.  

The analysis and calculations reported here can be improved through better mathematical 

models. The use of confocal fluorescence microscopy can yield detailed real-time three-

dimensional visualization of the diffusion process. Here, we have presented a simpler 

procedure that allows for the direct visualization of the diffusion in porous beads. The scope 

can be extended to study the diffusion of other molecules, especially proteins and DNA, which 

can be tagged to a fluorescent moiety.  

6.2.7 Dip pen experiments 

The hydrogel beads that were placed along the length of a dip pen device quenched its 

red fluorescence gradually when it was dipped in the mercury solution. The capillary rise of 

the mercury solution through the capillary column promoted the diffusion of Hg2+ ions through 

the hydrogel beads that contained Au@BSA NCs. Figure 6.18 shows the photographs of the 

dip pen device and gradual change in the fluorescence of the hydrogel beads upon exposure to 

the mercury solution. 
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Figure 6.18. Photograph of the dip pen device and the gradual change in the fluorescence of 
the hydrogel beads within them when the device was dipped in the mercury solution. 

Even though the use of Au@BSA NCs in our nanocomposite raises questions regarding 

its appropriateness for commercial applications, there are several reasons that make this 

nanocomposite promising for use in water treatment applications, namely, the following: 

(a) The Au@BSA NCs provides excellent fluorescence signals even at a reduced 

concentration, hence only less than 19.7 µg of Au is needed to produce one hydrogel 

bead, thus in most cases, cost may not be an issue. This quantity could be reduced 

further, depending on the fluorescence intensity required for detection. 

(b) Au@BSA NCs have very good selectivity and sensitivity towards Hg2+ ions as 

demonstrated in several earlier reports,272,275,277 and their incorporation into the current 

nanocomposite makes it also selective towards Hg2+ ions.  

(c) Au@BSA NCs, when incorporated into this nanocomposite, were found to be stable at 

high temperature without much loss in their characteristic red fluorescence. This was 

evident when we oven dried the nanocomposite at a temperature of 100 ºC. The freeze-

dried nanocomposite containing Au@BSA NCs was stable and they fluoresce with 

bright red emission even after six months when stored at room temperature. This 

improved stability is due to the protective environment provided by the alginate 

polymer chains wrapping around the fluorescent Au@BSA NCs. Figure 6.19 also 

shows the photograph of the freeze-dried nanocomposite hydrogel beads which have 

been stored for more than six months, under UV light. Thus the practical applicability 
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of the nanocomposites containing Au@BSA NCs with respect to storage and usability 

in high-temperature conditions, such as in mining effluents is possible.  

 
Figure 6.19. Photograph of the freeze-dried nanocomposite hydrogel beads which have been 
stored for more than 6 months, under UV light. 

(d) The sensing and adsorption of Hg2+ are controlled by diffusion, hence this 

nanocomposite can be used as a probe to visualize the diffusion phenomena, allowing 

us to determine the diffusion coefficient. This is the first time such a method was 

proposed and this was possible because of several properties of the nanocomposite 

hydrogel bead, such as three-dimensional spherical structure, high porosity, hydrophilic 

and anionic matrix that drives the diffusion of cationic Hg2+ ions via electrostatic 

interaction and homogeneous nanocluster distribution giving uniform florescence 

intensity throughout the nanocomposite.  

(e) The protein templated nanocluster such as Au@BSA NCs can be synthesized in-situ 

via a one pot synthesis procedure.  In contrast, most metallic clusters are synthesized 

separately and then incorporated in the substrate. Here leaching of nanoclusters can 

become a challenging problem when used in a continuous process. On the other hand, 

here the synthesis of Au@BSA NCs takes place in a reaction mixture containing CNCs. 

Due to the ion-mediated gelation of CNCs by the cationic Au ions, a gel-like structure 

is formed and hence the leaching of nanoclusters is drastically reduced. Apart from 

gold, only biomolecule (BSA), biodegradable polymers (CNCs, Alginate) and eco-

friendly chemicals (NaOH, CaCl2) were used in the synthesis when compared to 

systems prepared from electrospun nanofibers based on petroleum based polymers, 

etc.277  
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(f) Also, the binding affinity of mercury did not vary after incorporating the cluster into 

the matrix. This was studied by comparing the sensitivity of the clusters alone and 

cluster-incorporated nanocomposites to different concentrations of Hg2+ ions using 

photoluminescence spectroscopy. Figure 6.20 shows the variation of normalized 

fluorescence intensities of Au@BSA NCs and Au@BSA NCs CNC-ALG 

nanocomposite after binding with Hg2+ ions at regular time intervals. The similar trend 

observed for Au@BSA NCs and Au@BSA NCs CNC-ALG nanocomposite reveals 

that the affinity of mercury did not vary after incorporating the cluster into the matrix. 

 
Figure 6.20. Normalized fluorescence intensities of Au@BSA NCs and Au@BSA NCs CNC-
ALG nanocomposite after binding with Hg2+ ions at regular time intervals. 

(g) In terms of response and sensitivity, there are greater possibilities of improvement of 

this system compared to other reported systems. Because this nanocomposite can be 

manipulated into smaller size hydrogel beads and also into various shapes such as film, 

stick or candle, depending on the end use, diffusion of Hg2+ ions can be enhanced using 

forced diffusion processes such as vacuum suction. In terms of selectivity, there is also 

an ability to incorporate different types of gold nanoclusters into the nanocomposite to 

make them selective to other heavy metal ions species of interest. Selectivity can be 

brought in also though molecular functionalization of the clusters. 

In summary, a novel nanocomposite that can simultaneously sense and scavenge the toxic 

heavy metal ions like Hg2+ in contaminated water was developed and demonstrated. 

Nanostructures of the components, namely cellulose nanocrystals and protein protected 
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clusters allowed the creation of this fast responsive system. The sensing and scavenging 

property of this system is controlled by the diffusion of ions. At this stage of development, the 

system was not reusable due to the poor recovery of fluorescence of Au@BSA NCs upon Hg2+ 

binding. Better analysis and calculations may be performed to improve the modelling of 

quenching dynamics to study the diffusion of Hg2+ ions in hydrogels. 

6.3 Conclusions 

In conclusion, we have developed a novel nanocomposite that can simultaneously sense 

and scavenge toxic heavy metal ions in contaminated water. Au@BSA NCs leaching 

experiments and batch adsorption experiments using Hg2+ ions suggested that a nanocomposite 

with 1:2 CNC:ALG ratio is an ideal sensor-scavenger system. The sensitivity of this 

nanocomposite was found to be highly selective to Hg2+ ions among all other heavy metal ions 

tested. The fluorescence of the nanocomposite was found to be completely quenched in the 

presence of Hg2+ due to high affinity metallophilic Hg2+/Au2+ interaction on the Au@BSA NCs 

surface. Adsorption of Hg2+ by the nanocomposite showed a visible change in their colour and 

the maximum adsorption capacity measured using Langmuir adsorption isotherm was 26 mg/g. 

We also reported a novel method to probe diffusion and calculated the diffusion coefficient by 

visualizing the dynamic fluorescence quenching of Au@BSA NCs as the Hg2+ ions diffuse into 

the hydrogel beads. The diffusion coefficient calculated using this novel method was 1.01 

(±0.3) x 10-6 cm2/s which is considered to be in the same range as reported for other ions in 

polymeric matrices using various other techniques. Further, the practical application of this 

nanocomposite was demonstrated using a dip pen experiment wherein the fluorescence of the 

capillary column containing these hydrogel beads quenched as the Hg2+ ions got adsorbed and 

diffused through them. Similar types of novel nanocomposites selective to other heavy metal 

ions can be designed. Systems incorporating these nanocomposites can be used as a 

simultaneous sensor-scavenger system and also as a tool to probe diffusion. The possibility to 

create various sustainable formulations with simultaneous sensing and scavenging offers new 

possibilities of applications for such materials.  
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Chapter 7 

 Original Contributions and Recommendations 

7.1 Original contributions to research 

Developing sustainable platforms for wastewater treatment using eco-friendly and 

biodegradable nanomaterials and biopolymers can drastically reduce the carbon footprint and 

secondary environmental pollution. Various studies have reported that cellulose nanocrystals 

(CNCs) are promising candidates that can be used for the adsorption of contaminants in 

wastewater. However, the difficulty in separation of CNCs after use in adsorption limits their 

application in large-scale water treatment processes. In this context, incorporation of CNCs 

into matrices with enhanced adsorption capabilities is extremely desirable. Also, the selectivity 

of pristine CNCs towards a wide variety of water contaminants is limited, and it is essential to 

surface functionalize them to impart this selectivity. Considering all these important factors, 

the following four main objectives of this thesis have been formulated: (a) Development of 

CNCs incorporated alginate (CNC-ALG) hydrogel beads and evaluation of their adsorption 

characteristics for methylene blue (MB) using batch adsorption studies. (b) Understanding of 

the adsorption behavior of MB by CNC-ALG hydrogel in a fixed bed column adsorption (c) 

Evaluation of the selective dye adsorption characteristics of pristine and surface functionalized 

CNCs and their ability to tailor the characteristics of the nanocomposites that incorporates 

them, for use in water treatment applications (d) Development of diffusion controlled 

simultaneous sensor-scavenger system for heavy metal ions in water based on atomically 

precise cluster – CNC composite. The following sections summarize the main findings of the 

research work carried out as part of this thesis. 

7.1.1 Development of CNC-ALG hydrogel beads and evaluation of their 

adsorption characteristics using batch adsorption studies  

CNC-ALG hydrogel beads were prepared using simple ionotropic gelation method. 

Nanocomposite solution comprising of CNCs and alginate were dispensed into CaCl2 gelation 

batch to form crosslinked hydrogel beads instantaneously. Their adsorption properties for a 
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model cationic dye, MB was evaluated using batch adsorption studies. CNC-ALG hydrogel 

beads were found to have better adsorption capabilities compared to pure ALG hydrogel beads. 

The influence of various parameters such as contact time, adsorbent dosage, initial dye 

concentration, pH, temperature, ionic strength, crosslinking time and size of the beads on the 

dye adsorption characteristics of CNC-ALG hydrogel beads was determined. Adsorption 

kinetic data fitted well to pseudo-second-order kinetic model and intra-particle diffusion model 

was used to explain the mechanism of adsorption.  Adsorption isotherm studies indicated that 

the Langmuir isotherm was adequate in describing the adsorption process, and the maximum 

adsorption capacity of these beads was found to be 256.4 mg/g for MB. CNC-ALG hydrogel 

beads were also found to be reusable as these beads demonstrated more than 95% regeneration 

efficiency even after five adsorption - desorption cycles. 

7.1.2 Understanding the adsorption behavior of MB by CNC-ALG hydrogel 

beads in fixed bed column adsorption 

A series of fixed bed column adsorption studies were carried out to investigate the 

adsorption behavior of MB by CNC-ALG hydrogel beads. The effect of various column 

operational parameters, such as initial dye concentration, bed depth and flow rate on the 

breakthrough curves was studied. A unique phenomenon in the breakthrough curves was 

observed in the initial phase of dye adsorption. Breakthrough curves demonstrated a dramatic 

increase followed by a gradual decrease before they steadily increased in concentration until 

the point of saturation. It was found that the column operational parameters had an impact on 

this phenomenon. To confirm that this was not an artifact due to the column design parameters, 

the existence of this phenomenon was verified by changing the flow direction, the diameter of 

the column and composition of adsorbent. It was determined that this, in fact, was not an 

artifact, but a property of the hydrogel beads themselves. The shrinkage of the bed over time 

was observed during the experiment. Hence the hydrodynamics of the beads were studied to 

elucidate the phenomenon observed in the breakthrough curve. It was found that hydrogels 

undergo osmotic swelling followed by a charge shielding assisted shrinkage during the dye 

adsorption which affected the packing of the fixed bed resulting in the particular phenomenon 
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observed in the breakthrough curve. It was found that this particular phenomenon assisted in 

improving the performance of the adsorbent, as lower void fraction meant more contact 

between the bulk fluid and adsorbent beads. The maximum adsorption capacity (qm) of the 

beads was found to be 255.5 mg/g which corroborated with the qm calculated from the batch 

adsorption studies. Various parameters pertaining to column adsorption experiments were also 

calculated from the breakthrough curve.  

7.1.3 Surface functionalized CNCs for selective adsorption in water 

treatment applications 

Surface functionalized CNCs were prepared by coating them with MF and PD. Selective 

dye adsorption studies performed using pristine and surface functionalized CNCs demonstrated 

that the selectivity of the CNCs can be tailored by surface functionalization. Negatively 

charged pristine CNCs showed an affinity for positively charged dye, whereas, positively 

charged MF-CNCs showed an affinity for negatively charged dye. The selectivity of pristine 

CNCs for dye containing Eschenmoser functional group was improved by coating them with 

PD. The ability of the surface functionalized CNCs to tailor the properties of nanocomposites 

was further explored by preparing a novel nanocomposite viz., PD-CNC-ALG hydrogel beads. 

Selective dye adsorption studies demonstrated that PD-CNC-ALG hydrogel beads have 

selectivity towards Eschenmoser group containing dyes like MB showing the improved 

adsorption capability for these dyes compared to CNC-ALG hydrogel beads. They also showed 

good binding to heavy metal ions like Pb2+, Hg2+, Cr3+ and Cu2+. Kinetics of MB adsorption 

onto PD-CNC-ALG beads was modelled using pseudo-second-order kinetic model and the rate 

constants of adsorption were found out. The maximum adsorption capacity of PD-CNC-ALG 

hydrogel beads for MB and Cu2+ ions were found to be 333.33 mg/g and 72.99 mg/g 

respectively. When Ag-NPs were chelated onto PD-CNC-ALG hydrogel beads, they displayed 

good antibacterial activity with negligible leaching of Ag-NPs from their polymeric matrix and 

these systems hold promise for disinfecting bacteria in contaminated drinking water.  
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7.1.4 Development of diffusion controlled simultaneous sensor-scavenger 

system for heavy metal ions in water based on atomically precise 

cluster – CNC composite 

A novel nanocomposite viz., bovine serum albumin protected gold nanoclusters 

(Au@BSA NCs) loaded CNC-ALG hydrogel beads that can simultaneously sense and 

scavenge toxic heavy metal ions in contaminated water was developed. This nanocomposite 

was found to be highly selective to Hg2+ ions among all other heavy metal ions tested and can 

also sense low concentrations of Hg2+ ions in water. The fluorescence of the nanocomposite 

was found to be completely quenched in the presence of Hg2+ due to high-affinity metallophilic 

Hg2+/Au2+ interaction on the Au@BSA NCs surface. Adsorption of Hg2+ by the nanocomposite 

showed a visible change in their colour and the maximum adsorption capacity measured using 

Langmuir adsorption isotherm was 26 mg/g. A novel method to probe the diffusion and 

calculate the diffusion coefficient was also proposed based on the dynamic fluorescence 

quenching of Au@BSA NCs as the Hg2+ ions diffuse into the hydrogel beads. The diffusion 

coefficient calculated using this novel method was 1.01 (±0.3) x 10-6 cm2/s which is in the same 

range as reported for other ions in polymeric matrices using various other techniques. Further, 

the practical application of this nanocomposite was demonstrated using a dip pen experiment 

wherein the fluorescence of the capillary column containing these hydrogel beads quenched as 

the Hg2+ ions diffused and bind to the Au@BSA NCs surface.  

7.2 Recommendations for future studies 

In summary, this thesis focused on the development and application of CNCs 

incorporated nanocomposites for water treatment applications. The following 

recommendations are suggested for future studies based on the results of the research work 

conducted. Considering the ionically crosslinked nature of these nanocomposites, their 

practical use in an aqueous environment containing a high concentration of competing binding 

ions may be limiting as it can lead to the extraction of calcium ions from the matrix due to the 

competitive binding of ions. However, no visible change in the nanocomposite integrity was 

observed after all the studies performed using a different concentration of organic dyes and 
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heavy metal ions. Hence, further studies may be performed to design better nanocomposite for 

improved performance in an aqueous environment containing a higher concentration of 

competing binding ions.  

In Chapter 3, a novel recyclable adsorbent based on CNCs and alginate was developed 

and their adsorption characteristics for MB was evaluated using batch adsorption studies. 

Preliminary experiments have shown a decrease in the dye removal % with an increase in the 

salt concentration. This will restrict the application of CNC-ALG hydrogel beads in real 

wastewater samples which contains higher salt concentration. Hence further design 

experiments should be carried out to modify the property of this adsorbent for use in such 

situation. Attempts have also been made to further increase the loading of CNCs in the 

nanocomposite. Preliminary studies have shown improved capability to adsorb MB with higher 

loadings. Comprehensive batch adsorption and mechanical testing studies using higher 

loadings of CNCs can provide valuable insight on the CNC loading threshold limit which is 

ideal for a nanocomposite with maximum adsorption capacity. Also, similar adsorbents based 

on CNCs and other biopolymers such as chitosan, gelatin, cellulose and starch etc. can be 

prepared. The design consideration for the development of these new adsorbents can be made 

based on the type of pollutant needed to be removed. 

 In chapter 4, adsorption behavior of MB by CNC-ALG hydrogel beads in a fixed bed 

column adsorption was investigated in detail. This study mainly explores the characteristic 

phenomenon occurred in the early stages of the breakthrough curve. However, more fixed bed 

column adsorption studies should be carried out to elucidate the long-term breakthrough 

behavior. Also, kinetic modelling of the fixed bed column adsorption experimental data using 

well-established models can help predict the breakthrough curves which are essential for the 

characterizing the performance of fixed bed columns. 

 In chapter 5, selective adsorption characteristics of the pristine and surface functionalized 

CNCs namely MF-CNCs and PD-CNCs were evaluated and the ability of PD-CNCs to tailor 

the characteristics of the nanocomposite was evaluated. Preliminary adsorption studies using 

MF-CNCs have demonstrated their very good adsorption capability for negatively charged 
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dyes. A filter cake based on cellulose pulp and MF-CNCs can be developed to further explore 

the capability of these MF-CNCs. Here the positively charged MF-CNCs could bind to the 

negatively charged cellulose pulp by electrostatic interaction and can act as nanofillers that aid 

in the selective adsorption of negatively charged water contaminants. The applicability of 

pristine and surface functionalized CNCs can be further exploited by developing new filtration 

platforms consisting of interchangeable CNC loaded cartridges. The choice of the CNCs loaded 

in these cartridges can be customized based on the water contaminant to be removed. 

 In chapter 6, a diffusion controlled simultaneous sensor-scavenger system based 

on atomically precise cluster – CNC composite was developed. This nanocomposite 

comprising of Au@BSA NCs loaded CNCs were selective for Hg2+ ion sensing. Similar 

nanocomposite with different nanocluster loaded CNCs can be developed for the selective 

sensing of other heavy metal ions in water. The time of sensing is sufficiently longer for the 

current nanocomposite as it is diffusion limited. This can be resolved by developing a forced 

diffusion cell setup that can enhance up the diffusion of ions into the nanocomposite. Also, at 

this stage of the development, the nanocomposite is not re-usable due to the poor recovery of 

fluorescence of Au@BSA NCs upon Hg2+ binding. This can be resolved by using new clusters 

with improved fluorescent recovery after binding with ions. The novel method proposed to 

visualize the diffusion phenomenon and calculate the mass transfer characteristics of Hg2+ ions 

into these hydrogel beads can be extended for other heavy metal ions and biomolecules by 

selecting an appropriate sensor moiety inside the hydrogel beads.  The modelling of quenching 

dynamics used in this study also needs to be improved using better analysis and calculations 

encompassing several other parameters like binding rate, fluorescent decay coefficient etc. 

The research work carried out as part of this doctoral thesis have explored in detail the 

adsorption characteristics of CNCs incorporated nanocomposites. These understandings can be 

further extended to the area of controlled release. Some studies have already shown that CNCs 

are very good candidates for the binding and controlled release of molecules. Surface 

functionalization of CNCs can be used to control the binding and release of molecules that 

would not normally bind to CNCs.292 CNCs can also be incorporated in nanocomposites to 
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modulate their controlled release behavior.25,69 Also, modelling the control release profiles of 

these nanocomposites can yield information on the influence of CNCs on the binding and 

controlled release of molecules. Studies can be performed to demonstrate that the controlled 

release and stimuli-responsive properties of these nanocomposites can be improved by 

functionalizing CNCs. Stimuli-responsive nature of the nanocomposites is advantageous for 

the controlled release of agrochemicals. The pH of the soil environment can be used to trigger 

the release of agrochemicals from the nanocomposite. CNCs can be functionalized by grafting 

with pH-responsive polymers like poly(acrylic acid) on its surface. The incorporation of these 

functionalized CNCs will make the nanocomposite pH responsive. The grafted poly(acrylic 

acid) chains will also introduce more negative charges on the surface CNCs which is beneficial 

for the enhanced binding and controlled release of positively charged agrochemicals.  
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 Appendix 

R-code to obtain the variation of red intensity along the bead diameter 

library(jpeg) 
readJPEG("/Users/Romy/Downloads/Quenching30.jpg") 
r <- readJPEG("/Users/Romy/Downloads/Quenching30.jpg") 
Red <- as.data.frame(r[,,1]) 
Green <- as.data.frame(r[,,2]) 
Blue <- as.data.frame(r[,,3]) 
center_red <- as.data.frame(Red[1024,]) 
center_green <- as.data.frame(Green[1024,]) 
center_blue <- as.data.frame(Blue[1024,]) 
center_red <- as.data.frame(t(center_red)) 
center_green <- as.data.frame(t(center_green)) 
center_blue <- as.data.frame(t(center_blue)) 
for (i in 1:nrow(center_red)) 
{ 
 center_red[i,2] <- i 
 center_green[i,2] <- i 
 center_blue[i,2] <- i 
} 
colnames(center_red) <- c("intensity","pixel.no") 
colnames(center_green) <- c("intensity","pixel.no") 
colnames(center_blue) <- c("intensity","pixel.no") 
center_red[,3] <- "RED" 
center_blue[,3] <- "BLUE" 
center_green[,3] <- "GREEN" 
center_pixels <- rbind(center_red,center_blue,center_green ) 
library(plotly) 
plot_ly(center_pixels, y = intensity, color = V3, type = 
"Scatter",mode = "markers")  


