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ABSTRACT 

Natural adsorbents for the removal of dyes and heavy metal ions have attracted 

tremendous research interests because of their cost-effectiveness and easy regeneration. 

Cellulose fibers, as the most abundant natural resource in the world, have numerous 

advantages, such as being renewable, inexpensive, biodegradable, environment-friendly 

and nontoxic. However, due to the hydroxyl groups on the polymer structure and 

formation of hydrogen bonds between the molecular chains, the adsorption capacity is 

limited and the selectivity is low when the natural cellulose is directly used as an 

adsorbent. To improve its adsorption properties and widen its applications, extensive 

studies have been carried out in the current thesis work:1) a comprehensive review of 

the conventional application of cellulose-based adsorbents, the application of cellulose 

nanofibers (CNF) or nanocrystals (CNC), and the responsive or smart cellulose-based 

adsorbents was provided; 2) the cost-effective and renewable cellulose fibre beads in 

conjunction with alkali-treated diatomite were prepared, leading to a range of adsorbents 

which could remove the dyes and heavy metal ions from aqueous solutions effectively 

and be re-generated readily; 3) an innovative approach was used to prepare the dissolved 

cellulose fibre/microfibrillated cellulose (MFC) composite beads as an environmental-

friendly adsorbent for the removal of dyes from aqueous solutions; 4) NIPAM (N-

isopropylacrylamide), a temperature-sensitive monomer, was polymerized and grafted 

onto the MFC spheres through an in-situ free radical polymerization using a microwave-

assisted heating technique. The synthesis of semi-interpenetrating polymer networks 
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composed of cellulose/MFC spheres and poly (N-isopropylacrylamide-co-acrylic acid) 

was further conducted. 

It was found that the adsorption capabililty of cellulose has been improved significantly 

by using renewable cellulose fibre beads in conjunction with alkali-treated diatomite. 

The precipitated cellulose reinforced with MFC showed excellent porous properties. The 

polymerization could be microwave accelerated and high efficiency could be obtained 

via microwave-assisted polymerization. The copolymers-grafted spheres exhibited a 

controllable adsorption and desorption process as pH- and temperature-responsive 

adsorbents. The adsorption kinetics followed the pseudo-second-order and could also be 

well described by a three-stage intraparticle diffusion model. Adsorption isotherms were 

fit using Langmuir, Freundlich, and Temkin models.
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1 

INTRODUCTION  

Environmental pollution control is a major theme of the scientific research in recent 

years, including wastewater treatment, waste gas treatment, solid waste treatment and 

noise control. There are increasingly environmental problems caused by economic 

development, especially those related to aquatic environments [1]. Water pollution 

mainly includes organic pollutants and heavy metal ions. 

The removal of toxic and polluting heavy metal ions from industrial effluents, water 

supplies, and mine waters has received much attention over the past decades. It is well 

known that heavy metal ions, such as Pb(II) and Cu(II) ions, released into the 

environment affect ecological life, owing to their tendency to accumulate in living 

organisms, and are highly toxic when absorbed into the body [2]. Various methods, such 

as adsorption, ion exchange, reverse osmosis, as well as electro-dialysis techniques, 

have been developed for the removal and recovery of heavy metal ions from sewage and 

industrial wastewater [3]. Adsorption dominates due to its benefits such as high 

selectivity, easy operating, lower costs, and high efficiency. 

Dyes, as organic pollutants, form a major class of environmental contaminant. Organic 

sewage has mainly the following three kinds of hazards: 1. Aerobic hazards: water will 

hypoxia due to the biodegradation of organic sewage, which will cause the death of 

most aquatic organisms, the deterioration of water quality and environment; 2. Organic 

sewage not only reduces the value of water, but also affects the lives of people around 

water; 3. Toxicity hazards: organic wastewater contains large amounts of toxic organic 

compounds and will continue to accumulate in the environment, entering the body and 
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eventually endangering humans. Basic dyes are the most problematic classes of dye that 

are found in wastewater from various industries, especially textile [4], tanning, and 

leather [5]. The complex aromatic molecular structures and xenobiotic properties of 

dyes make them difficult to degrade [6]. 

Water treatment has always been the focus of environmental-related research; 

meanwhile, natural and self-made materials as adsorbents for wastewater treatment are 

the hotspot (especially those materials that can be modified, such as cellulose [7-9], as 

well as porous materials [10-11]) being studied widely for the treatment of wastewater.  

The common practices to address the environmental issues rely on the preparation and 

modification of activated carbon through different methods [12-14]. Compared with 

other adsorbents, the main shortcomings of activated carbon are the high cost involved 

in sample preparation and difficulty for regeneration. Therefore, if it were possible for 

the researchers to exploit green material and techniques to achieve the competitive 

performance to activated carbon with less overall chemical usage, it would be more 

helpful to the environment. 

In recent years, modified cellulose and porous inorganic materials as adsorbents have 

been explored extensively. Cellulose, which constitutes the most abundant natural 

polymer resource, is a cost-effective and green material. In addition, cellulose is a 

multifunctional and renewable material which can be used to replace many other non-

renewable materials. However, as an adsorbent unmodified cellulose has an adsorption 

capacity that is limited; and the selectivity is low because of the formation of hydrogen 

bonds between the molecular chains. The hydroxyls in cellulose are reactive and can be 

easily modified via various reactions, such as esterification, halogenation, oxidation, and 
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etherification [15]. Such modifications improve the properties of cellulose substantially, 

including the adsorptive and ion exchange capability particularly [16]. Compared with 

conventional cellulose fibers, microfibrillated cellulose (MFC) is superior due to its 

advantages in structure, performance, and application. MFC is an ideal material which 

would provide a variety of shapes and be biocompatible and absorbable. However, little 

work has been reported on combining dissolved cellulose fibres reinforced with 

microfibrillated cellulose (MFC) as a composite type of adsorbent [17]. Diatomite, a low 

cost and commercially available material, has unique advantages as an adsorbent, such 

as high permeability, high porosity, small particle size, and large surface area [18]. 

However, few of these materials have been combined with green-based cellulose fibres. 

Recently, smart materials, including thermo- and pH-responsive materials, were studied 

by many researchers, and could be utilized in the fields of biotechnology and 

pharmaceutical. Poly (N-isopropyl acrylamide) (Poly-NIPAM), a unique polymer with 

the lower critical solution temperature (LCST) at 32 °C, was a typical thermo-sensitive 

polymer used as one of the thermo-responsive materials [19]. When the ambient 

temperature is below the LCST, the polymer chains swell in water; above the LCST, the 

polymer segments become more hydrophobic and become water-insoluble. Apart from 

temperature, pH is also critical in the adsorption-desorption behaviors of adsorbents. 

Typical pH-responsive polymers, poly (acrylic acid) (PAA) and poly(4-vinylpyridine) 

(P4VP), are more stable and can offer higher binding capacity compared to the low-

molecular-weight types containing carboxyl or thiol [20]. Materials with both pH- and 

thermos-responsive properties have been studied widely by researchers [21-23]. 

However, the conventional polymerization reported contains disadvantages. Therefore, 
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it is necessary to design novel approaches to prepare responsive polymeric materials. 

Some researchers have reported microwave-assisted synthesis [24-26]. However, the 

reports on the microwave-assisted synthesis combined with cellulose-based adsorbents 

with both pH- and temperature- responsive properties are relatively sparse.  

Thus, this dissertation mainly focused on extensive studies and applications of the 

biodegradable materials to enhance the adsorption abilities and porous stuctures of 

cellulose-based materials for the removal of dyes and heavy metal ions in aqueous 

solutions. The adsorption behaviors were also investigated along with the fitting of 

adsorption models to reveal the adsorption mechanisms and evaluate the potential 

application in various fields. The overall objectives of this dissertation were as follows: 

a) to improve adsorption properties of cellulose and create the proper porous structures 

of the adsorbents by dissolving the cellulose fibres in selected solvents and regenerating 

in the presence of a pore forming agent (nano-sized calcium carbonate). A porous 

inorganic material, diatomite, was used as the filler. Calcium carbonate was added 

during the formation of cellulose/diatomite beads (CDBs) to increase pore structure 

under an acidic condition. The effect of adsorption conditions, such as pH and 

temperature, on the adsorptive capacity of the modified cellulose beads, was 

investigated; 

b) to prepare an environmentally-friendly adsorbent. The microfibrillated cellulose 

(MFC), an ideal material which would provide a variety of shapes and be biocompatible 

and absorbable, was used in conjunction with cellulose fibres to create a novel 

composite absorbent in which the dissolved cellulose fibres (as matrix) were reinforced 

with microfibrillated cellulose; 
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c) to prepare a range of dual-responsive cellulose-based adsorbents and develop a novel 

approach for fabricating copolymer-grafted cellulose spheres for the removal of dyes 

from aqueous solutions. The modification of cellulose spheres with pH and thermal 

dual-responsive copolymers modification of was carried out by a microwave-assisted 

free radical polymerization. The adsorption behaviors were also investigated to evaluate 

their potential application in other fields. 

This dissertation is composed of 7 Chapters, and the content and contributions of each 

chapter are briefly described as follows. 

Chapter 1 presents the literature review relevant to the research, and this review has 

been mainly divided into three parts. The first part of the review focuses on the 

conventional application of cellulose-based adsorbents. The application of cellulose-

based materials used in water water clarification and the modification methods of 

cellulose are summarized. The second part summarizes the application of cellulose 

nanofibers (CNF) or nanocrystals (CNC). Renewable CNF and CNC have been 

seriously studied in recent years. Different types of adsorbents in conjunction with CNF 

and CNC are also summarized in this section. In the third part, the responsive and smart 

cellulose-based adsorbents are to be presented. Similar to the second part, the materials, 

approaches and testing methods are summarized and introduced. 

Chapter 2 focuses on the maleic anhydride-modified cellulose fibres/diatomite 

adsorbents for dye removal. In this part, the maleic anhydride-modified cellulose beads 

combined with alkali-treated diatomite (MCDBs) were prepared to remove basic dyes. 

An appropriate amount of calcium carbonate was added during the formation of MCDBs 

to increase pore structure under an acidic condition. The as-modified adsorbents were 
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characterized using FTIR, TGA, and BET. Moreover, the adsorption ability of the 

MCDBs towards dyes was studied by using batch model. 

Chapter 3 introduces the maleic anhydride-modified cellulose fibres/diatomite 

adsorbents (MCDBs) for the removal of heavy metal ions. The characteristics of 

adsorbents were investigated by using SEM, FTIR, and BET. The effects of pH, 

temperature, contact time, and the concentration of Pb2+ on adsorption were studied in 

batch mode. The experimental kinetic data fit the pseudo-second order model very well. 

Moreover, the adsorption isotherm models were evaluated as well.  

Chapter 4 is related to a novel composite absorbent based on dissolved cellulose fibres 

(as matrix) reinforced with microfibrillated cellulose (MFC). In this chapter, both 

cellulose fibres and microfibrillated cellulose were functional-modified using an organic 

solvent-free approach to introduce carboxyl groups onto cellulose and the surface of 

MFC. After modification, the morphology of composites and the adsorption properties 

of the adsorbents were determined. The adsorption mechanisms were systematically 

studied by fitting the different kinetics and isotherms models. 

Chapter 5 deals with the preparation of thermal-resposive cellulose spheres and their 

performance towards the removal of dyes and heavy metal ions. The main purpose of 

this chapter was to explore the microwave-assisted polymerization technique in the 

synthesis of polymer grafted cellulose spheres. The corresponding results successfully 

indicated the development of the low-cost and green-based materials by using 

microwave-assisted polymerization, which helps to broaden the use of thermal-

responsive materials in water clarification. 
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Chapter 6 focuses on the preparation of dual-responsive semi-INP cellulose 

microfilaments/ Poly (N-isopropylacrylamide-co-acrylic acid) spheres for dye removal 

in single and binary systems. To further develop the green-based smart or responsive-

adsorbents, the thermal- and pH-responseve polymers were used in the preparation of 

dual-responsive semi-INP spheres. In the processes, NIPAM (a temperature-sensitive 

monomer) and AA (a pH-sensitive monomer) were copolymerized and grafted onto the 

cellulose spheres through a microwave-assisted in-situ free radical polymerization. 

Apart from developing an appropriate protocol for the synthesis of this dual-responsive 

semi interpenetrating polymer network (semi-IPN) spheres, the morphology, thermal 

properties, and adsorption behaviors were also investigated to evaluate their potential 

application in other fields. 

Chapter 7 summarizes the results and gives recommendations for future work. In this 

chapter, based on the overall extensive methods, comparisons and relationships among 

those methods and the results were systematically analyzed.   

  

This dissertation is presented in article-format, the format of chapters follows the 

requirement of each Journal. The entire experimental work was conducted by the 

candidate (Yuan Li). The manuscripts for publications corresponding to key chapters 

were also drafted by the candidate (as the first author). 
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Chapter 1 Literature Review 

1.1 Introduction 

This chapter presents the literature review relevant to the research, and this review has 

been mainly divided into three parts.  

The first part of the review focuses on the conventional application of cellulose-based 

adsorbents. The application of cellulose-based materials used in water clarification and 

the modification methods of cellulose are summarized.  

The second part summarizes the application of cellulose nanofibers (CNF) or 

nanocrystals (CNC). Renewable CNF and CNC have been seriously studied in recent 

years. Different types of adsorbents in conjunction with CNF and CNC are also 

summarized in this section.  

Finally, in the third part, the responsive and smart cellulose-based adsorbents are to be 

presented. Similar to the second part, the third part summarizes and introduces the 

materials, approaches and testing methods. 

1.2 The conventional application of cellulose-based adsorbents 

Cellulose, the most abundant naturally-occurring biopolymer with many hydroxyl 

groups along its chain, is an ideal raw material for producing nanofillers and could be 

extracted or derived from various living species such as plants, algae, bacteria, animals, 

and some amoebas [1]. In addition, cellulose is a multifunctional and renewable material 

which can be used to replace many other non-renewable materials [2].  It is the principle 

structural component in the cell walls [3], resulting in the low cost of cellulose fibers. 

However, the adsorption capacity is limited, and the selectivity is low when the natural 
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cellulose was directly used as an adsorbent. There are many hydroxyl groups on the 

polymer structure forming hydrogen bonds between the molecular chains [4]. But, the 

hydroxyls in cellulose can be easily modified to induce functional groups including -

COOH, -COO-, -SO3H or -NH2 groups via various derivation reactions, such as 

esterification, halogenation, oxidation, and etherification [5]. Such methods can be used 

to vary certain properties of cellulose such as its hydrophilic or hydrophobic character, 

elasticity, water sorbency, adsorptive or ion exchange capability [6]. 

1.2.1 The removal of heavy metal ions from wastewater 

The removal of toxic and polluting heavy metal ions from industrial effluents, water 

supplies, and mine waters has received much attention in recent years. Heavy metal 

ions, such as Pb(II) and Cu(II) ions, affect ecological life by being released into the 

environment, owing to their tendency to accumulate in living organisms, and are highly 

toxic when absorbed into the body [7]. Various methods, such as ion exchange, reverse 

osmosis, as well as electrodialysis techniques, have been developed for the removal and 

recovery of heavy metal ions from sewage and industrial wastewater [8]. Various 

adsorbent materials, meanwhile, have been explored for the removal of heavy metal ions 

from aqueous solutions. Of all the adsorbent materials, activated carbon has been widely 

used for the removal of heavy metal ions at trace levels [9]. However, activated carbon 

is costly as an absorbent in water treatment. Therefore, the production of low-cost 

materials, such as cellulose, has been the hotspot of researchers. Various cellulose 

derivatives have been used as ion exchange or chelate resins because they are 

hydrophilic and advantageous for such applications. Chemical modification can be used 
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to vary certain properties of cellulose such as its hydrophilic or hydrophobic character, 

elasticity, water sorbency, adsorptive or ion exchange capability, resistance to 

microbiological attack and thermal resistance [10]. Cellulose is a water-insoluble linear 

macromolecular compound consisting of β bond with many glucose residues. It contains 

one primary hydroxyl group and two secondary hydroxyl groups, and these are in 2,3,6 

three carbon atoms, respectively. But the adsorption capacity and the selectivity are low 

with the direct use of the natural cellulose as adsorbents. Because there are many 

hydroxyl groups on the polymer structure and the formation of hydrogen bonds between 

the molecular chains, the cellulose should be modified to achieve the expected 

adsorption performance. The principles and main routes of cellulose modification in the 

preparation of adsorbent materials are esterification, etherification, halogenation, 

oxidation, and graft copolymerization [11]. 

1.2.2 Esterification 

The esterification reaction of cellulose relies on the reaction between the hydroxyl group 

and an acid, acid anhydride and acid halide under acid catalysis. Geay et al. have 

synthesized the esterified sawdust bearing a carboxyl group for the adsorption of Cu2+ 

from aqueous solution. Succinic anhydride was used to modify sawdust, and the 

adsorption of heavy metals was achieved [12]. McSweeny et al. milled aspen wood; 

then the milled aspen wood was thermochemically modified with citric acid for 

improving the copper (Cu2+) ion sorption capacity of the wood when tested in 24-hour 

equilibrium batch tests. Sorption capacity (qe) measured with an unbuffered standard 

solution increased to a maximum of 7.9 mg Cu2+ ion/g of wood (treated) from 1.3 mg 
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Cu2+ ion/g wood (untreated). When measured with a buffered standard solution, the qe 

increased to a maximum of 13.8 mg Cu2+ ion/g of wood (treated) from 4.1 mg Cu2+ 

ion/g wood (untreated) [13]. A novel type of adsorbent (CM) was synthesized by Zhou 

et al. [14]. Cellulose was modified with maleic anhydride to remove heavy metal ions 

and organic dyes. The adsorption of Hg(II) ions as heavy metal ions by CM was 

examined, while the adsorption of basic fuchsine, methylene blue and crystal violet as 

organic dyes by CM was investigated. The maximum adsorption capacity of Hg(II) was 

found to be 172.5 mg g-1, and the fraction of removal of those organic dyes was 88.10, 

98.47 and 92.85 % under the optimum conditions, respectively. Ikhuoria and Okieimen 

have examined the adsorption of cadmium, copper, lead, nickel, and zinc ions on maize 

Zea mays stalk. The amounts of the metal ions removed from solution depended on the 

metal ion type and the ionic size of the metals and were enhanced by EDTA (% N = 

12.05) modification of the cellulosic sorbent. The sorption on the unmodified sorbent of 

lead ions from solutions containing zinc ions shows that lead ions are preferentially 

removed from solution [15]. Low et al. [9] used heat to convert citric acid to citric acid 

anhydride, which can further react with the cellulosic hydroxyl groups in wood pulp to 

form an ester linkage. This reaction introduced carboxyl functional groups to the 

cellulosic wood pulp material. The esterification process increases the carboxylic 

content of the wood fibre surface, leading to a corresponding increase in the sorption of 

divalent metal ions. This modified wood pulp had Cu(II) and Pb(II) binding capacities 

of 24 mg g-1 and 83 mg g-1, respectively. 
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1.2.3 Etherification  

The alcoholic hydroxyl groups of the cellulose can react with the alkyl halide or other 

etherifying reagents under basic conditions and generate a corresponding cellulose ether. 

Common etherification reagents are haloalkoxy, alkyl epoxides, glycidyl, silane, and 

isocyanate [16]. The etherification reaction is carried out under homogeneous 

conditions, pyridine, sodium hydroxide, triethylamine, etc. as a catalyst in accordance 

with the following steps: (1) dispersing and wetting; (2) etherifying reagent was added 

into dispersant; (3) termination of the etherification reaction; (4) Separation and 

Purification. 

Liu et al. [17] have prepared a modification procedure for ramie fiber using 3-chloro-2-

hydroxypropyltrimethyl ammonium chloride (CHPTAC) as a cationic agent and NaOH 

as a catalyst. The mechanisms for the modification and dyeing of ramie fiber were 

analyzed, and the optimum modification conditions were determined to be the CHPTAC 

concentration of 30 g L-1, the NaOH concentration of 15 g L-1, the reaction temperature 

of 50 °C, and the reaction time of 60 min. In another study, Saliba et al. [18] chemically 

modified sawdust with amidoxime groups by reacting acrylonitrile with the sawdust 

through an etherification reaction to add cyano groups to the cellulose structure. These 

cyano groups were then amidoximated by reaction with hydroxylamine. This 

amidoximated sawdust had a high adsorption capacity for Cu (II) of 246 mg g-1 and for 

Ni(II) of 188 mg g-1. Silane treatment can reduce the quantity of the surface hydroxyl 

groups and the hydrophilic of cellulose. Abdelmouleh et al. [19] have done some 

research whereby the surface modification of cellulosic fibres was carried out using 

organofunctional silane coupling agents in an ethanol/water medium. A heat treatment 
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(curing) was applied after reaching the equilibrium adsorption of the prehydrolysed 

silanes onto the cellulosic substrate. The modified fibres were then characterised by 

diffuse reflectance infrared spectroscopy and contact angle measurements. 

1.2.4 Graft polymerization  

The graft copolymerization reaction of cellulose can be divided into three categories: 

Free radical polymerization, ionic polymerization and condensation or addition 

polymerization. Graft copolymerization only happens on the surface of the cellulose in 

the amorphous region and the crystalline region, and the length of the branched chain 

may be far more than the main chain. The inherent advantages of the cellulose are not 

destroyed and at the same time the cellulose is given new performance, such as the 

adsorption of heavy metals and dye. 

Hashem [20] has prepared a sunflower stalk graft copolymer by the reaction of ground 

sunflower stalks (SFS) with acrylonitrile (AN) in aqueous solution initiated by KMnO4-

citric acid (CA) system. Amidoximation of the grafted stalks was performed by the 

reaction of grafted SFS with hydroxylamine hydrochloride in alkaline medium to obtain 

amidoximated sunflower stalks (ASFS). The study of adsorption of Cu (II) shows that 

the ASFS was effectively used in adsorption of Cu (II) ions from aqueous solution. The 

adsorption data obeyed Langmuir and Freundlich isotherms. Guclu et al. [21] 

investigated the effect of composition of graft chains of four types cellulose graft 

copolymers on the competitive removal of Pb2+, Cu2+, and Cd2+ ions from aqueous 

solution. The copolymers used were (1) cellulose-g-polyacrylic acid (cellulose-g-pAA) 

with grafting percentages of 7, 18, and 30%; (2) cellulose-g-p(AA-NMBA) prepared by 
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grafting of AA onto cellulose in the presence of crosslinking agent of N,N’-methylene 

bisacrylamide (NMBA); (3) cellulose-g-p(AA-AASO3H) prepared by grafting of a 

monomer mixture of acrylic acid (AA) and 2-acrylamido-2-methyl propane sulphonic 

acid (AASO3H) containing 10% (in mole) AASO3H; and (4) cellulose-g-pAASO3H 

obtained by grafting of AASO3H onto cellulose. All types of cellulose copolymers were 

found to be selective for the removal of Pb2+ over Cu2+ and Cd2+. Tian et al. [22] 

prepared cellulose acetate (CA) nonwoven membrane for heavy metal ion adsorption by 

electrospinning and surface modification with poly (methacrylic acid) (PMAA). The 

adsorption of heavy metal ions Cu2+, Hg2+ and Cd2+ on this membrane was investigated, 

and it was found that the adsorption capacity increased with the increasing of initial pH 

value in the system. This membrane has quite high adsorption selectivity for Hg2+. The 

adsorbed metal ions can be easily de-adsorbed from the membrane surface by using 

saturated ethylenedinitrilo tetraacetic acid solution, and the membrane can be re-used for 

the metal ion adsorption. Li et al. [23] prepared a novel of polymer surfactant named 

hydroxyethyl cellulose-based copolymer via ultraviolet (UV) irradiation by 

copolymerizing hydroxyethyl cellulose (HEC) with hexadecyl acrylate (HDA) and 

comonomer styrene (St) in aqueous solution. The result showed that the grafting of 

HDA on the HEC was limited by the grafting of St under UV irradiation, and the graft 

copolymer performed excellent surface activity when the grafting was under an 

appropriate condition. Zhao et al. [24] prepared the adsorbent resin by grafting 

copolymerization of acrylic acid and acrylamide onto cellulose under microwave 

irradiation and applied it to adsorb copper ions from wastewater. For Cu2+, at the 

optimal adsorption conditions, adsorption ratio could get to 99.2% and the adsorption 
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capability reached 49.6 mg/g. Adsorbent resin could be regenerated using 8% NH3/H2O, 

which had good regeneration effect, and experiments showed that adsorption ratio could 

remain over 90% when resin was regenerated seven times. Li et al. [25] prepared 

cellulose microsphere (CMS) adsorbent by radiation-induced grafting of 

dimethylaminoethyl methacrylate (DMAEMA) onto CMS followed by a protonation 

process. The adsorption of Cr(VI) onto the resulting adsorbent was very fast, and a 

maximum Cr(VI) uptake (78 mg g-1) was obtained as the pH was in the range of 3.0 - 

6.0.  The adsorption behavior of the resultant absorbent could be described with the 

Langmuir mode. This adsorbent has potential application for removing heavy metal ion 

pollutants (e.g. Cr(VI)) from wastewater. Enshirah et al. [26] studied BA-15 

functionalized with 3-aminopropyltrimethoxy-silane as a potential absorbent for Cd2+, 

Co2+, Cu2+, Zn2+, Pb2+, Ni2+, Al3+ and Cr3+.  Using single-metal solutions, the adsorbent 

was found to have an affinity (molar basis) for metal ions in decreasing order of Al3+ > 

Cu2+ > Ni2+ > Zn2+ > Co2+ > Cd2+ > Pb2+ > Cr3+. Application of this material to remove 

copper in tap water, river water, and electroplating wastewater was shown to be 

successful. Anirudhan and Radhakrishnan [27] studied the development of a new cation 

exchanger (SDGPMA-SP-COOH) carrying spacer (SP) group [-CONH-(CH2)2-

NHCO(CH2)2-] and carboxylate functional group at the chain end. The preparation 

process was carried out through graft copolymerization of methacrylic acid onto 

sawdust, SD (a lignocellulosic residue) using ceric ammonium nitrate as an initiator. 

The poly (methacrylic acid) grafted SD (SDGPMA) was subsequently treated with 

thionyl chloride followed by ethylenediamine (transmidation) and succinic anhydride 

(carboxy-functionalization) treatments. Cr(III) was removed by SDGPMA-SP-COOH 
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up to 99.3 and 92.6% from an initial concentration of 10 and 25 mg/L, respectively. The 

monolayer adsorption capacity for Cr(III) removal was found to be 36.63 mg/g. 

Anirudhan and Sreekumari [28] prepared a novel carboxylate functionalized graft 

copolymer (PGTDC-COOH) based on TiO2-densified cellulose (TDC) by grafting poly 

(methacrylic acid) onto TDC in the presence of N, N'-methylenebisacrylamide (MBA) 

as a cross-linking agent and Mn(IV)-citric acid as an initiator system. The adsorption 

efficiency of PGTDC-COOH for uranium(VI) from aqueous solutions was examined by 

batch experiments. The sorption process follows the pseudo-second-order kinetic model. 

The adsorption equilibrium constant and maximum adsorption capacity were evaluated 

to be 0.074 L/mg and 99.4 mg/g, respectively.    

1.2.5 Halogenation, oxidation, etc. 

Halogenation represents another cellulose modification technique. Aoki et al. [29] 

prepared 6-Deoxy-6-mercaptocellulose and its S-substituted derivatives from 6-bromo-

6-deoxycellulose and their sorption behavior for metal ions was examined. Carboxyl, 

amino, isothiouronium, mercapto and additional hydroxyl groups were introduced to 

cellulose. The first two groups were effective for the sorption of many kinds of metal 

ions. Ag(I) was sorbed strongly by all the derivatives studied. Many derivatives sorbed 

large amounts of Hg(II). 

The oxidation of cellulose introduces new functional groups, such as the aldehyde 

group, the ketone group, the carboxyl group, or the enol group, and generates the 

different nature of the water-soluble or insoluble oxides named oxidized cellulose. 

Depending on the difference of oxidation conditions, the oxidation products of cellulose 
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will have an acidic effect and restore features. Hirota et al. [30] researched the surface 

carboxylation of porous regenerated cellulose beads by 4-acetamide-

TEMPO/NaClO/NaClO2 system. Carboxylate groups were formed up to 1.87 mmol/g in 

the beads by the oxidation of C6 primary hydroxyls to carboxylates without significant 

weight losses or morphological changes. Cation-exchange behavior of the TEMPO-

oxidized cellulose beads was compared with carboxymethylated cellulose beads, 

showing that the former was characteristic and superior to the latter in terms of 

adsorption of metal ions and cationic polymers. Especially, the TEMPO-oxidized 

cellulose beads had high adsorption behavior of lead ion and high-molecular-weight 

cationic polymers. Ma et al. [31] prepared Ultrafine cellulose nanofibers, 5-10 nm in 

diameter. They were prepared from oxidation of wood pulp using the (2,2,6,6-

tetramethylpiperidin-1-yl) oxyl (TEMPO)/NaBr/NaClO process followed by mechanical 

treatment. Carboxylate groups on the surface of these nanofibers provide negative 

charges, which are very effective to adsorb radioactive UO2
2+ in water. The UO2

2+ 

adsorption capability of ultrafine cellulose nanofibers was about 167 mg/g, which is 2-3 

times higher than those of typical adsorbents such as montmorillonite, ion imprinted 

polymer particles, modified silica particles/fibrous membranes, and hydrogels. Table1 

summarises methods for direct modification of cellulose leading to heavy metal 

adsorbent materials. 
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Table.1.1 Cellulose modification and associated functional groups 

 

Cellulose 

Modifying 

Chemicals 

 

Structure 

Adsorption 

Capacity 

mg/g 

Isotherm 

Model 

 

Reference 

 

 

Wood-OH 

 

 

Succinic anhydride 

 

 

Cu(II) 104 

Cd(II) 168 

Ni(II) 97.3 

  

[12] 

 

 

Aspen wood 

 

 

Citric acid 

 

 

 

Cu(II) 13.9 

  

[13] 

 

 

Cellulose 

 

 

 

Maleic anhydride 

 

 

 

Hg(II) 163.9 

 

 

Freundlich 

 

 

[14] 

Maize stalks EDTA  Cu(II) 12.2 

Cd(II) 20.5 

Langmuir [15] 

 

 

Wood-OH 

 

 

Citric acid 

 

 

Cu(II) 23.7 

Pb(II) 82.6 

 

 

Langmuir 

 

[9] 

 

Wood 

sawdust 

Wood flour 

 

Acrylonitrile 

hydroxylamine 
 

 

Cu(II) 246 

Ni(II) 188 

  

[15] 

 

 

Sunflower 

stalk 

 

Acrylonitrile 

hydroxylamine  

hydrochloride  

 

 

Cu(II) 39.4 

 

Langmuir 

Freundlich 

 

[20] 

 

 

 

 

 

 

Cellulose 

Acrylic acid and 

Ceric ammonium 

nitrate 

 

Cellulose-g-pAA 
Cu(II) 63.5 

Pb(II) 84.8 

Cd(II) 34.9 

  

 

 

 

 

 

[21] 

Acrylic acid and 

Ceric ammonium 

nitrate and N, N’-

methylene 

bisacrylamide 

 

 

Cellulose-g-p(AA-NMBA) 

 

Cu(II) 66.7 

Pb(II) 90.2 

Cd(II) 39.7 

Acrylic acid and 

Ceric ammonium 

nitrate and 2-

acrylamido 

2-methylpropane 

sulphonic acid 

 

 

Cellulose-g-p(AA–
AASO3H) 

 

Cu(II) 66.7 

Pb(II) 91.8 

Cd(II) 25.4 

 

 

Cellulose 

acetate 

 

 

Poly (methacrylic 

acid) 

 

 

 

Cu(II) 3.1 

Cd(II) 2.9 

Hg(II) 4.9 

  

 

[22] 

Cellulose Acrylic Acid 

Acrylamide 

 Cu(II) 49.6 Freundlich [24] 
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Cellulose 

powder 

6-Bromo-6-

deoxycellulose and 

2-

mercaptobutanedioic 

acid 

 

 

Cu(II) 36 

Pb(II) 105 

Ni(II) 0.93 

  

 

 

 

 

 

 

 

 

[29] 

Cysteine 

 

Cu(II) 22 

Pb(II) 28 

Ni(II) 8 

a-Thioglycerol 

 

Cu(II) 2 

Pb(II) 6 

Ni(II) 10 

3-

Mercaptopropionic 

acid 

 

Cu(II) 24 

Pb(II) 20 

Ni(II) 1 

2-aminoethanethiol 
 

Cu(II) 6 

Pb(II) 81 

Ni(II) 5 

      

1.2.6 The treatment of organic contaminants from wastewater 

Organic sewage has mainly the following three kinds of hazards: aerobic hazards, the 

hypoxia of water due to the biodegradation of organic sewage, and the death of most 

aquatic organisms. With respect to the deterioration of water quality and the 

environment, organic sewage not only reduces the value of water, but also affects the 

lives of people around water; and in regards to toxicity hazards, organic wastewater 

contains large amounts of toxic organic compounds and will continue to accumulate in 

the environment.  

Despite the considerable advances in the field of water treatment, the elimination of 

certain types of products to fulfil the standards in place still raises some problems and 

remains a topic of concern. In the absence of any treatment, the organic compounds, and 

the persistent organic pollutants (POP), like certain pesticides, accumulate in water and 

favour the risk of contamination of the underground sources in an irreversible way. 

Maatar et al. [32] prepared highly porous cellulose organogels from nanofibrillated 
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cellulose hydrogels and investigated their adsorption properties towards a wide range of 

organic pollutants. The kinetics and adsorption isotherms of several aromatic 

compounds, including herbicides, were investigated. It was proposed that the adsorption 

process is the result of the diffusion of the organic solute inside the grafted hydrocarbon 

chains acting as a reservoir on which the organic compounds would be accumulated. 

The results showed that the modified cellulose organogels could be easily regenerated 

and reused without any loss of the adsorption capacity, which constitutes one of the 

main advantages of this category of the adsorbents derived from a renewable resource. 

Aloulou et al. [33] have studied the removal of organic contaminant from wastewater 

using chemically modified cellulose fibres, and the adsorption capacities of the modified 

fibres towards various organic molecules were investigated. The adsorption isotherm 

related to different solutes follows the Langmuir model in its entire range of 

concentration. The main advantage of this substrate lies in its relative facile regeneration 

without a significant loss of its adsorption capacity. Ipek et al. [34] have investigated the 

efficiency of phenol removal from model phenol solution using Purolite MN 200 and 

Purolite MN 202 hyper crosslinked macronet polymer adsorbents by using only 

adsorption and adsorption-ultrafiltration hybrid processes. This study provided a 

solution to the discharge of phenol containing water and wastewater problem. 

In order to remove the phenol from wastewater, many researchers who have studied 

various modified materials in recent years. Zhou et al. [35] have produced a crosslinked 

beta-cyclodextrin polymer by crosslinker 2,4-toluene diisocyanate (TDI). Technological 

parameters of removal phenol waste water were optimized by adsorption experiments, 

and regeneration times and adsorptive capacity were studied. The maximum amount of 
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polymers was 40 mg/mL. Tohru et al. [36]  synthesized a chitosan-conjugated thermo-

responsive polymer containing 15% chitosan, PNIPAAm-15CS and used it for the 

removal of different phenols in water. The polymer was synthesized by a 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide-mediated condensation of poly(N-

isopropylacrylamide-co-acrylic acid) in the aqueous solution. Zhang et al. [37] have 

prepared four kinds of amino-functionalized nano-size composite materials (NH2-NCMs) 

by radical co-polymerization, of which methylmethacrylate (MMA) and 

glycidylmethacrylate (GMA) acted as monomers and benzoyl peroxide (BPO) acted as 

initiator, to obtain epoxyl-functionalized polymers, and the composite materials were 

then modified by ethanediamine (EDA), diethylenetriamine (DETA), 

triethylenetetramine (TETA), or tetraethylenepentamine (TEPA), named as EDA-NCMs, 

DETA-NCMs, TETA-NCMs and TETA-NCMs, respectively. Effects of pH values, 

initial concentration of phosphate, adsorption time, adsorption temperature and type of 

functional amines were studied. The adsorption data of the NH2-NCMs were fit well 

with the Langmuir isotherm.The maximum adsorption capacity calculated from 

Langmuir isotherm was 142.85, 156.25, 172.41 and 196.08 mg/g for EDA-NCMs, 

DETA-NCMs, TETA-NCMs and TEPA-NCMs, respectively. Deng et al. [38] prepared 

quaternized cotton by surface-initiated atom transfer radical polymerization (ATRP) for 

the removal of PFOS and PFOA from aqueous solution. The sorption equilibrium of 

PFOA and PFOS on quaternized cotton was achieved at 4 h and 12 h, respectively. The 

obtained maximum sorption capacities of PFOS and PFOA on quaternized cotton at pH 

5.0 were 3.3 and 3.1 mmol/g, respectively. This quaternized cotton has promising 

application for the removal of perfluorinated compounds from wastewater. Zhu et al. [39] 
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synthesized novel organo montmorillonites with high sorption capacity towards organic. 

Polydiallyldimethylammonium (PDADMA) and cationic surfactant 

cetyltrimethylammonium (CTMA) were applied simultaneously to modify 

montmorillonite. Results of this work showed that simultaneous intercalation of cationic 

polymers could be a possible method for increasing the sorption capacity of the 

traditional surfactant synthesized organo montmorillonites. Zhang et al. [40] 

successfully synthesized superhydrophobic nanoporous polydivinylbenzene materials 

via a novel solvothermal route. The adsorption of typical volatile organic compounds 

(VOC) and organic pollutants in water indicated the synthesized materials retained an 

excellent adsorptive property compared with activated carbon and amberlite XAD-4 

resin. The nanoporous material showed a great potential in air purification, wastewater 

treatment, chemical accident remediation and environmental protection. 

Modified material can also be used in urban sewage treatment, Vipasiri et al. [41] have 

done some research about treating municipal wastewater as alternative secondary and 

tertiary treatment for wastewater reclamation. In this study, two of the recently 

developed laboratory scale wastewater treatment systems, fluidised-bed reactor (FBR) 

using formulated clay mixture absorbents (clay-FBR adsorption) and annular slurry 

photoreactor (ASP) using TiO2 impregnated kaolin catalysts (TiO2-K-ASP), were 

integrated as an adsorption-photocatalysis hybrid process. The TiO2-K-ASP showed 

superior degradation of dissolved organic content, while the presence of inorganic ions 

caused a detrimental effect on its performance. The integration of the adsorption and 

degradation system as a hybrid treatment process resulted in a synergetic enhancement 
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for the chemical removal efficiency. This adsorption-photocatalysis hybrid technology 

can be used as a feasible alternative treatment process for wastewater reclamation. 

1.2.7 The treatment of dyes in wastewater 

Depending upon their structure, azo- and anthraquinone dyes are the two major classes 

and together represent 90% of all organic colorants. Adsorption of dye molecules onto a 

sorbent can be an effective, low-cost method of color removal. Most of the techniques 

used for removal of dyes are of high production cost, and the regeneration also makes 

them uneconomical. There is therefore much interest in the development of cheaper and 

effective newer materials for use as adsorbents. 

Wang et al. [42] studied porous network-like FeOOH/ carbonized bacterial cellulose 

(FeOOH/CBC) nanocomposite and used it as an adsorbent to remove organic dyes. The 

adsorption equilibrium of as-prepared FeOOH/CBC nanocomposite for methyl orange 

(MO) was achieved with the maximum adsorption capacity for MO reaching 107.68 

mg/g. As-prepared FeOOH/CBC nanocomposite maintains high adsorption activities 

after four times of adsorption and desorption. He et al. [43] investigated the dynamic 

batch adsorption of methylene blue (MB) onto nanocrystalline cellulose (NCC) and 

crushed powder of carbon monolith (CM) using the pseudo-first- and -second-order 

kinetics. CM outperformed NCC with a maximum capacity of 127 mg/g compared to 

101 mg/g for NCC. The Langmuir isotherm model was applied for describing the 

binding data for MB on CM and NCC, indicating the homogeneous surface of these two 

materials. Liu et al. [44] synthesized a high efficiency and eco-friendly porous cellulose-

based bioadsorbent by grafting acrylic acid and acrylamide to remove anionic dye acid 
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blue 93 (AB93) and cationic dye methylene blue (MB) from single and binary dye 

solutions. The maximum adsorption capacities of the bioadsorbent for both AB93 and 

MB were 1372 mg g-1 at an initial concentration of 2500 mg L-1. The conditions-

dependent adsorption characteristics of the bioadsorbent indicated a high efficiency of 

dyes removal. The cellulose-based bioadsorbent can be effectively used for the removal 

of dyes from industrial textile wastewater. Hu et al. [45] prepared the functionalized 

microcrystalline cellulose (MCC) with quaternary amine groups as an adsorbent to 

remove Congo Red dye (CR) from aqueous solution. The ultrasonic pretreatment of 

MCC was investigated during its functionalization, and the batch adsorption of the 

functionalized MCC was studied. The adsorbent (FM-1) obtained has been shown to be 

a promising and efficient adsorbent for the removal of CR from an aqueous solution. 

Yan et al. [46] investigated the hydroxypropyl cellulose crosslinked by epichlorohydrin 

(EPI) and ammonia in sodium hydroxide aqueous solution. A temperature induced phase 

separation (TIPS) process was applied to synthesize a microporous crosslinked HPC 

hydrogel. The cationic HPC hydrogel showed an excellent ability to adsorb anionic dye 

AO7, and the maximum adsorption capacity at room temperature was found to be 2478 

(g/kg) at pH 3.96. The Langmuir model agreed well with the experimental data (R2 

=0.99). The strong electrostatic interaction between the quaternary ammonium and dye 

anions could be the main driving force for adsorption. 

1.3 The application of cellulose nanofibers (CNF) or nanocrystals (CNC) 

Renewable CNF and CNC have been seriously studied in recent years, and have 

different morphologies as well as varies extraction processes. CNC are usually isolated 
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by using strong acids hydrolysis. The first stable CNC were prepared using sulfuric acid 

as the agent of hydrolysis [47]. During such processes, the strong acids can attack and 

digest the amorphous regions of target cellulose, leading to the transformation of long 

fibers to short crystalline. Other chemicals such as ammonium persulfate and hydrogen 

peroxide have also been reported by researchers during the isolation of CNC using 

biomass [48]. However, CNF can be prepared via mechanical processes, such as high 

pressure homogenization, grinding and refining [49]. Apart from CNC or CNF, 

microfibrillated cellulose (MFC) is also superior due to its advantages in structure, 

performance, and application. MFC is an ideal material which would provide a variety 

of shapes and be biocompatible and absorbable [50].  Microfibrillated cellulose is an 

excellent environmentally friendly adsorbent due to high specific surface area. The 

application of MFC in the preparation of composite-type adsorbent is expected to 

increase the strength of the adsorbents and thermal stability significantly owing to its 

high bonding potential. 

1.3.1 Reinforcements for biocomposites 

Wood is the main source of CNC or CNF, and with the development of economy, there 

is increased demand for low cost natural materials, such as agricultural and industrial 

residues. The natural cellulosic materials have many advantaged compared with other 

inorganic reinforcements. Apart from low density, cost and energy consumption, they 

are renewable and have a high strength, modulus and reactive surface. Cellulose fibrils 

extracted from potato peel waste have been previously studied as an additive for the 

reinforcements of biocomposites [51]. Chen et al. [52] investigated the effectiveness of 
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cellulose nanocrystals, and found that the CNC can be used as a reinforcement and 

vapor barrier additive. The results indicated that cellulose nanocrystals can be extracted 

from the potato peel waste by alkali treatment and subsequently acid hydrolysis. The 

prepared CNC can be compared with other nanocrystals reported, for example cotton 

CNC [53]. Wei et al. [54] studied the thermophysical properties and biodegradation 

behavior of green composites prepared from polyhydroxybutyrate (PHB) and potato 

peel waste fermentation residue (PPW-FR) fibers. The biocomposites showed poor 

mechanical properties but extremely higher biodegradation rate as compared with pure 

PHB. Many researchers have studied the isolation of CNC and CNF from low-value 

materials, including chardonnay grape skins [55], sweet potato residue [56], kenaf fibers 

[57],  kenaf stem [58], banana pseudostems [59], banana stem [60], tomato peels [61], 

cotton fibers [62], bamboo pulp [63], rice straw [64], grape pomace [65], bagasse [66], 

coconut husks [67], pennisetum sinese [68], pea hull fiber [69], cotton, flax and 

agriculture byproducts [70], which are also examples of natural sources for preparing 

CNC. 

1.3.2 Bioadsorbents for water clarification and soil remediation 

The water clarification has always been the focus of the research by researchers. 

Meanwhile, natural and self-made materials as adsorbents are the hotspot, especially 

those biomaterials [71-72]. The bio-adsorbents are widely investigated nowadays. 

Agroindustry by-products are low cost and renewable, which can be used for the water 

clarification. Aman et al. [73] studied potato peels as a new adsorbent for removing 

toxic metal ion Cu(II) from water/industrial waste water. The synthesized adsorbents 
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had great ability to remove heavy metal ions. Mutongo et al. [74] used potato peels as an 

effective biosorbent for the removal of hexavalent chromium from effluent, and the 

results indicated that potato peels could be used as a low cost and renewable biosorbent. 

In addition, potato peels have been studied as bio-adsorbents for the removal of dyes 

and pharmaceutical effluents. Rehman et al. [75] used guava leaves and potato peels as 

adsorbents for removal of synthetic dye, and the results showed that potato peels were 

more effective for removal of amaranth dye than guava leaves. Kyzas and Deliyanni [76] 

studied potato peels as environmental friendly materials for the removal of two drug 

compounds (dorzolamide and pramipexole) from synthetic aqueous effluents. Sharma et 

al. [77] treated two agricultural adsorbents, potato peel and Neem bark with HCHO and 

H2SO4 separately and the treated adsorbents were used for the removal of Direct Red-81. 

The results revealed that the formaldehyde treated potato peel showed significant dye 

removal and the adsorption process was non-spontaneous, exothermic and reversible. 

Furthermore, the potato peels studied as adsorbents for the removal of Brilliant Green 

[78] were also carried out. 

The bio-sorbents can also be used for the remediation of soil and have a dramatic 

potential for environmental protection. Azmat et al. [79] have studied the Ecological 

Particulate Matter (EPM) and its remediation using potato peel surface (PPC) bio-

sorbent, which produced another strategy for the application of potato peels.  Co-

composting eggshell with potato peels, grass clippings, and rice husks can be used as 

biosorbent for the removal of Pb(II) from an aqueous medium. This study showed the 

potential use of egg shells and potato peels as a biosorbent for lead removal from 
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aqueous solutions [80]. Similarly, potato peels played an important role in biosurfactant 

[81], co-composting of eggshell waste [82] and organic manure [83]. 

1.4 Smart or responsive bioadsorbents 

As mentioned above, among the various conventional methods for the removal of 

contaminants from wastewater including ion exchange, flotation, solvent extraction, 

chemical precipitation, coagulation, membrane filtration, reverse osmosis, and 

adsorption, adsorption is promising due to its high selectivity and easy handling, lower 

operating costs, and high efficiency in removing very low levels of heavy metals from 

aqueous solutions [84-86]. Adsorbents based on naturally occurring support materials 

gained increasing emphasis due to their availability in large quantities, their relatively 

low cost, and their facile chemical modification to introduce specific functional groups 

for enhanced metal binding ability [87], while of the various biological adsorbents, 

cellulose-based materials were believed to be a potential alternative for the removal of 

various contaminants. Cellulose is an ideal raw material for the fabrication of absorbents 

for the removal of toxic pollutants. Nevertheless, there still exist some drawbacks in the 

applications of these cellulose-based adsorbents. For instance, desorption of 

contaminants from adsorbents is difficult and usually strong acids are needed, producing 

new pollutants. In addition, the adsorption behavior is uncontrollable. Recently, surface 

graft modifications have been considered as a convenient route for introducing new 

chemical and physical properties to cellulose. By means of grafting, “smart” adsorbents 

based on cellulose with thermal-responsive can be prepared to overcome the 

shortcomings mentioned above. 
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1.4.1 Application of thermal/pH sensitive polymers 

Most of the thermo-sensitive polymers are based on poly (N-isopropyl acrylamide) 

(PNIPAM). PNIPAM is insoluble and undergoes a conformational change above its 

lower critical solution temperature (LCST) of 32 °C, while below the LCST, the 

polymer chains swell in water. Above the LCST, the solvent quality changes and the 

polymer segments are thought to become more hydrophobic [88]. During the past 

decades, PNIPAM-based materials have been widely applied in fields of biotechnology 

and medicine [89] and plenty of relative works have been reported. For instance, 

Leobandung et al. synthesized a series of PNIPAM microgels using poly (ethylene 

glycol) 1000 methacrylate as the comonomer and poly (ethylene glycol) 400 

dimethacrylate as crosslinker [90]. M. Das et al synthesized a PNIPAM microgel to 

deliver anti-cancer drugs to cancer cells [91]. The drug release behaviors and 

mechanisms from the glucose sensitive P(NIPAM-AAPBA) microgels were studied 

using a microgel monolayer as the platform [92].  

Apart from temperature, pH is also critical in the adsorption-desorption behaviors of 

adsorbents. Generally, pH affects the degree of ionization and the surface charge of 

materials, and thus the adsorption and desorption of probes could be controlled 

effectively by the changes in pH if the adsorbents exhibit the pH-responsive behavior. 

Typical pH-responsive polymers, poly (acrylic acid) (PAA) [93] and poly(4-

vinylpyridine) (P4VP) [94] are more stable and can offer higher binding capacity 

compared to the low-molecular-weight types containing carboxyl or thiol. 
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1.4.2 Responsive and smart cellulose-based adsorbents 

Responsive and smart materials have gained much research interest in the last few 

decades especially for the application of drug delivery, wastewater treatment and oil 

purification. Cellulose, as a natural polymer resource, has been attracting significant 

attention in various biomedical applications including controlled drug delivery, 

bioengineering and tissue engineering due to its nontoxicity, biocompatibility, and 

biodegradability. Smart materials based on cellulose have their unique properties, and 

many possible applications. Cha et al. [95] used carboxylated nanocrystalline cellulose 

(CNCC) to prepare N-isopropyl acrylamide-based thermal/pH sensitive hydrogels. The 

resulting hydrogels have been improved to possess thermal/pH sensitivity. Soyeon and 

Kevin [96] prepared hydrogels composed of N-isopropylacrylamide (NIPAAm) and 

acrylic acid (AAc) by redox polymerization, with the peptide cross-linker. Poly (N-

isopropylacrylamide-co-acrylic acid) [P(NIPAAm-co-AAc)] hydrogels were also 

prepared, and the results indicated that P(NIPAAm-co-AAc) hydrogels can be tailored 

to create environmentally-responsive artificial extracellular matrixes. Ekici [97] 

investigated poly (N-isopropyl acrylamide) (PNIPAm)–carboxymethyl cellulose (CMC) 

full interpenetrating polymeric networks (IPNs) by using PNIPAm and CMC. The 

synthesized full IPN hydrogels can be used as pH and temperature sensitive 

biotechnological materials for the adsorption of proteins. 

Surface functionalization with stimuli-responsive materials can turn an ordinary material 

into a smart one that shows adaptive properties upon external stimuli. Wang et al. [98] 

prepared an electrospun regenerated cellulose (RC) nanofibrous membrane; 

subsequently, poly(N-isopropylacrylamide) (PNIPAAm), a thermo-responsive polymer, 
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was surface grafted to form the polymer chains/brushes on the surface of RC nanofibers 

via the surface-initiated atom transfer radical polymerization (SI-ATRP) method. 

Thereafter, the PNIPAAm-modified RC nanofibrous membrane was investigated for its 

temperature-responsive surface wettability at temperatures below/above the lower 

critical solution temperature (LCST). With the large surface area and switchable surface 

wettability, the as-prepared PNIPAAm-grafted nanofibrous membrane exhibits excellent 

properties of controllable oil/water separation and possesses great potential towards both 

wastewater treatment and oil purification. Hakalahti et al. [99] obtained a functional 

membrane template by first fabricating a water stable film from cellulose nanofibrils and 

subsequently surface grafting it with a thermoresponsive polymer, poly NIPAM. The 

behavior of the membrane template was dependent on temperature. The increment in 

slope of relative water permeance around the lower critical solution temperature of poly 

NIPAM increased from 18 to 100% upon polymer attachment. Although the membrane 

template essentially consisted of wood-based materials, the benefits of smart synthetic 

polymers were achieved. 

Hydrogels are high water content materials prepared by polymer crosslinking that can 

release active species, such as therapeutic, antibacterial, antiperspirant and moisturising 

agents, and fragrances. In recent years, several hydrogel systems have been reported 

based on both natural and synthetic polymers. Among the natural polymers, chitosan 

and cellulose-derivatives have been extensively studied, due to their stimuli responsive 

properties (pH and temperature sensitivity, respectively) [100]. Dutta et al. [101] 

prepared a new set of pH, temperature, and redox responsive hydrogels from 

carboxymethylcellulose (CMC) and poly(N-isopropylacrylamide). Copolymeric (CP) 
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hydrogels were synthesized by copolymerizing N-isopropylacrylamide (NIPA) and 

methacrylated carboxymethylcellulose, and semi-interpenetrating network (SIPN) 

hydrogels were prepared by polymerizing NIPA in presence of CMC. CP hydrogels 

showed gradual decrease in water retention values with increase in temperature. CBA 

cross-linked hydrogels showed higher swelling in comparison to BIS cross-linked 

hydrogels. In fact, the dependence of hydrophilic/hydrophobic characteristics on 

temperature makes PNIPAm-grafted polymers a potential absorbent and a few works 

have been performed. Kanazawa et al. [102] prepared a molecular imprinted thermo-

sensitive gel adsorbent composed of NIPAM as thermo-sensitive component and N-(4-

vinyl) benzyl ethylenedi- amine (VBEDA) as the chelating monomer. The adsorption 

and desorption were performed repeatedly by temperature swing and the selective 

adsorption of Cu(II) ion was confirmed by comparing the adsorption amounts of Ni(II), 

Zn(II) and Mn(II). Additionally, they prepared a thermosensitive NIPAM microgel 

adsorbent by the emulsion polymerization using an anionic polymerizable surfactant and 

the molecular imprinted technique [103]. They found that the adsorption rate for Cu(II) 

ion was quicker compared to their previous study. It was revealed from this study that a 

metal ion in an aqueous solution was complexed with an extractant and the metal-

surfactant complexes can be adsorbed onto the NIPAM gel at the temperatures above 

the LCST and desorbed conveniently at those under the LCST, due to the changes in 

hydrophilic/hydrophobic characteristics. 

Apart from PNIPAM, another candidate named random copolymers of ethylene oxide 

and propylene oxide (PEPO) has also been reported with LCST at around body 

temperature. A temperature responsive thickener has been prepared by grafting amino-
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terminated PEPO on the CMC skeleton. During processes, the esterification between 

amino groups and carboxyl groups happened successfully in acidic solution [104]. From 

the methods mentioned above, it is highly likely that cellulose has great potential to be 

used as raw materials for the preparation of smart or responsive bioadsorbents. The 

resulting adsorbents maintained thermal and pH dual-responsive properties in the 

application of water clarification. In addition, the adsorption and desorption mechanisms 

can be systematically investigated by using different kinetics and isotherms models. 
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Chapter 2 Maleic anhydride-modified cellulose fibres/diatomite 

adsorbents for dye removal1 

ABSTRACT 

An absorbent consisting of the maleic anhydride-modified cellulose beads combined 

with alkali-treated diatomite (MCDBs) was prepared in an attempt to remove basic dyes. 

An appropriate amount of calcium carbonate was added during the formation of MCDBs 

to increase pore structure under an acidic condition. The synthesized MCDBs were 

characterized with FT-IR, TGA and BET. The degree of carboxylation of MCDBs was 

quantified using a polyelectrolyte titration method. The removal of basic dyes such as 

methylene blue (MB) and methyl violet (MV) from aqueous solution were 

systematically investigated. The influence of pH, shaking time, and temperature on the 

removal process was identified. The results indicated that the MCDBs had a strong 

adsorption capacity toward basic dyes. The adsorption capacity increased from 51.6 to 

116.6 mg/g for methylene blue, depending on the initial concentration of the dye. A 

similar trend was also found for methyl violet, i.e., adsorption increased from 30.5 to 

61.1mg/g. The experimental data fitted two kinetic models; the results demonstrated that 

the adsorption of MB and MV onto the MCDBs fit the pseudo-second order model very 

well. The removal efficiencies of the basic dyes under the optimal conditions were up to 

97.5%. The adsorption data was also fitted using Langmuir, Freundlich and Temkin 

isotherms, respectively. It was found that the adsorption process for basic dyes was 

                                                 
1 This chapter has been published on Journal of Materials Science, the format follows the requirements of 

Journal. “Yuan Li, Mindong Chen, Huining Xiao, Zhaoping Song, Yi Zhao. Absorbents based on maleic 

anhydride-modified cellulose fibres/diatomite for dye removal. Journal of Materials Science (2014), 49: 

6696-6704.” 
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better described by the Langmuir isotherm model. 

Keywords: Green absorbents, Cellulose beads, Diatomite, Dye removal, Adsorption 

2.1 Introduction 

Environmental pollution control is a major theme of scientific research in recent years. 

There are increasingly environmental problems caused by economic development, 

especially those related to aquatic environments [1]. Water pollution mainly includes 

organic pollutants and heavy metals. Dyes, as organic pollutant, form a major class of 

environmental contaminant. Basic dyes are the most problematic classes of dye. Basic 

dyes are found in wastewater from various industries, especially textile [2], tanning, and 

leather [3]. The complex aromatic molecular structures and xenobiotic properties of 

dyes make them difficult to degrade [4]. 

    A variety of adsorbent materials have been researched for dye removal from aqueous 

solutions. Of all the adsorbent materials, activated carbon, which has good capacity of 

removing pollutants, is the one widely used [5]. A successful adsorbent must possess 

advantages, such as low cost and high capacity of adsorption. Compared with other 

adsorbents, the main shortcomings of activated carbon are the high cost involved in 

sample preparation and difficulty for regeneration [6]. Therefore, natural adsorbents for 

dye removal are the hotspot of research because of their low price and easy regeneration. 

In recent years, modified cellulose and diatomite have been investigated widely. 

Cellulose, which constitutes the most abundant natural polymer resource, is a cost-

effective and green material. The hydroxyls in cellulose, primary hydroxyl in cellulose 

unit, are reactive and can be easily modified via various reactions, such as esterification, 
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halogenation, oxidation, and etherification [7]. Wang et al. modified cellulose from flax 

shive by quaternary ammonium groups to facilitate removal of C.I. Reactive Red 228 

(RR228) dye from aqueous media [8]. Silva et al. modified cellulose with 

aminoethanethiol to remove red reactive anionic dye in an aqueous medium [9]. Nada et 

al. modified bagasse fibers using three different chemical methods to adsorb heavy 

metal ions [10]. However, limited research has been reported on the combination of 

modified fibres with porous fillers, such as diatomite. 

Diatomite, a low cost and commercially available material, has unique advantages as an 

adsorbent, such as high permeability, high porosity, small particle size, and large surface 

area [11]. Al-Qodah et al. have treated diatomite with acid and heat to improve its 

performance to absorb methylene blue [12]. Lin et al. modified the diatomite, fly ash, 

and bentonite by heat or acid treatment to remove dyes from colored wastewater [13]. 

However, few of these materials have been combined with green-based cellulose fibres. 

The key objective of this work was to study cost-effective and renewable cellulose fibre 

beads in conjunction with alkali-treated diatomite, thus leading to a range of adsorbents 

which could remove the dyes from aqueous solutions effectively and be re-generated 

readily. The modified fibers with proper pore structures and functional groups on the 

surfaces not only act as supports for diatomite but also generate the synergetic effect 

with diatomite for dye adsorption. To enhance the absorption capacity of fibres, the 

fibres were dissolved and regenerated in the presence of maleic anhydride. Calcium 

carbonate was added during the formation of CDBs to increase pore structure under an 

acidic condition. The effect of reaction conditions, such as pH and temperature, on the 

adsorptive capacity of the modified cellulose ball was investigated. Methylene blue and 
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methyl violet were used as model dyes for revealing adsorption behaviors, including 

kinetics and adsorption isotherm. 

2.2 Experimental 

2.2.1 Materials 

The cellulose used in this study was from filter paper (Qualitative P4, porosity: Medium 

– Fine; Flow Rate: Slow, Fisher Scientific). The diatomite, CaCO3 powder (≤ 30 μm), 

maleic anhydride, and urea, all purchased from Sigma-Aldrich, were of laboratory 

reagent grade and used without further purification. Two basic dyes, including 

methylene blue and methyl violet, and NaOH were purchased from Fisher Scientific as 

well. 

2.2.2 Preparation of cellulose/diatomite beads (CDBs) 

The diatomite with a size smaller than 150 mesh was collected, washed three times with 

distilled water to remove impurities, and then dried in an oven at 100 °C for 10h. A 

strong base (NaOH 5M) was used to carry out the chemical treatment of the diatomite. 

Specifically, diatomite was mixed with NaOH at a solid (g)/liquid (mL) ratio of 15%, 

then stirred at 100 °C for 2 h and filtered. The resulting samples were washed with 

distilled water several times and dried in an oven at 100 °C for 10 h. Scanning electron 

micrographs (JEOL JSM-6400 SEM instrument, Japan) of alkali-treated diatomite are 

presented in Figure.2.1. 

 Filter paper (2g) was dissolved into NaOH (7 wt %) /Urea (12 wt %) at -10 °C and 

dispersed using a homogenizer (Stanfen, Germany). The concentration of cellulose 
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solution was 4 %. Then, a certain amount of treated diatomite (2g) and CaCO3 with 

different weight ratios were added. The mixtures were dropped into an acidic solution (1 

M HCl) using a syringe after being dispersed using a homogenizer. The reaction 

between CaCO3 and HCl happens immediately and the CO2 released from the reaction 

promote the formation of the pore structure of fibre matrix. The cellulose/diatomite 

beads (CDBs) were then immersed in distilled water for 24 h to dissolve CaCl2 and 

transferred into acetone immediately. After 24 h, the CDBs were put into vacuum oven 

at 50 °C for 10h (Figure.2.1). 

 

Figure.2.1 The preparation of CDBs. 

2.2.3 Modification of CDBs  

The cellulose/diatomite beads (2g) were treated with maleic anhydride (2g) dissolved in 

acetone (2g in 20 mL acetone) at room temperature for 1 h. After the treatment, the 

acetone was removed by the evaporation at 50 °C in vacuum oven for 1h. And then the 
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residual mixtures were heated in a vacuum oven at 100 °C for 3 h. After that, the 

resulting products (CDBs absorbents) were washed with distilled water, ethanol, and 

finally with acetone, then dried in a vacuum oven at 50 °C for 10h [10].   

2.2.4 Sample characterization 

The chemical structure of CDBs and MCDBs was characterized with FT-IR (NEXUS 

470 spectrophotometer, Nicolet Thermo Instruments, Canada) after being grinded with 

KBr. The BET adsorption was performed using an autosorb instrument (Belsorp-Max 

BEL Inc, Osaka, Japan). The specific surface areas and pore sizes were measured based 

on the N2 gas adsorption isotherms of samples. The TGA curves were obtained using an 

instrument (Q600, TA Instruments, USA) in the temperature range from 25to 600°C at a 

heating rate of 10 °C min-1 under nitrogen flow. 

The degree of the substitution of hydroxyl groups on cellulose with the carboxyl group 

of MCDBs was obtained using a titration method [14]. According to this method, 0.05g 

of MCDBs was added to 0.01N of HCl solution (15mL) in a round bottom flask at room 

temperature with constant stirring for 10 min. Then the NaOH (0.01N) was dropped into 

the mixture from a basic burette. The conductivity was measured using a digital 

conductivity meter (A22828, VWR international, USA). The experiment was conducted 

three times simultaneously. The concentration of carboxylic functions [CCOOH (mmol g-

1)] was calculated based on Eq 2.1. 

                                             CCOOH = (V2-V1) / mCDBs                                                Eq 2.1 

where V2 is the inflection point of conductivity increased (mL), V1 is the inflection point 

of conductivity unchanged (mL), mCDBs is the mass of MCDBs (g). 
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Adsorption studies were carried out by soaking a certain amount (0.01g) of absorbents 

in 10mL of dye and shaking at 130rpm using a temperature-controlled shaker (SWB25, 

Thermo Electron Corporation, Germany). The comparative experiment between 

MCDBs and other materials was accomplished. The shaking time, temperature, pH, and 

the concentration of CaCO3 were investigated, respectively. The concentration of the 

dye solution after filteration was measured with UV (Genesys 10-s, Thermo Electron 

Corporation) at 664nm (MB) and 590nm (MV), respectively [15]. The adsorption 

capacity (Q) and the fraction of removal R were calculated by Eq 2.2 and Eq 2.3: 

                                                      Q = (C0 - Ce) / m × v                                            Eq 2.2 

                                                   R = (C0 - Ce) / C0 ×100                                            Eq 2.3 

where Q is the adsorption of the dye (mg/g), C0 (mg/L) is the initial concentration of dye, 

Ce (mg/L) is the equilibrium concentration of dye, m is the mass of absorbent (g), and V 

(L) is the volume of dye solution, respectively. 

The dedsorption studies were carried out by soaking a certain amount (0.01g) of 

absorbents after adsorption in 10mL of HCl (1mol L-1) for 24h. After that, the 

absorbents were washed by distilled water and acetone, and then dried in a vacuum oven 

at 50 °C for 10h, then measured the adsorption capacity of MCDBs. 

2.3 Results and discussion  

2.3.1 FT-IR spectroscopy 

The FTIR spectra of CDBs and MCDBs are presented in Figure.2.2. A strong adsorption 

at 3443 and 3446 cm-1 is due to stretching of O-H group, and the peaks at 2901 and 

2899 cm-1 are related to the C-H stretching from cellulose. The most change observed 
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between CDBs and MCDBs is the appearance of bands at 1723 and 1632 cm-1. The 

adsorption band at 1723 cm-1 corresponds to the carboxyl groups (C=O) and the one at 

1632 cm-1 relates to vibration of vinyl groups (C=C) [16]. The sharp peak at 1109 cm-1 

is mainly due to siloxane (Si–O–Si) stretching from alkali-treated diatomite and C-O 

stretching in cellulose [17]. Therefore, the maleic anhydride was grafted onto the 

cellulose surface successfully because of the presence of adsorption peaks from 

carboxyl and vinyl groups.  
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Figure.2.2 FT-IR spectra for CDBs and MCDBs. 

2.3.2 TGA 

TGA is an important tool for identifying the thermal stability of materials and can also 

provide that the reaction was successful. The TGA curves of CDBs and MCDBs are 

presented in Figure.2.3. The mass of diatomite remains unchanged with temperatures 

from 25 to 600°C. For CDBs, the total mass loss of 41% over the temperature range 
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between 290 and 374 °C corresponds to the major thermal degradation of cellulose 

fibers [18]. The MCDBs decomposition occurs in three events: the first mass loss of 

MCDBs in the TGA curve was attributed to a significant amount of water released from 

the MCDBs starting at 50°C; the second decomposition event occurred at around 140°C 

in the DTA curves, which may be due to the initial stage of thermal degradation; the 

third mass loss happened at temperatures higher than 290 °C, reflecting the major 

thermal degradation or thermal cleavage of cellulose fibers, which corresponded to an 

endothermic peak in the DTA curve around 350 °C [19]. 

  

Figure.2.3 TGA and DTA curves of the CDBs and MCDBs. 

2.3.3 Brunauer–Emmett–Teller (BET) adsorption 

From the data of BET, the specific surface area of CDBs increased from 1.00 m2/g to 

1.53m2/g and the total pore volume was changed from 5.78 ×10-3 to 9.42 ×10-3 m3/g as 

the concentration of CaCO3 increased from 10% to 30%. The specific surface area of 

CDBs (30% CaCO3) was changed from 1.53m2/g to 0.73 m2/g after modification with 

maleic anhydride. Meanwhile, the total pore volume changed from 9.42 ×10-3 to 
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4.89×10-3 m3/g, implying the grafted maleic anhydride might fill up some pores. 

However, the adsorption capacity of the CDBs increased significantly after the 

modification with maleic anhydride due to the enhanced surface reactivity towards the 

adsorption. Therefore, the application of CaCO3 was conducive to the pore structure and 

the esterification was the main reason to increase the adsorption capacity of dye onto 

CDBs. 

2.3.4 Comparative experiment 

The dye removal capacity of various materials including filter paper, alkali-treated 

diatomite, CDBs, and MCDBs was studied at room temperature and neutral pH. The 

CDBs were prepared by filter paper and alkali-treated diatomite with a certain 

concentration of CaCO3. The adsorption capacity of initial materials, such as filter paper 

and alkali-treated diatomite, is extremely low, which correspond to 1 and 2 in Figure.2.4. 

The CDBs has a higher fraction of removal compared to 1 and 2. Furthermore, after 

modified by maleic anhydride, the adsorption capacity of dye (MB and MV) increased 

immediately. The MCDBs showed the highest removal capacity, and the fraction of 

removal of MB and MV is 97.11% and 93.17%, respectively.  
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 Figure.2.4 Fraction of emoval of different materials: 1-filter paper; 2-alkali-treated diatomite; 3-

CDBs; 4-MCDBs. 

2.3.5 Effects of the concentration of initial CaCO3 

The effect of initial concentration of CaCO3 in the preparation of CDBs was studied at 

room temperature and neutral pH. As was shown in Figure.2.5, with the initial 

concentration of CaCO3 increased from 0 % to 30 %, the adsorption capacity of dye 

(MB and MV) increased. However, when further increasing the concentration of CaCO3 

to 40 %, the capacity of dye removal was negatively affected. This result can be 

explained in terms of the function of CaCO3. The key role played by CaCO3 is to create 

the pore structure by releasing CO2 at an acidic condition. The adsorption capacity 

increases with the increase in pore volume, which has been proved by the results of BET. 

However, the CaCO3 at over-dosage could induce the collapse of CDB pores, thus 

lowering adsorption capacity. The optimum concentration of CaCO3 was 30 %. 
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Figure.2.5 Effects of CaCO3 on adsorption of MB and MV (natural pH, room temperature and 2h). 

2.3.6 Effects of pH on dye absorption 

The effect of pH on dye absorption is shown in Figure.2.6. In general, pH will affect the 

degree of ionization and the surface charge of the MCDBs.  As can be seen from 

Figure.2.6, the removal of dye from aqueous solutions is highly dependent on the pH of 

the solution. The Fraction of removal of dye is relatively low at a pH below is 3. The 

high concentration of H3O
+ at a low pH tends to reduce the active surface sites for dye 

adsorption [20]. The H3O
+ concentration was reduced at a high pH, so that the 

adsorbents became highly negative-charged. As a result, the dye removal was increased 

because of the electrostatic interaction. Furthermore, the amount of carboxylic acid 

groups on MCDBs would be reduced in basic condition when pH>7, resulting in a 

decrease in adsorption capacity. Overall, the optimum pH values for MB and MV 

removal were 7.0 and 6.5, respectively. 
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Figure.2.6 Effects of pH on adsorption of dye (room temperature and 2h). 

2.3.7 Effects of temperature on adsorption 

The removal of dyes was studied at different temperatures under the optimum pH for 

adsorption in 2h, the results are presented in Figure.2.7. The adsorption of methyl violet 

changed significantly as the temperature increased from 20 to 30 °C, which indicates 

that the adsorption process of dye on MCDBs is an endothermic process, but leveled off 

after 30 °C. However, the adsorption capacity of methylene Blue was relatively stable 

regardless of temperature. Of all the experiments, the optimum temperature for MB and 

MV is 30 °C. 
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Figure.2.7 Effects of temperature (for MB: pH 7.0, time 2h and for MV: pH 6.5, time 2h). 

2.3.8  Influence of shaking time on dye adsorption 

The effects of adsorption time onto MCDBs are shown in Figure.2.8. Initially, the 

fraction of removal of dye increased rapidly with the shaking time changed from 0 to 

300 min (MB) and 0 to 200 min (MV), then, the fraction of removal leveled off. 

Therefore, the optimum shaking times were around 300 min for MB and 200 min for 

MV; and the corresponding fraction of removal was 97.49 % and 93.23 %, respectively. 
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Figure.2.8 Effects of contact time (for MB: pH 7.0, temperature 30 °C and for MV: pH 6.5, 

temperature 30 °C). 
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2.3.9 Adsorption kinetics 

There are two kinetic models for adsorption kinetics: Pseudo-first-order kinetics and 

Pseudo-second-order kinetics. Non-linear form and linear form are presented in Eq 2.4 

and Eq 2.5, respectively [21]. 

                                                          dq / dt = k1 (qe - q)                                             Eq 2.4 

                                                          q = qe (1 – e -k1 t)                                               Eq 2.5 

where qt and qe are the amounts of the dye adsorbed at any time t and at equilibrium (mg 

g-1), respectively. k1 is the rate constant for the adsorption (g mg-1 min-1). The value of 

R2 is carried out by the linear form Eq 2.6. 

                                                    ln (qe - q) = lnqe – k1t                                             Eq 2.6 

The initial and linear form of Pseudo-second-order kinetics is Eq 2.7 and Eq 2.8. 

                                                        dq / dt = k2 (qe - q)2                                             Eq 2.7 

                                                     t / qt = 1 / k2qe
2 + t / qe                                                                Eq 2.8 

where k2 (dm3 mg-1 min-1) is the constant rate of the adsorption process. The results of 

adsorption kinetics, calculated from Figure.2.8, are shown in Table.2.1 and Figure.2.9. 

Table.2.1 Adsorption kinetics of dyes 

Adsorbate Kinetics model qe (mg g-1) K1 (g mg-1 

min-1) 

K2 (g mg-1 

min-1) 

R2 

Methylene 

blue 

Pseudo-first-order 8.77 5.31×10-2 - 0.9362 

Pseudo-second-order 19.84 - 1.90×10-3 0.9994 

Methyl violet Pseudo-first-order 1.18 2.27×10-2 - 0.8831 

Pseudo-second-order 9.87 - 3.90×10-3 0.9983 
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Figure.2.9 Pseudo-second-order adsorption kinetics on MCDBs adsorbent 

As can be seen from Table.2.1, the adsorption process for basic dyes was better 

described by Pseudo-second-model, where the R2 for MB and MV are 0.9993 and 

0.9985, respectively. The fitting results suggested that the adsorption rate was 

dominated by chemical adsorption, which involved the electron sharing or electron 

transfer between the adsorbent and the adsorbate [29]. In other words, the adsorption of 

MB and MV dominated with chemical adsorption. 

2.3.10 Adsorption isotherm 

The adsorption isotherm can be described as the equilibrium relationship between the 

adsorbate concentration in the liquid phase and on the adsorbent surface during specific 

conditions. There are many adsorption isotherms in the adsorption process. In this study, 

Langmuir, Freundlich, and Temkin isotherm models were chosen to describe the 

equilibrium data. 

Langmuir isotherm model (Eq 2.9 and Eq 2.10) [22]: 

                                                   qe = (QmaxaCe) / (1 + aCe)                                       Eq 2.9 
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                                               Ce/qe = Ce/Qmax + 1/(Qmaxa)                                      Eq 2.10 

where Qmax (mg g-1) is the maximum adsorption capacity and a (L mg-1) is isotherm 

constant. Ce (mg L-1) and qe (mg g-1) are the concentration and adsorption capacity at the 

equilibrium, respectively. 

Freundlich isotherm model (Eq 2.11 and Eq 2.12) [23]: 

                                                            qe = Kf Ce
1/n                                                  Eq 2.11 

                                                     ln qe = ln Kf + ln Ce/n                                         Eq 2.12 

where qe and Ce are noted previously. Kf is roughly an indicator of adsorption capacity 

and n is adsorption intensity. 

Temkin isotherm model and its linear form were represented with Eq 2.13 and Eq 2.14 

[24]. 

                                                  qe = RT/bT (lnA + lnCe)                                          Eq 2.13 

                                                       qe = RT/bT ln(ACe)                                            Eq 2.14 

where Ce and qe are noted previously, A (L mg-1) and bT (J mol-1) are the Temkin 

constants, T is the absolute temperature, and R is the universal gas constant 8.314 J mol-

1K-1. 

The results of adsorption isotherm are calculated from three models and shown in 

Table.2.2 and Figure.2.10. 
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Table.2.2 The isotherm models for adsorption 

Adsorbate Isotherm models Qmax a Kf n A bT R2 

Methylene blue Langmuir 117.65 0.0648 - - - - 0.9982 

 Freundlich - - 38.93 5.5679 - - 0.9603 

 Temkin - - - - 5.52 169.36 0.9878 

Methyl violet Langmuir 62.11 0.0573 - - - - 0.9970 

 Freundlich - - 24.28 6.6400 - - 0.8552 

 Temkin - - - - 17.59 369.63 0.8821 

As can be seen from Table.2.2, the adsorption of dye onto MCDBs can be described by 

several isotherm models, and the Langmuir isotherm is the best fitting one. The R2 for 

MB and MV by using the Langmuir isotherm are 0.9982 and 0.9970, respectively.  The 

definition of Langmuir isotherm is monolayer sorption where all of the adsorption sites 

are the same and the absorbed particles are totally independent; therefore, no further 

sorption can take place after a saturation value is reached [25]. The Langmuir constant is 

related to Gibbs free energy (ΔG0) of sorption reaction as ΔG0=-RT lna. Where T is 

absolute temperature and R is the gas contant. In this study, the value of a for MB and 

MV are 0.0648 and 0.0537 L/mg, respectively, the ΔG0 for MB and MV are -10.4 

kJ/mol and -10.1 kJ/mol, respectively. The negative value of the Gibbs free energy 

indicates that the process is feasibility and the adsorption is spontaneous. Thus, the 

sorption system is favorable [26]. The maximum monolayer capacity (Qmax) for MB and 

MV were obtained at 117.65 and 62.11 mg g-1, respectively. Monolayer adsorption 

capacities for adsorption of dyes onto MCDBs and other materials are compared in 

Table.2.3. 
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Figure.2.10 Linear plots of Langmuir isotherm for adsorption on MCDBs at 30 °C 

The adsorption capacities of MCDBs and other materials are shown in Table.2.3, He et 

al. investigated the MB removal by carbon monoliths and nanocrystalline cellulose, the 

maximum adsorption capacity of MB were 127 mg/g and 101mg/g, respectively, which 

were close to MCDBs. The adsorption capacity of MCDBs is dominate compared to 

other studies, which indicates that it is potential as an absorbent for dye removal. 

Table.2.3 Results for adsorption of dyes by MCDBs and other materials 

Absorbent materials Modified chemicals 

Adsorption 

capacity(mg/L) 

Reference 

MCDBs Maleic anhydride 

MB: 117.65 

MV: 61.11 

This work 

Carbon monoliths 

Nanocrystalline cellulose 

N/A 

MB: 127 

MB: 101 

He et al. [26] 

Cellulose acetate Titanium dioxide MB: 54.38 Andrea et al. [27] 

Banana peels 

Orange peels 

N/A 

MB: 20.8 

MB: 18.6 

Annadurai et al. [28] 
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2.3.11 Desorption of MB and MV from MCDBs 

The regenerated adsorbents were reused three times, the removal efficiencies under the 

optimal conditions were 97.1%, 88.3%, and 83.4% for MB and 93.4%, 92.6%, and 

87.9%, respectively. 

2.4 Conclusions 

A novel absorbent consisting of the maleic anhydride-modified cellulose beads and 

alkali-treated diatomite (MCDBs) was successfully prepared. The dye removal 

efficiency was high under alkaline condition (pH>6) as the adsorbent had a negative-

charge, thus, increasing its affinity to the cationic dye ion. This absorbent was a cost-

effective and renewable cellulose fibre beads. The dynamic and equilibrium data of 

adsorption fitted well with the Pseudo-second-model and the Langmuir isotherm 

equation, demonstrating that the adsorption process of dye is monolayer sorption and 

dominated by the chemical adsorption. 
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Chapter 3 The cellulose-based hybrid beads for adsorption of lead ions 

in aqueous solutions2 

ABSTRACT 

The adsorption of Pb2+ onto maleic anhydride modified cellulose/diatomite beads 

(MCDBs) was investigated. Instead of the general process for esterifying the cellulose 

beads, a solvent free synthesis which needs no catalyst or solvent was used. An 

appropriate amount of calcium carbonate was added during the formation of MCDBs to 

increase pore structure after being removed under an acidic condition. The synthesized 

adsorbent was characterized by FTIR, SEM, and BET. The degree of carboxyl group of 

MCDBs was found to be 0.450 mmol g-1 based on colloid titration. The effects of pH, 

temperature, contact time, and the concentration of Pb2+ on adsorption were studied in 

batch mode. The results indicated that the MCDBs had a good adsorption capacity 

toward Pb2+ with the maximum adsorption at 44 mg g-1. The experimental kinetic data 

fit the pseudo-second order model very well. Moreover, the adsorption process for Pb2+ 

was better described by the Langmuir isotherm model. The regeneration of the MCDBs 

could be readily accomplished using HCl (1M) treatment without lowering adsorption 

capacity significantly. 

Keywords: Lead ions, Hybrid beads, Adsorption 

 

                                                 
2 This chapter has been published on RSC Advances, the format follows the requirements of the Journal. 

The entire experimental work was performed by candidate Yuan Li along with the preparation of 

manuscript. “Yuan Li, Mindong Chen, Xia Wan, Lu Zhang, Xu Wang, Huining Xiao. Solvent-free 

synthesis of the cellulose-based hybrid beads for adsorption of lead ions in aqueous solutions. RSC 

Advances (2017), 7: 53899-53906.” 
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3.1 Introduction 

Paper Environmental problems, especially aquatic environments, are main theme of 

scientific research in recent years. The removal of toxic heavy metal ions from industrial 

effluents, water supplies, and mine waters has received much attention. Heavy metal 

ions, such as Cu, Cd, Ni, and Pb, released into the environment, affect ecological life, 

owing to their tendency to accumulate in living organisms, and are highly toxic when 

absorbed into the body. [1] Heavy metals usually have a long residence times. Lead 

toxicity has been reported to decrease kidney functions and enzymatic activities and 

cause neuromuscular difficulties. [2] There are also many lead contamination incidents 

about drinking water reported in some countries. [3] Thus, it is necessary to remove 

heavy metal ions from wastewater. [4] 

Various adsorbent materials have been explored for the removal of heavy metal ions 

from aqueous solutions. Of all the adsorbent materials, activated carbon has been widely 

used for the removal of heavy metals at trace levels. [5] However, activated carbon is 

costly as an absorbent in water treatment. Therefore, the production of low-cost 

materials, such as cellulose and diatomite, has been the hotspot of researchers. Cellulose, 

as one of the natural and green materials, constitutes the most abundant natural polymer 

resource. However, the adsorption capacity is limited, and the selectivity is low when 

directly using of natural cellulose as an adsorbent. Because there are many hydroxyl 

groups on the polymer structure [6] and formation of hydrogen bonds between the 

molecular chains. [7] Chemical modification, such as esterification, halogenation, 

oxidation, and etherification, can be used to vary certain properties of cellulose such as 



 

 

71 

its hydrophilic or hydrophobic character, elasticity, water sorbency, adsorptive or ion 

exchange capability. [8] 

Geay et al. [9] synthesized new adsorbents containing carboxyl groups by grafting 

acrylic acid onto sawdust, which was used for the sorption of Cu2+ from aqueous 

solution. McSweeny et al. [10] milled aspen wood, then, the Milled aspen wood was 

thermochemically modified with citric acid to improve the copper (Cu2+) ion sorption 

capacity of the wood. Nada et al. [11] modified bagasse fibers using three different 

chemical methods to remove heavy metal ions from waste water. Very recently, Wang 

et al. [12] reported an eco-friendly sugarcane cellulose-based adsorbent with very high 

sorption capacities towards Pb2+, Cu2+ and Zn2+. The application of such adsorbents was 

also extended to the binary component systems; and the adsorption behaviour was found 

to be well described with the competitive Langmuir isotherm model. Zhou et al. [13] 

synthesized a low-cost absorbent by a cost-effective chemical modification for dyes and 

heavy metal ions removal. Yu et al. [14] prepared cellulose nanocrystals (CNCs) from 

cotton, then the CNCs was chemically modified with succinic anhydride to introduce 

carboxyl groups on the adsorbents. However, the pyridine reflux was used during the 

chemical modification, which was not conducive to the development of the environment.   

Diatomite, a soft lightweight rock available in large deposits around the world, is a 

highly porous structure and low-cost material. [15] Attributed to its physical and 

chemical properties, it has been used as an adsorbent in wastewater treatment. [16] Al-

Degs et al. [17] improved the intrinsic exchange properties by the modification with 

manganese oxides; and the resulting adsorbent showed a high tendency for adsorbing 

lead ions from solution. Khraisheh et al. [18] modified diatomite by NaOH solution and 
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manganese oxide to improve the adsorption capacity of the diatomite for removal of 

heavy metals. However, the powdered diatomite and cellulose might lead to the 

difficulty for the application of the adsorbents. Cellulose-based beads facilitate the easy 

separation of hybrid adsorbents in batch operation. Yang et al. [19] prepared 

carboxymethyl cellulose hydrogel beads using epichlorohydrin (ECH) as a crosslinking 

agent and found that the additional carboxyl groups afforded a higher sorption capacity 

to metal ions as well. Recently, Yu et al. [20] have successfully prepared porous 

magnetic cellulose beads via one-pot synthesis, which created a new platform to prepare 

the cellulose-based functional nanocomposites. 

Thus, the aim of the present study was to investigate modified cellulose beads in 

conjunction with alkali-treated diatomite (MCDBs) as a low-cost material for the 

removal of Pb ions from aqueous solutions. To enhance the absorption capacity of fibres 

and to facilitate the recovery of adsorbent, the cellulose fibres were dissolved and 

regenerated, and then reacted with maleic anhydride. During the formation of adsorbent 

particles, calcium carbonate was added to further increase the porosity of the adsorbent 

after being removed under acidic condition. The effects of solution pH, temperature, 

initial concentration, and contact time during the adsorption processes were also 

evaluated. 

3.2 Experimental  

3.2.1 Materials 

The cellulose raw material was also from filter paper (Qualitative P4, porosity: Medium-

Fine; Flow Rate: Slow, Fisher Scientific). Diatomite, hydroxylamine hydrochloride, 
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dithizone, Pb(NO3)2, CaCO3 powder (≤30μm), maleic anhydride, and urea, all purchased 

from Sigma-Aldrich, Canada. NaOH, NaOH (0.01M), HCl (0.01M), ammonium 

hydroxide, Poly-DADMAC (0.01N) and PVSK solutions (0.01N), were purchased from 

Fisher Scientific as well. Ammonium citrate tribasic and potassium sodium L-tartrate 

tetrahydrate were obtained from Alfa Aesar. Standard Pb (1.000 g L-1) solution was 

prepared by dissolving appropriated amounts of Pb (NO3)2 in the distilled water.  

3.2.2 Methods 

3.2.2.1 Preparation of cellulose/diatomite beads (CDBs) 

The diatomite under 150 mesh was washed with distilled water to remove fines and 

other adhered impurities, and then desiccated. [21] Chemical modification was 

accomplished by treating the diatomite with NaOH (5 mol/L): 150g diatomite was 

mixed with 1L NaOH, then stirred at 100 °C for 2 h. The resulting samples were washed 

with distilled water, and desiccated in an oven at 100 °C, then stored in glass bottles.  

Cellulose solution (4%) was prepared by dissolving filter paper with NaOH (7 wt %) 

/Urea (12 wt %) at -10 °C, homogenizer (Stanfen, Germany) was used during this 

process. Then, the treated diatomite and CaCO3 were added at different weight ratios. 

The mixtures were dropped into HCL (1 mol/L) using a syringe after being dispersed by 

the homogenizer. The cellulose/diatomite beads (CDBs) were then washed with distilled 

water to remove CaCl2 after the reaction between CaCO3 and HCl accomplished and 

transferred into acetone immediately. After 24 h, the CDBs were desiccated in vacuum 

oven (Figure.3.1). [22] The synthesized absorbents were named MCDBs-0, MCDBs-10, 

MCDBs-20, MCDBs-30, and MCDBs-40 according to the varies amount of CaCO3. 
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Figure.3.1 The solvent-free approach of preparing the cellulose hybrid beads. 

3.2.2.2 Modification of maleic anhydride-modified CDBs (MCDBs) 

The CDBs (5g) was treated with maleic anhydride dissolved in acetone (5g/40mL 

acetone), then the acetone was evaporated at 50 °C in a vacuum oven for 1h and the 

residual mixture was heated in an oven at 100°C for 3 h. The products were washed with 

distilled water, ethanol, and finally with acetone, then desiccated in a vacuum oven 

(Figure.3.1). [11] The degree substitution (DS) of hydroxyl groups in the cellulose due 

to esterification was determined. 

3.2.2.3 Degree substitution of hydroxyl groups (Charge density) 

The surface charge density (degree substitution of hydroxyl groups) was determined by 

colloid titration until zero charge point by a particle charge detector (Mütek PCD-03, 

Germany). In the test, 0.05g of MCDBs and 0.01N Poly-DADMAC solution (5mL) 

were added in the measuring cell at room temperature with constant stirring for 10 min.  

Then, titration analysis was conducted for both control and fiber samples by adding the 
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PVSK (0.01N) into the mixture automatically. The point of zero charge detected by 

Mutek titrator corresponded to the amount (i.e. volume) of PVSK neutralizing the 

excessive amount of PDADMAC [23]. The experiment was carried out three times 

simultaneously. The concentration of carboxylic functions [CCOOH (mmol g-1)] was 

calculated by Eq 3.1. 

                                                 CCOOH = (V2-V1) × C/mMCDBs                                        Eq. 3.1 

where V2 is the volume of PVSK dropped into solution with MCDBs (mL), V1 is the 

volume of PVSK dropped into blank solution (mL), C is the concentration of PVSK and 

Poly-Dadmac, mMCDBs is the mass of MCDBs (g). 

3.2.3 Characterization 

3.2.3.1 FTIR 

FT-IR spectra were recorded using a NEXUS 470 spectrophotometer (Nicolet Thermo 

Instruments, Canada) after being grinded with KBr.  

3.2.3.2 Scanning Electron Microscopy (SEM) 

The morphology of the unmodified and modified beads for both the surface and cross 

section were observed on a scanning electron microscope (JEOL 6400 SEM, JEOL Ltd., 

Japan) after carbon coated with 10 kV accelerating voltage.  

3.2.3.3 Brunauer–Emmett–Teller (BET) adsorption  

BET adsorption was carried out using an Autosorb instrument (Belsorp-Max BEL Inc, 

Osaka, Japan).  
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3.2.4 Batch experiments 

Pb2+ was chosen to evaluate the effectiveness of synthesized absorbents for water 

treatment. All solutions with various concentrations were obtained by successive 

dilution. The pH was adjusted by adding either 0.01 M HCl or 0.01 M NaOH. 

Adsorption experiments were carried out using 10 mL of lead ions solution of desired 

concentration (10 mg L-1) at an initial pH of 7.0, and adsorbent dosage 0.01 g per 10 mL 

in agitation speed of 130 rpm on a temperature-controlled shaker (SWB25, Thermo 

Electron Corporation, Germany). In the preliminary experiment, this speed was found to 

be suitable to reach equilibrium. The shaking time, temperature, pH, and the 

concentration of CaCO3 were investigated, respectively. Residual Pb2+ concentration in 

the filtrate was determined using UV (Genesys 10-s, Thermo Electron Corporation). [24] 

The percent metal ions removal R (%) was calculated by the Eq 3.2. [25] 

                                                    R = (C1-Ce)/C1×100                                               Eq 3.2 

where C1 (mg L-1) and Ce (mg L-1) were the initial and final concentration of metal ions, 

respectively. The adsorption capacity (Q) was calculated by the Eqn (3). 

                                                   Q = (C1-Ce)/ m×V                                                    Eq 3.3 

where Q is the adsorption capacity (mg g-1), V is the volume of solution (L) and M is the 

mass of adsorbent (g) used. 

3.2.4.1 Adsorption kinetics 

The pseudo-second-order kinetic model was used to describe the adsorption kinetic data 

of Pb2+ measured on MCDBs. Non-linear form and linear form are presented in Eq 3.4 

and Eq 3.5, respectively. [26] 
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                                                   dq/dt = k1 (qe - q)2                                                   Eq 3.4 

                                               t/qt = 1/(k1×qe
2) + t/qe                                                 Eq 3.5 

where qt (mg g-1) and qe (mg g-1) are the amounts of the Pb2+ adsorbed at time t (min) 

and at equilibrium, respectively. k1 (g mg-1 min-1) is the rate constant of the adsorption 

process. 

3.2.4.2 Adsorption isotherms 

The isotherms were carried out by shaking the MCDBs (0.01g) with 10mL of metal ions 

solution at different initial concentrations. The corresponding adsorption isotherms for 

lead ions were described by fitting the experimental data to the Langmuir, Freundlich, 

[27] and Temkin isotherms, [28] respectively. The Langmuir equation using the linear 

form Eq 3.6: [29] 

                                               Ce/qe = aCe/KL + 1/KL                                                  Eq 3.6 

where qe and Ce are the solution (mg g-1) and surface concentrations (mg L-1) for the 

adsorbate at the equilibrium, respectively, and KL (L g-1) and a (L mg-1) are the isotherm 

constants. KL can be obtained from the relationship between Ce/qe and Ce. The constant, 

a, corresponds the energy of adsorption process. A dimensionless separation factor RL is 

the essential characteristics of the Langmuir equation, which was described by Eq 3.7. 

[30] 

                                                RL = 1/(1+C0×KL)                                                      Eq 3.7 

where C0 is the highest initial Pb2+ concentration (mg L-1), the value of RL indicates the 

nature of the interaction and the isotherm type: unfavourable (RL> 1), linear (RL = 1), 

favourable (0 < RL < 1), or irreversible (RL = 0). 
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3.3 Results and discussion 

3.3.1 FTIR spectra and colloid titration 

The FTIR spectra of CDBs before and after modification with maleic anhydride are 

shown in Figure.3.2. The widely peaks at 3442 and 3443 cm-1 are due to the stretching 

of O-H group. The adsorption at 2891 and 2897 cm-1 is related to the C-H stretching, the 

band at 1630 cm-1 is attributed to the bending mode of the absorbed water. The 

absorption bands at 1112 and 1110 cm-1 correspond to C-O antisymmetric bridge 

stretching31 and siloxane (Si-O-Si) stretching from alkali-treated diatomite. [32] The 

main difference between CDBs and MCDBs is the new peak at 1724 and 1638 cm-1. The 

adsorption at 1724 cm-1 indicates the carboxyl groups (C=O) [33] and the one at 1638 

cm-1 relates to vibration of vinyl groups (C=C). The -OH stretching adsorption band at 

3442 cm-1 do not significantly change after modification. Because only the surface 

hydroxyls that are available to maleic anhydride can be grafted during the chemical 

reaction. [34] 

According to the results obtained by colloid titration, the concentration of carboxyl 

groups on the surface of MCDBs was 0.45mmol g-1, which corresponds to the surface 

charge density of MCDBs.  
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Figure.3.2 FTIR spectrum of CDBs before and after modification.                              

3.3.2 SEM 

The surface structure of cellulose beads obtained was revealed by SEM and the images 

are shown in Figure.3.3. The CDBs obtained exhibited good spherical shape together 

with porous structure (Fig. 3 (a)). More pores can be observed in Figure.3.3 (c) and 

Figure.3.3 (e) than Figure.3.3 (b). The application of CaCO3 was conducive to the pore 

structure. The pores may be formed from the reaction between CaCO3 and HCl, during 

which the CaCO3 rich regions were transformed into pores due to the release of carbon 

dioxide and dissolution of CaCO3. The alkali-treated diatomite exists in CDBs 

independently (Figure.3.3 (d)), which can preserve the adsorption capacity of adsorbate. 

After modification, maleic anhydride was grafted onto cellulose, which leads to 

decreasing pores in CDBs (Figure.3.3 (c) and Figure.3.3 (f)), due to the grafted maleic 
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anhydride which might fill up some pores on the spheres (Figure.3.3 (g) and Figure.3.3 

(h)). This can be proved with the results of BET.  

 

Figure.3.3 SEM images of surface morphology (a), cross-section structure of MCDBs-10 (10% 

CaCO3) (b), MCDBs-30 (30% CaCO3) before modification (c, d, and g), MCDBs-30 (30% CaCO3) 

after modification (f, h), MCDBs-40 (40% CaCO3) (e) of regenerated cellulose beads. 

3.3.3 BET  

The specific surface areas of the CDBs and MCDBs were evaluated by BET analysis; 

and the results are presented in Table.3.1. The specific surface area of CDBs increased 

significantly when the concentration of CaCO3 changed from 10% to 30%, at the same 

time, the total pore volume was changed from 5.78 ×10-3 to 9.42 ×10-3 m3 g-1, which 
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indicates the application of CaCO3 is conducive to the pore structure. After modification 

with maleic anhydride, the specific surface area of CDBs reduced to 0.73 m2 g-1, 

meanwhile, the total pore volume changed from 9.42 ×10-3 to 4.89×10-3 m3/g, implying 

the grafted maleic anhydride might fill up some pores. However, the adsorption capacity 

of CDBs (30% CaCO3) is much lower than MCDBs-30 (30% CaCO3), which means the 

esterification is the main reason to increase the adsorption capacity of Pb2+ onto CDBs. 

MCDBs-40 does not have any results from BET, which mgiht due to the collapse of 

pores. In addition, the specific surface area of MCDBs-0 could not be detected by BET, 

which indicated that MCDBs-0 had very limited or no micro or mesoporous structures.  

Table.3.1 The BET results of CDBs and MCDBs. 

3.3.4 Comparitive test 

The Pb2+ fraction of removal (%) on different absorbents including raw materials, CDBs 

and MCDBs is shown in Figure.3.4. The adsorption capacity of raw materials is 

extremely low, which is 44.95% for filter paper and 9.30% for alkali-treated diatomite, 

respectively. The CDBs has a higher fraction of removal compare with the raw materials. 

MCDBs  Speci fic surface (m2 g-1) Pore volume (m3 g-1) 

MCDBs-0 (before modification) - 1.1×10-3 

MCDBs-10 (before modification) 1.00 5.78×10-3 

MCDBs-20 (before modification) 1.21 6.64×10-3 

MCDBs-30 (before modification) 1.53 9.42×10-3 

MCDBs-30 (after modification) 0.73 4.89×10-3 

MCDBs-30 (before modification) - 6.23×10-3 
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Furthermore, the adsorption capacity of Pb2+ significantly increased after modified by 

maleic anhydride. These results demonstrated that the MCDBs are good carriers or 

adsorbents toward Pb2+. The effect of CaCO3 concentration was studied at room 

temperature and neutral pH; and the results are also shown in Fig.3.4. The fraction of 

removal (%) increased significantly with the initial concentration of CaCO3 increase 

from 0 % to 30 %, and the fraction of removal was negatively affected when further 

increasing the concentration of CaCO3 up to 40 %, because the CaCO3 at over-dosage 

can induce the collapse of CDB pores. Therefore, CaCO3 play a role to the pore 

structure, the optimum concentration of CaCO3 is 30%.  
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Figure.3.4 Fraction of removal on different materials: 1-filter paper; 2-alkali-treated diatomite; 3-

CDBs-0; 4-MCDBs-0; 5-MCDBs-10; 6-MCDBs-20; 7-MCDBs-30; 8-MCDBs-40 

3.3.5 Effect of pH 

The removal of Pb2+ from aqueous solutions by adsorption depends on pH which affects 

the ionization of metal ions and the concentration of counter H+ ions on the surface of 
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the adsorbent. To study the effect of H+ concentration on metal removal, the solution pH 

is varied from 2 to 6. The results are shown in Figure.3.5. 

The optimum pH value for adsorption of Pb2+ by MCDBs was found to be pH 6.0 

(Figure.3.5). For MCDBs-30, fraction of removal is observed to be 88. 89% for Pb2+ 

adsorption at this pH. In aqueous solutions, Pb2+ is dominant at pH 2-6. Other species 

(PbOH+) can exist at a higher pH. The removal of Pb2+ is extremely low at a pH below 3. 

The higher concentration of H3O
+, which means lower pH, the concentration of protons 

competing with metal ions for the active sites are higher. The surface of absorbents is 

positive charged, which is hard to adsorb heavy metals with positive charged. [35,36] 

With increasing pH (pH > 3), the concentration of protons decreased, and the surface is 

negative charged which is advantageous for adsorption. 
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Figure.3.5 Effect of pH on adsorption of Pb2+. 
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3.3.6 Effect of temperature 

The effects of the temperature on adsorption of Pb2+ was studied by changing the 

temperature from 15 to 50 °C under the optimum pH in 2h, the results are presented in 

Figure.3.6. The adsorption of Pb2+ increased significantly as the temperature changed 

from 20 to 30 °C, which indicates that the adsorption process on MCDBs is an 

endothermic process. It changes indistinctive after 30 °C. So, the optimum temperature 

of Pb2+ adsorption on MCDBs is elected to be 30 °C. 
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Figure.3.6 Effect of temperature on adsorption of Pb2+. 

3.3.7 Adsorption behaviour 

3.3.7.1 Adsorption kinetics 

The effect of contact time on the adsorption of Pb2+ by MCDBs-30 is shown in 

Figure.3.7 and the results of adsorption kinetics, calculated from Figure.3.7, is shown in 

Figure.3.8. Experiments were performed at different temperatures (20，30 and 45°C) at 
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pH 6. During short contact times, adsorption process is very fast (within 10min more 

than 50% is adsorbed) due to the numerous active sites on the surface of MCDBs-30, 

then, the fraction of removal levelled off. Over 84% adsorption efficiency is obtained at 

a certain temperature indicating that Pb2+ is absorbed by available adsorption sites. The 

sorption of Pb2+ onto MCDBs-30 is mainly mediated through complexation with surface 

functional groups (especially carboxyl groups) which can react with Pb2+ to form bound 

complexes. [37] 

The adsorption process for Pb2+ is described by Pseudo-second-model, where the R2 are 

0.9959, 0.9950, and 0.9981 at the temperature of 20，30 and 45 °C, respectively 

(Figure.3.8). The fitting results suggested that the adsorption rate was dominated by 

chemical adsorption, which involved the electron sharing or electron transfer between 

the adsorbent and the adsorbate. The qe values for Pb2+ adsorption is in a good 

agreement with the experimental one. This indicates the good agreement of the pseudo-

second-order model to describe the kinetics of the adsorption. [38] 
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Figure.3.7 Effect of contact time on adsorption of Pb2+. 
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Figure.3.8 Pseudo-second-order adsorption kinetics on MCDBs. 

3.3.7.2 Adsorption isotherms 

The results of adsorption isotherms, calculated from different models, are shown in 

Table.3.2 and Figure.3.9. Langmuir model fit the experimental data well and the 

correlation coefficients of the equations (R2=0.9952) indicate that this model can 

explain the adsorption process satisfactorily. Langmuir isotherm is monolayer sorption 

where the adsorption sites are the same and the absorbed particles are independent, 

therefore, no further sorption can take place after a saturation value is reached. [39] In 

this study, the RL value is between 0 and 1, indicates that the adsorption process is 

favorable. The estimated qm=46.04 mg g-1 (KL/a) is very close to the experimentally 

(44.54 mg g-1) obtained maximum metal uptakes for Pb2+. Monolayer adsorption 

capacities for adsorption of Pb2+ onto MCDBs-30 and other materials are compared in 

Table.3.3.  



 

 

87 

In addition, the thermodynamic parameters, such as enthalpy (△H°), entropy (△S°) and 

Gibb’s free energy (△G°) were estimated using the Van’t Hoff equation. [44] Table.3.4 

listed the thermodynamic parameters obtained from the temperature effect on Pb2+ 

adsorption, the values of free energy changes △G° are negative, confirming that 

adsorption of Pb2+ onto MCDBs is spontaneous and thermo-dynamically favorable. The 

△G° value decreased as the temperature increased, indicating less driving force for the 

adsorption. The negative values of △H° and △S° indicated that the Pb2+ adsorption on 

MCDBs was exothermic in nature and the stability of adsorption process with no 

structural change at solid-liquid interface. 

Table.3.2 the isotherm models for Pb2+ adsorption 

Adsorbate Isotherm models KL a Kf n A bT R2 

Pb2+ Langmuir (20°C) 0.3776 0.0047 - - - - 0.9949 

 Langmuir (30°C) 0.5109 0.0116 - - - - 0.9952 

Langmuir (45°C) 0.5666 0.0171 - - - - 0.9958 

Freundlich (20°C) - - 3.552 1.649 - - 0.9732 

Freundlich (30°C) - - 3.606 2.601 - - 0.8921 

Freundlich (45°C) - - 3.596 2.784 - - 0.9141 

Temkin (20°C) - - - - 0.3095 29.07 0.9268 

Temkin (30°C) - - - - 0.3607 53.91 0.9706 

Temkin (45°C) - - - - 0.4064 80.02 0.8711 
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Figure.3.9 Linear plots of Langmuir isotherm for adsorption on MCDBs. 

Table.3.3 Results for adsorption of Pb2+ by MCDBs and other materials 

Absorbent materials Adsorbent capacity (mg/g) 

Pine cones [40] 27.53 

Soybean hulls [41] 44.37 

MCDBs-30 44.54 

Kaolinite clay [42] 113.63 

Apricot stone [43] 22.85 

 

Table.3.4 The calculation of △ G◦, △ H◦, and △ S◦ 

 

 

 

 

Temperature (K) △G° (kJ mol-1) △S° (kJ mol-1 K-1) △H° (kJ mol-1) 

293.15 -1.285 -0.0604 -20.66 

298.15 -1.137 

303.15 -1.045 

318.15 -0.623 
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3.3.8 Desorption of Pb2+ from MCDBs-30 

Desorption of the Pb2+ was investigated, this procedure is necessary to restore the 

original adsorption capacity of the adsorbent and it also enables recovering valuable 

metals from wastewater streams. In this study, Pb2+ was desorbed from MCDBs-30 

using 1M HCl for 24h. Then the absorbent was washed with distilled water, ethanol, and 

finally acetone. The absorbent was reused three times at the same conditions (Pb2+ 

concentration: 10 mg L-1; adsorbent: 0.01 g; volume of solution: 0.01 L), resulting in the 

fraction of removal (%) at 94.96, 90.74, and 87.13, respectively. The removal of Pb2+ is 

substantially unchanged after reusing three times (the third time is 87.13%), indicates 

that the MCDBs-30 are renewable absorbent for Pb2+ removal. 

3.4 Conclusions 

Maleic anhydride modified CDBs (combine cellulose and alkali-treated diatomite) was 

found to effectively adsorb Pb2+ from aqueous solutions. The pore structure of the 

absorbents was enhanced by introducing CaCO3 during the preparation. Further 

experiment data revealed that the adsorption process of Pb2+ on the MCDBs-30 follows 

a pseudo-second-order kinetics and the equilibrium data can be well fitted with a 

Langmuir isotherm. The maximum adsorption capacities of adsorbent (Langmuir) was 

44 mg g-1 from an initial concentration of 800 mg L-1 at pH 6 and at 30 °C. The capacity 

of the adsorbents in Pb2+ removal was remained unchanged after reusing three times. 

The MCDBs-30 is a green-based, cost-effective, and renewable absorbent. It could be 

used to adsorb more heavy metal ions which are positive charged. 
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Chapter 4 Novel composite adsorbent consisting of dissolved cellulose 

fibre/microfibrillated cellulose for dye removal from aqueous solution3 

ABSTRACT 

A novel composite absorbent was developed based on dissolved cellulose fibres (as 

matrix) reinforced with microfibrillated cellulose (MFC). Both cellulose fibres and 

microfibrillated cellulose were functional-modified using an organic solvent-free 

approach to introduce carboxyl groups onto cellulose and the surface of MFC. To 

further enhanc the adsorption capacity, nano-sized CaCO3 was added as a pore forming 

agent during the formation of dissolved cellulose/MFC (CMFC) composites and 

removed in an acidic condition afterwards. The structure and morphology of as-

synthesized adsorbents were characterized by using Fourier Transform Infrared 

Spectroscopy (FT-IR), Scanning Electron Microscope (SEM), Thermo Gravimetric 

Analyzer (TGA), and Brunauer-Emmet-Teller (BET) measurements. An orthogonal 

experimental design and software SPSS were utilized to reveal the impact of influencing 

factors (pH, temperature, and the concentration of pore forming agent) on dye removal.  

The results were imitated by kinetic models and adsorption isotherms, which indicated 

that the MCMFCs had a dominated adsorption capacity toward MB with the maximum 

adsorption at 303.03 mg g-1. The pseudo-second-order kinetic model and Langmuir 

                                                 
3 This chapter has been published on ACS Sustainable Chemistry & Engineering, the format follows the 

requirements of the Journal. The entire experimental work was performed by candidate Yuan Li along 

with the preparation of manuscript. “Yuan Li, Huining Xiao, Yuanfeng Pan, Lidong Wang. Novel 

Composite Adsorbent Consisting of Dissolved Cellulose Fiber/ Microfibrillated Cellulose for Dye 

Removal from Aqueous Solution. ACS Sustainable Chemistry & Engineering (2018), 6: 6994-7002.” 
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isotherm model fit well, indicating the adsorption was monolayer and governed by 

chemisorption. 

Keywords: Green composite adsorbents, Microfibrillated cellulose spheres, Dye 

adsorption, Kinetics, Isotherms 

4.1 Introduction 

There is an increasing demand for clean water due to the rapid urbanization and 

expanding industrial activities. The fresh water sources are limited on earth and this 

demand should be addressed by utilizing water clarification techniques. However, the 

technique depends on various contaminants and pollutants, such as organic compounds, 

heavy metal ions, dyes, and pharmaceuticals [1]. Dyes, coloring most consumer 

products, produce vast discharges to the body and endanger humans. The cationic dyes 

are difficult to degrade due to the complex aromatic molecular structures and xenobiotic 

properties [2]. Dyes in the aqueous solution can be removed by the adsorption technique 

due to its benefits such as low cost, simplicity, and ease of operation [3]. Various 

adsorbents, such as alumina nanoparticles [4], modified metal oxides [5], silica 

mesoporous materials [6], and cellulose based adsorbents [7] were widely investigated 

by researchers in recent years to overcome the high-cost production of activated carbon 

[8], resulting in an attentive, rapid, and efficient solution for sewage treatment. 

Cellulose, the most abundant naturally-occurring biopolymer with a mass of hydroxyl 

groups along its chain [9], is an ideal raw material for producing new functional 

materials because of the growing demand for innovative and biodegradable products 

recently [10]. In addition, cellulose is multifunctional and renewable material which can 
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be used to replace many other non-renewable materials [11]. However, as an adsorbent 

the adsorption capacity of unmodified cellulose is limited and the selectivity is low 

because of the formation of hydrogen bonds between the molecular chains [12]. The 

hydroxyl group is one of the principle structural components in the cell walls of 

cellulose [13], which can be easily modified to introduce the functional groups via 

various derivation reactions including esterification, halogenation, oxidation, and 

etherification [14]. Such modifications improve the properties of cellulose substantially, 

particularly including the adsorptive and ion exchange capability [15]. 

The natural cellulosic materials have many advantages compared with other inorganic 

adsorbent. Apart from low density and cost, they are renewable and biodegradable. 

Nevertheless, few studies of the cellulose composites as the adsorbents for the removal 

of pollutant have been reported [16,17]. The powdered shape of such adsorbents might 

cause difficulty for the operation, filtration, and separation effectively, resulting in the 

lower potential application in large-scale water treatment [18]. The study of large-scale 

adsorbents, such as beads and other shaped particles, is therefore necessary and has been 

the hot topic for researchers. Zhang et al. prepared magnetic cellulose beads consisting 

of activated carbon to remove dyes including methylene blue and methyl orange [19]. 

The cellulose hybrid beads had been successfully investigated for the removal of 

cationic dyes, which offered a new platform to prepare the organic-inorganic hybrid 

adsorbents [20]. A novel cellulose-based adsorbent was synthesized to remove anionic 

dyes, and the adsorption ability was specially investigated [21]. 

Compared with conventional cellulose fibers, microfibrillated cellulose (MFC) is 

superior due to its advantages in structure, performance, and application. MFC is an 
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ideal material which would provide a variety of shapes and be biocompatible and 

absorbable [22].  Microfibrillated cellulose is an excellent environmentally friendly 

adsorbent due to high specific surface area. The application of MFC in the preparation 

of composite-type adsorbent is expected to increase the strength of the adsorbents and 

thermal stability significantly owing to its high bonding potential. However, little work 

has been reported on combining dissolved cellulose fibres reinforced with 

microfibrillated cellulose (MFC) as a composite type of adsorbent.  

Therefore, in this work, we explored an innovative approach to prepare the dissolved 

cellulose fibre/microfibrillated cellulose composite beads as an environmental-friendly 

adsorbent for the removal of dyes from aqueous solutions. The key novelty relies on the 

unique porous structures in the green-based adsorbent consisting of dissolved fibres as 

matrix reinforced with cellulose filament in micro-scale. The nano-sized CaCO3 particle 

as an effective pore forming agent further enhanced the porosity of the adsorbent, thus 

leading to extremely high adsorption capacity towards to dyes (as a model compound 

for contaminants). In addition, both cellulose fibres and microfibrillated cellulose were 

functional-modified using an organic solvent-free method. Apart from developing an 

appropriate protocol for the synthesis of all green-based adsorbent, the structure, 

morphology, thermal properties, and adsorption behaviors of as-synthesized absorbents 

were also systematically investigated in this work to evaluate their potential application 

for the removal of dyes. Various kinetic and isotherm models were fit to reveal the 

mechanism of adsorption. The applications of such green-based adsorbents could be 

readily extended to the removal of heavy metal ions from industrial wastewater. 
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4.2 Experimental 

4.2.1 Materials 

The source of cellulose material was filter paper (Qualitative P4, porosity: Medium - 

Fine; Flow Rate: Slow, Fisher Scientific). Microfibrillated cellulose (MFC) was kindly 

provided by FPInnovations Canada (Pointe Claire, QC, Canada), which was obtained 

via processing cellulose fibres mechanically based on a technology invented by 

FPInnovations. The resulting fibres in nano- or micro- range have the lengths from 50 to 

800 μm with the aspect ratios from 300 to 3000 and high surface area (> 80 m2/g). 

CaCO3 nanoparticles (Product # 1951RH, ≤ 30nm, 97.5%) was supplied by SkySpring 

Nanomatierials, Inc. NaOH, maleic anhydride (MA), urea, methylene blue, and methyl 

violet (MV) were all purchased from Sigma-Aldrich, Canada. Poly-DADMAC solution 

(0.01N) and PVSK solution (0.01N) was purchased from Fisher Scientific. Standard 

Methylene blue and methyl violet (1.000 g L-1) solution was prepared by dissolving 

appropriated amounts of dyes in the distilled water. 

4.2.2 Methods 

4.2.2.1 Preparation of Cellulose/Microfibrillated cellulose spheres (CMFCs) and 

carbonylated CMFCs (MCMFCs). 

The cellulose solution (4%) was prepared by the method reported elsewhere [23]. 

During the process, the filter paper was cut into pieces and then dissolved in the solution 

containing NaOH (7 wt %) /Urea (12 wt %) at -10 °C, and the homogenizer (Stanfen, 

Germany) was used. Then, the dried microfibrillated cellulose and nano-CaCO3 were 
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added at different weight ratios into the dissolved fibre solution. The mixtures were 

added into HCL (1 mol/L) dropwise using a syringe after to generate the beads via 

precipitation since cellulose is insoluble under such conditions. Over this process, the 

dissolution of nano-CaCO3 and CO2 released from the dissolution under acidic 

conditions created the pores with the size in a broad range. The 

cellulose/microfibrillated cellulose spheres (CMFCs) were washed with distilled water 

to remove the water-soluble residues, which were produced by the reaction between 

nano-CaCO3 and HCl. The precipitated CMFCs were then soaked into acetone for 24 h, 

and the CMFCs were desiccated in a vacuum oven (Figure.4.1). 

The preparation of carbonylated CMFCs (MCMFCs) followed the procedure reported in 

our previous work [20]. First, the CMFCs (5g) was added in maleic anhydride solution 

(5 g of MA dissolved in 40 mL of acetone) and soaked in the solution for 20 minutes. 

Afterwards, the mixture was placed in a vacuum oven at 50 °C for 1h, followed by 

heating up to 100°C for 3 h. The MCMFCs was then washed with distilled water, 

ethanol, and finally with acetone several times to remove the impurities or unreacted 

MA, and then desiccated in a vacuum oven overnight. As a result, the carboxylic groups 

were introduced onto cellulose through the esterification reaction. The entire process is 

illustrated schematically in Figure.4.1. 
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Figure.4.1 The Schematic of CMFCs Preparation. 

4.2.2.2 Charge density determination 

The surface charge density of cellulose MCMFCs was determined via a colloid back 

titration method using a titrator (PCD 03, Mutek, UK). In the test, 0.05g of oven-dried 

MCMFCs was added to 0.01N Poly-DADMAC solution (5mL) at room temperature 

with constant stirring for 1h. Then, titration analysis was conducted for both control and 

fiber samples by adding the PVSK (0.01N) into the mixture automatically. The point of 

zero charge detected by Mutek titrator corresponded to the amount (i.e. volume) of 

PVSK neutralizing the excessive amount of PDADMAC which unabsorbed on the 

surfaces of MCMFCs. The experiment was carried out three times simultaneously. The 

charge density of carboxylic-modified cellulose beads (mmol g-1)] was calculated by Eq 

4.1. 

                                             CCOOH = (V2 - V1) × C/mMCMFCs                                       Eq 4.1 
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Where V2 is the volume of PVSK dropped into solution with MCMFCs (mL), V1 is the 

volume of PVSK dropped into blank solution (mL), C is the concentration of PVSK and 

Poly-Dadmac, mMCMFCs is the mass of MCMFCs (g). 

4.2.2.3 Structural and morphologic characterization of adsorbents  

Fourier transform infrared spectroscopy (FTIR): prior to measurement, the tested 

specimens were prepared by grinding the KBr with dried samples. The FT-IR spectra of 

the samples were recorded using NEXUS 470 spectrophotometer (Nicolet Thermo 

Instruments, Canada) with a detector at 1 cm-1 resolution from 450 to 4000 cm-1 and 64 

scans per sample. Scanning electron microscope (SEM): the surface structure and 

morphology of the samples were observed using a JEOL JSM-6400 SEM instrument 

(Japan). Prior to observation, the surface of the samples was coated with a thin film of 

carbon using a sputter coater. Thermal analysis: analysis of the thermal stability of the 

samples was performed using the Thermo Gravimetric Analyzer (TGA and DTG) (Q600, 

TA Instruments, USA) from the ambient temperature to 600 °C under N2 atmosphere at 

10 °C /min heating rate. Brunauer-Emmet-Teller (BET): the BET adsorption was carried 

out using an Autosorb instrument (Belsorp-Max BEL Inc, Osaka, Japan). The liquid 

nitrogen was used during the measurement. The specific surface areas and pore sizes 

were measured based on the N2 gas adsorption isotherms of samples. 

4.2.2.4 Adsorption of cationic dyes 

Adsorption experiments were carried out in a batch mode to study the effect of shaking 

time, temperature, pH, and CaCO3 content on adsorption behavior. In this work, the 

adsorbents (10 mg) were immersed into 10 mL of dye aqueous solution of 20 mg/L at 
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room temperature. Prior to adsorption, the temperature-controlled shaker (SWB25, 

Thermo Electron Corporation, Germany) was used during the process of adsorption, 

shaking at 130rpm. After preset time intervals, the supernatant concentration of the MB 

was measured using a UV-vis spectrophotometer (Genesys 10-s, Thermo Electron 

Corporation) at 664nm [24]. The adsorption capacity of the MCMFCs at time t (Qt, 

mg/g), the equilibrium adsorption capacity (Qe, mg/g) and the fraction of removal (R, %) 

was calculated based on the equations mentioned in Chapter 3 [25]. 

4.2.2.5 Regeneration Analysis 

HCl (1mol/L) was used as the eluent in the test. MB-loaded MCMFCs (10mg) was 

added to the eluent (20 mL) 60 min at room temperature. The desorbed adsorbent was 

washed and dried, and the so-regenerated adsorbent was examined to determine its 

reusability. After desorbing MB, the MCMFCs was dried under vacuum before its reuse. 

4.2.2.6 The orthogonal design 

The statistical software version SPSS 16.00. was used in orthogonal design (P < .05 

means statistical difference; P < .01 means significantly statistical difference) [26], 

which involved the trials of 3 factors in 5 levels of adsorption processes to simplify the 

calculation and limit trial scope to achieve statistic efficiency. The results are shown in 

Table.4.1. The three factors in five levels were set as follows: pH, temperature, and 

concentration of nano-CaCO3 as factors A, B, and C, respectively. Among them, five 

levels of pH were set from 3 to 11; temperatures from 20 to 50 ℃; and the concentration 

of CaCO3 at wt% from 0 to 40 %, respectively. 
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Table.4.1 Three factors with 5 levels 

pH Temperature 

(℃) 

CaCO3 

(%) 

Experiment pH Temperature 

(℃) 

CaCO3 

(%) 

Experiment 

3 30 10 1 11 25 20 13 

3 25 5 2 11 30 30 14 

5 30 0 3 5 50 10 15 

7 20 5 4 11 50 5 1 

9 30 5 5 3 40 20 17 

7 50 0 6 3 50 30 18 

7 30 20 7 3 20 0 19 

9 40 10 8 9 50 20 20 

11 40 0 9 11 20 10 21 

5 40 5 10 5 25 30 22 

7 40 30 11 7 25 10 23 

9 20 30 12 9 25 0 24 

    5 20 20 25 

 

4.2.2.7 Adsorption kinetics 

Prior to kinetic studies, the synthesized MCMFCs (0.01g) were immersed in 10mL of 

dye at the desired pH and optimum temperature for preset time intervals.  The initial 

concentration of MB was fixed at 20.0 mg/L. The concentration of dye solution was 

measured and then the pseudo-first-order, the pseudo-second-order [27], and Elovich 

kinetic models imitated the adsorption data [28]. The linear forms for the three models 

are presented as follows (Eq 4.2, Eq 4.3, and Eq 4.4): 

                                                  ln (qe -q) = lnqe – k1t                                                Eq 4.2 
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                                                    t/qt = 1/(k2qe
2) + t/qe                                               Eq 4.3 

                                                 qt = (1/β) ln αβ + (1/ β) ln t                                       Eq 4.4 

Where qt and qe are the amounts of the dye adsorbed at any time t and at equilibrium 

(mg g-1), respectively. k1 and k2 are the rate constants of the adsorption (g mg-1 min-1) 

for the pseudo-first-order and pseudo-second-order model, respectively. α and β are the 

initial adsorption rate at zero coverage and the desorption constant related to the extent 

of surface coverage and activation energy for chemisorption in the Elovich model. 

4.2.2.8 Adsorption isotherms 

The experiments were carried out at the desired pH and optimum temperature by 

shaking the MCMFCs (0.01g) with 10mL of dye solutions at different initial 

concentrations. The experimental procedures were the same as addressed previously. 

Different isotherm models, including Langmuir, Freundlich and Temkin model were 

used to imitate the adsorption results. Following are the equations detailing each model 

[29,30]: 

Langmuir model (Eq 4.5): 

Eq 4.5 

where Qmax (mg g-1) and a (L mg-1) are isotherm constants. Ce (mg L-1) and qe (mg g-1) 

are the concentration and adsorption capacity at the equilibrium, respectively. 

Freundlich model (Eq 4.6): 

Eq 4.6 

where qe and Ce are noted previously. Kf is roughly an indicator of adsorption capacity 

and n is adsorption intensity. 

𝐶𝑒/𝑞𝑒 = 𝐶𝑒/𝑄𝑚𝑎𝑥 + 1/(𝑄𝑚𝑎𝑥 𝑎) 

𝑙𝑛 𝑞𝑒 = 𝑙𝑛 𝐾𝑓 + (1/𝑛) 𝑙𝑛 𝐶𝑒  
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Temkin model (Eq 4.7): 

Eq 4.7 

where A (L mg-1) and bT (J mol-1) are the Temkin constants, T is the absolute 

temperature, and R is the universal gas constant 8.314 J mol-1K-1. 

4.3 Results and discussion 

4.3.1 FT-IR spectra 

The FT-IR was employed to investigate the changes of the functional groups on CMFCs 

after modification. The spectra of both modified and control samples are presented in 

Figure.4.2. 

 

Figure.4.2 FT-IR spectrum for control and modified CMFCs 

Some characteristic peaks of cellulose were identified, the band at 3444 cm-1 

corresponded to the hydrogen bond O-H stretching vibration, the C-H symmetric 
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stretching vibration assigned at 2901 cm-1, the absorbance at 1628 cm-1 was associated 

with O-H bending of the absorbed water, and the band at 1103 cm-1 was the C-O 

stretching vibration [31]. Compared with the spectra of CMFCs, the new peaks at 1725 

and 1639 cm-1, were observed on MCMFCs. After modification, characteristics peaks at 

1725 cm-1, and 1639 cm-1 occurred, which corresponded to carbonyl groups (C=O) and 

the vibration of vinyl groups (C=C), respectively [32]. Hence, the chemical reaction 

between maleic anhydride and CMFCs was proved. Moreover, the peak assigned to -OH 

stretching adsorption shifted from 3444 cm-1 to 3399 cm-1 after modification, which 

further demonstrated the reaction between the hydroxyl groups on CMFCs and maleic 

anhydride during modification [33]. In addition, the successful introduction of carboxyl 

groups on MCMFCs could be verified via the colloidal titration method, which gave the 

anionic charge density of 0.573 mmol g-1, was proportional to the amount of carboxyl 

groups on cellulose glucose repeat units. 

4.3.2 Surface morphology of CMFCs and MCMFCs 

To facilitate the observation with SEM, the cellulose/microfibrillated cellulose 

composite spheres were embedded in the epoxy resin, and then cut and polished. To get 

insight into the inner or porous structures of as-synthesized adsorbents, the 

morphologies of CMFCs (10% CaCO3), CMFCs (30% CaCO3), the cross sections of 

CMFCs and MCMFCs were revealed under SEM, respectively (Figure.4.3). Figure.4.3a 

and Figure.4.3b indicated that the dissolved cellulose matrix reinforced with MFC 

formed a honeycomb-like structure with pores at various sizes; the cross section of 

CMFCs presented a porous morphology, and more porous structure was observed on the 
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spheres with the higher concentration of nano-CaCO3 added, demonstrating the role of 

nano-CaCO3 in pore forming processes. Clearly, the pores could be created via the 

reaction between CaCO3 and HCl, during which the dissolution of CaCO3 occurred 

while the carbon dioxide was released, thus leading to porous structure. In comparison 

with the morphology of CMFCs (10% CaCO3) Figure.4.3c, the CMFCs (30% CaCO3) 

(Figure.4.3d) exhibited more porous and wrinkled structure. However, the beads 

consisting of maleic anhydride-grafted cellulose appeared to be less porous (Figure.4.3d 

and Figure.4.3e), due to the grafted maleic anhydride which might fill up some pores on 

the spheres. 

 

Figure.4.3 SEM images of cross-section of CMFCs (10% CaCO3) (a), cross-section of CMFCs (30% 

CaCO3) (b), CMFCs (10% CaCO3) (c), CMFCs (30% CaCO3) (d) and CMFCs-30 (30% CaCO3) 

after being modified by MA (e). 
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4.3.3 Thermal analysis 

To reveal the thermal properties of cellulose/microfibrillated cellulose beads (CMFCs) 

and MCMFCs, the TGA and DTG curves are shown in Figure.4.4. As for CMFCs and 

MCMFCs, a total mass loss of 92.7% and 93.3% over the temperature range between 

25 ℃ and 700 ℃ were observed (see Figure.4.4a), respectively. Both CMFCs and 

MCMFCs showed an initial weight loss of 8% between 25 ℃ and 100 ℃, which was 

due to the evaporation of bound water from the samples. And the release of water from 

samples was the same for both samples, presumably due to the similar hydrophilic 

properties associated with cellulose and microfibrillated cellulose [34]. Compared to the 

CMFCs, the decomposition of MCMFCs occurred in three events: the first weight loss 

of 8%, starting at 50 °C in the TGA curve, was attributed to a bound water released from 

the MCMFCs; the second decomposition occurred around 160°C, presumably due to the 

initial stage of thermal degradation; the third weight loss happened at the temperature 

higher than 290 °C, corresponding to the major thermal cleavage of cellulose and 

microfibrillated cellulose, which also reflected to an endothermic peak in the 

Figure.4.4b at around 338 °C [35]. However, the results in Figure.4.4b indicated that the 

thermal decomposition peak of the maximum weight loss was 349 °C for CMFCs, 

which was 11 °C higher than that of MCMFCs. Obviously, the cellulose/CMF spheres 

showed higher thermal resistance than the spheres modified by maleic anhydride. 
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Figure.4.4b 

Figure.4.4 The TGA and DTG curves of CMFCs and MCMFCs 
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4.3.4    Brunauer-Emmet-Teller (BET) 

From the data of BET, the specific surface area of CMFCs increased from 0.0765 m2/g 

to 11.30 m2/g and the total pore volume was changed from 1.4 ×10-2 to 2.4 ×10-2 cm3/g 

when the concentration of nano-CaCO3 was increased from 10% to 30% (wt). Whereas 

the specific surface area for MCMFCs prepared at 30% CaCO3 changed to 6.73 m2/g, 

suggesting that the esterification with maleic anhydride lowered surface areas. 

Meanwhile, the total pore volume changed from 2.4 ×10-2 to 9.62×10-3 cm3/g, 

presumably due to the collapse of pores and the grafted maleic anhydride which might 

fill up some pores inside beads. In addition, when the spheres were modified by maleic 

anhydride, the pore structure was gradually destroyed and the agglomeration pores on 

spheres increased, resulting in a decrease in the total pore volume and the specific 

surface area. However, the adsorption capacity of synthesized MCMFCs increased 

significantly after the modification, and such a phenomenon may due to the enhanced 

surface reactivity towards the adsorption. Therefore, the nano-CaCO3 was conducive to 

the pore structure, and the negative charge of the MCMFCs was the main reason to 

increase the adsorption capacity of dye onto CMFCs. In addition, the specific surface 

area of CMFCs without CaCO3 could not be detected by BET, which indicated that 

CMFCs had very limited or no micro or mesoporous structures. It is worth noting that 

BET testing is only capable of detecting the micro- or mesopores on the adsorbents, 

which often exist on the walls of the pores on the adsorbent. However, those micro or 

mesoporous structures could play an important role in the adsorption of dyes.  
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4.3.5 Adsorption behavior 

4.3.5.1 The orthogonal experiments 

The results obtained from the orthogonal experiments were analyzed using the software 

SPSS under “General Linear Model - Univariate”. After inputting the data from 

Table.4.1 into SPSS and defining the variables, we obtained the following outputs (see 

Tables.4.2 and Table.4.3), including dependent variables and tests of between - subject 

effects: 

Table.4.2 pH, temperature, and percentages of CaCO3 - Dependent variable: fraction of removal 

pH Mean 95% Confidence Interval 

Lower Bound Upper Bound 

3 .559 .444 .674 

5 .687 .572 .802 

7 .960 .845 1.075 

9 .948 .833 1.063 

11 .862 .747 .977 

 

Temperature 

C 

Mean 95% Confidence Interval 

Lower Bound Upper Bound 

20 .824 .709 .939 

25 .843 .728 .958 

30 .781 .666 .896 

40 .791 .676 .906 

50 .777 .662 .893 
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CaCO3 

concentration Wt%  

Mean 95% Confidence Interval 

Lower Bound Upper Bound 

0 .720 .605 .835 

5 .828 .713 .943 

10 .850 .735 .965 

20 .762 .647 .877 

30 .857 .742 .972 

 

Table.4.3 Tests of Between-Subjects Effects – Dependent Variable 

Source Type III Sum of Squares df Mean Square F Sig. 

Corrected Model .699a 12 .058 4.179 .010 

Intercept 16.131 1 16.131 1.157E3 .000 

pH .612 4 .153 10.969 .001 

Temperature .016 4 .004 .296 .875 

CaCO3 conc. .071 4 .018 1.273 .334 

Error .167 12 .014   

Total 16.997 25    

Corrected Total .867 24 
   

 

Table.4.2 indicated the dependent variable of fraction of removal by pH (A), 

temperature (B), and the concentration of CaCO3 (C). As can be seen in the Table.4.2, 

the mean values varied for different levels, and the order of the influence of each factor 

level on the results were: A3>A4>A5>A2>A1, B2>B1>B4>B3>B5, 

C5>C3>C2>C4>C1. Table.4.3 revealed the significant order of the factors for the test 

results, i.e., A>C>B. The analysis of variance showed that the pH impact on the fraction 

of removal of dyes was significant (P <0.05); whereas temperature (B) had no 

significant effect on the dye removal, and the influence of CaCO3 concentration was 

standing somewhere in between [36]. Combined with various factors, the optimal 

conditions for the dyes adsorption were A3B2C5. Due to the limited effect of the 
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concentration of CaCO3, C3 (20%) was selected in the following experiments. As a 

result, the optimal conditions were: pH 7, temperature 25°C, and 20% CaCO3, which, in 

fact, are the conditions easy to be accomplished in applications. 

4.3.5.2 Adsorption kinetics 

The adsorption kinetics was analyzed by employing pseudo-first-order, pseudo-second-

order, and Elovich kinetics models to demonstrate the adsorption process of MB on 

MCMFCs. The parameters are illustrated in Table.4.4 and the effect of contact time is 

shown in Figure.4.5a from 5min to 150min. The pseudo-first-order and the pseudo-

second-order are the models to imitate a surface-controlled adsorption rate. Another 

kinetic model, the Elovich kinetics, describes the adsorption that is limited by the 

surface-controlled adsorption onto energetically heterogeneous sites. 

A good linearity was observed in the plot of t/qt versus t, which was further confirmed 

by the high correlation coefficient (R2 = 0.9989 (20 °C), 0.9997 (25 °C), and 0.9997 

(40 °C), respectively) determined by the pseudo-second-order model. These results 

revealed that the adsorption of MB onto the synthesized adsorbents were better fit using 

the pseudo second-order kinetic model, which indicated that the rate controlling step in 

adsorption of the dyes was the chemical-sorption between the adsorbent and adsorbate 

[37]. The rate constant (k2) of MCMFCs (40 °C) was higher than those of MCMFCs 

(25 °C) and MCMFCs (20 °C), indicating a faster uptake of dyes onto the adsorbents. In 

addition, the suitability of Elovich model (R2 = 0.9702 (20 °C), 0.9760 (25 °C), and 

0.9142 (40 °C), respectively) indicated that the adsorption rate was limited by 

heterogeneous energetic barriers corresponded to the surface adsorption [38]. In 
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summary, for the case of dye adsorption onto the MCMFCs, the adsorption capacity is 

governed by the porous structure of adsorbent, the chemical adsorption sites, and the 

intra-particle diffusion. It seems like that one or more of these three factors control the 

MCMFCs adsorption rate under the different experimental conditions; whereas the 

correlation coefficient of pseudo-second-order is the highest, followed by pseudo-first-

order and Elovich kinetics model. Thus, the faster adsorption rate might be related to the 

introduction of carboxylic groups in the adsorbents; and the chemical modification is 

essential in improving the adsorption capacity of MCMFCs. 

From Figure.4.5a, the adsorption quantities increased rapidly in the initial 30 minutes 

with the fraction of removal at 90%; and the equilibrium was reached after 90 min for 

MB. The adsorption processes of MB onto the porous MCMFCs were essentially 

relevant to three continuous events, which were marked in Figure.4.5. The first step, 

circled via the black line, was due to an external or instantaneous surface adsorption 

process. The second step, indicated via the red line, was the gradual adsorption process, 

where the intraparticle diffusion was rate-controlled. The third step, circled via the 

purple line, was the equilibrium adsorption process, in which the intraparticle diffusion 

rate was low owing to the extremely low concentration of MB in solution [39]. 



 

 

115 

 

0

1

2

3

4

5

6

7

8

9

0 50 100 150

t/
q

t
(m

in
 g

 m
g

-1
)

t (min)

20
25
40

 

Figure.4.5 The effect of contact time (a) and the linear of pseudo second order kinetic (b) at 20, 25, 

and 40 °C 

Table.4.4 The kinetic parameters for the pseudo-first, pseudo-second-order and Elovich models 

Adsorbate Kinetics 

model 

Q e,exp 

(mg/g) 

K1 (g mg-1 

min-1) 

K2 (g mg-

1 min-1) 

α   β  R2 

MB (20°C) Pseudo-first-

order 

52.15 0.079 - - - 0.7620 

Pseudo-

second-order 

20.53 - 3.36×10-3 - - 0.9989 

 Elovich - - - 3.371 0.2437 0.9702 
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MB (25°C) Pseudo-first-

order 

9.641 0.041 - - - 0.9760 

Pseudo-

second-order 

20.08 - 8.21×10-3 - - 0.9997 

Elovich - - - 3.157 0.5088 0.9760 

MB (40°C) Pseudo-first-

order 

11.71 0.059 - - - 0.9804 

 Pseudo-

second-order 

20.24 - 9.84×10-3 - - 0.9997 

 Elovich - - - 32.61 0.3587 0.9142 

 

4.3.5.3 Adsorption isotherms 

Prior to studying the adsorption mechanism onto MCMFCs systematically, the 

experimental data were fitted using Langmuir, Freundlich, and Temkin isotherms. The 

results, imitated from different adsorption isotherms, are shown in Figure.4.6. The 

Langmuir plot of Ce/Qe versus Ce showed a linear curve with the slope of 1/Qmax and 

intercept of 1/(a*Qmax) as well as a higher R2 of 0.9992 at 45 °C (Figure.4.6a), 

demonstrating the excellent fit. In contrast, the Freundlich isotherm (Figure.4.6b) and 

Temkin isotherm (Figure.4.6c) had a much lower R2 of 0.5396 and 0.4725, respectively, 

showing a poorer fit. Therefore, the well-fitted Langmuir isotherm could well explain 

the adsorption process, i.e., MB adsorbed as a monolayer on the MCMFCs surfaces with 

the maximum adsorption capacity Qmax at 301.76 mg g-1. In this study, the estimated 

adsorption capacity (303.03 mg g-1) is very close to the maximum dye uptake obtained 

experimentally. Such a high adsorption capacity enables MCMFCs to be a very 

promising green-based adsorbent for dye removal. The comparison of the dye 
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adsorption capacity of MCMFC with other adsorbents reported elsewhere is presented in 

Table.4.5. 
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Figure.4.6 Linear plots of Langmuir, Freundlich, and Temkin isotherm for adsorption on 

MCMFCs. 

Table.4.5 Comparison of dye adsorption capacity of MCMFCs with other adsorbents 

Adsorbent materials Adsorption capacity (mg/g) 

Cellulose Nanocrystal [40] MB: 106 

Cellulose nanofibrils [41] Malachite green (MG): 212.7 

MCMFCs (this work) MB: 303.03 

MCDBs (previous work) [20] MB: 117.65; MV: 62.11 

APE/bentonite-CCMF (CAC) composite [42] Brilliant Green (BG): 52.63 

Hydrogel nanocomposites (HNCs) [43] Rhodamine B (RhB): 137 

 

4.3.5.4 The effect of temperature 

The thermodynamic parameters, such as enthalpy (△H°), entropy (△S°) and Gibb’s free 

energy (△G°) were determined using the Van’t Hoff equation [44]. Table.4.6 lists the 

thermodynamic parameters obtained from the temperature effect on adsorption, the 
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values of free energy changes △G° are negative, confirming that adsorption of dyes onto 

MCMFCs is spontaneous and thermo-dynamically favorable. The more negative values 

of △G°, the greater driving force to the adsorption process. As the temperature increased, 

the △G° value decreased, indicating less driving force, and hence resulting in lesser 

adsorption capacity at higher temperatures. The value of △H° is negative, indicating that 

the adsorption process is exothermic in nature. The negative value of △S° indicates the 

stability of adsorption process with no structural change at solid-liquid interface. 

Table.4.6 The calculation of △ G◦, △ H◦, and △ S◦ 

Temperature (K) △G° (kJ mol-1) △S° (kJ mol-1 K-1) △H° (kJ mol-1) 

298.15 -4.31 -0.0881 -35.93 

303.15 -3.82 

313.15 -3.63 

318.15 -3.46 

 

4.3.5.5 Regeneration Analysis 

The regeneration was carried out by immersing the dye-laden adsorbent into 

hydrochloride acid (1mol/L) solution for 60 min. Once recovered, the MCMFCs were 

reused for the MB removal in future five cycles (Figure.4.7). The recycling of adsorbent 

is critical for the application, the desorption rate is presented along with the different 

cycle time. As can be seen from Figure.4.7, both desorption rate and fraction of removal 

of MB decreased gradually as the cycle time increased but maintained at 87.1% and 

85.1% at the 5th recycle, respectively. Thus, the results demonstrate that MCMFCs is an 

efficient and cost-effective adsorbent with great potential for regeneration. 
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Figure.4.7 Reusability of MCMFCs for MB adsorption (at the initial concentration of 20 mg/L at 

298 K). 

4.4 Conclusions 

In summary, an easily operated and environmentally-friendly process was developed to 

prepare green and renewable composite adsorbents which consist of dissolved cellulose 

fibres as matrix and microfibrillated cellulose as reinforced microparticles. The 

combination of microfibrillated cellulose not only significantly enhanced the adsorption 

efficiency but also simplified the operation, filtration, and separation. The grafted 

carboxyl groups on both dissolved cellulose fibres and MFC and large specific surface 

area of CMFCs created by pore forming agent are believed to be the key factors for the 

superior capacity of the adsorbents. The maximum adsorption capacity of adsorbent 

(Langmuir) toward methylene blue dye was 303.03 mg g-1, which is higher than most 

bio-adsorbents reported elsewhere. Therefore, the MCMFCs are expected to be a 
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promising cost-effective and renewable absorbent for highly efficient removal of 

organic pollutants.  
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Chapter 5 Novel cellulose filaments based composite spheres: 

microwave-assisted synthesis, characterization, and application in 

water treatment4 

ABSTRACT 

A novel method for synthesizing temperature-responsive polymer-modified cellulose 

filaments/Poly (N-isopropylacrylamide) spheres (P-MCCBs) was successfully 

developed in this study. The cellulose filaments spheres were first prepared using a 

vacuum drying method in the presence of a pore forming agent (nano-sized CaCO3). 

Afterwards, NIPAM (N-isopropylacrylamide), a temperature-sensitive monomer, was 

polymerized and grafted onto the cellulose filaments spheres through in situ free radical 

polymerization by using microwave-assisted polymerization. The morphology, chemical 

structure, and thermal sensitivity of the spheres were characterized. The dye and heavy 

metal desorption capability of hybrid spheres were also investigated. The spheres 

grafted with PNIPAM exhibited a controllable desorption rate at different temperatures 

(25 and 45 °C). The temperature effect on the dye and heavy metal adsorption rate was 

also observed. The adsorption kinetics followed the pseudo-second-order model, and the 

desorption process could be fit by using Higuchi and Korsmeyer-Peppas models. These 

results indicated that porous P-MCCBs could act as a novel material for controllable 

adsorption and desorption processes of contaminants (Methylene Blue and Pb2+). 

                                                 
4 This chapter has been submitted on Journal of Environmental Management, the format follows the 

requirements of the Journal. The entire experimental work was performed by the candidate Yuan Li along 

with the preparation of the manuscript. 
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Keywords: Cellulose filaments spheres, Microwave-assisted, Thermal-responsive, 

Kinetics. 

5.1 Introduction 

The rapid development of economy and expanding industrial activities introduced the 

increasing levels of hazardous dyes and heavy metal ions into waste water, which has 

been accepted as major concerns of our environment [1]. These contaminants are 

hazardous and endanger humans at even low concentrations. Dyes and toxic heavy 

metal ions are utilized in the most industrial units such as printing, leather, mining, 

textile, pulp mills, etc [2].  The industrial wastewaters should be discharged with 

adequate treatment due to the potentially endanger the environment. However, the 

degradation products are also carcinogenic and cannot be degraded or destroyed [3]. 

Among the conventional methods such as ion exchange, chemical precipitation, solvent 

extraction, adsorption etc., the adsorption onto a solid substrate is dominating due to the 

benefits such as cost effective, high efficient, easy operating, and without by-products 

[4]. A variety of adsorbents have been studied by researchers in recent years [5-7]. To 

minimize the shortages of utilizing activated carbon, some low-cost adsorbents, such as 

agricultural by-products [8], bio-adsorbents [8], diatomite, and clay, have been 

investigated widely. Particularly, cellulose, as a natural material, gained increasing 

emphasis as an efficient solution for the wastewater treatment [10]. 

Recently, smart materials, thermo- and pH-responsive materials, were reported by some 

researchers [11-13] which could be utilized in the fields of biotechnology and 

pharmaceutical. Poly (N-isopropyl acrylamide) (Poly-NIPAM), an insoluble polymer 
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with the lower critical solution temperature (LCST) at 32 °C, was usually used as the 

thermo-sensitive polymer to prepare thermos-responsive materials [14], Pan et al.  [15] 

synthesized thermo-responsive regenerated cellulose membranes by grafting with 

PNIPAM using atom transfer radical polymerization (ATRP), and found the membranes 

had obvious thermally modulated properties. Yang et al. [16] synthesized cellulose-

graft-poly (N-isopropylacrylamide) (cellulose-g-PNIPAM) copolymers, which exhibited 

clear temperature-sensitive behavior and might be attractive substrates for some 

biomedical applications, such as drug release and tissue engineering. In addition, the 

typical pH-sensitive polymers including poly (acrylic acid) (PAA) [17] and poly(4-

vinylpyridine) (P4VP) [18] have been reported as a stable and highly binding capacity 

resources compared to the low-molecular-weight species. Up to now, the functional 

materials with dual-responsive properties have been reported. Jin et al. [19] prepared a 

kind of core-shell hybrid composite as a drug carrier, copolymer poly(N-isopropylacryl-

acrylamide)-co-poly(acrylicacid) [P(NIPAM-co-AA)] with pH- and temperature-

responsive characteristics was introduced to control the properties of the composite. 

Thermo- and pH-responsive N-isopropylacrylamide (NIPAM) nanogels were 

synthesized by copolymerization of acrylic acid (AA) comonomer through differential 

microemulsion polymerization, the as-prepared nanogels had higher drug release 

properties [20]. Furthermore, some researchers have studied the microwave-assisted 

polymerization due to the drawbacks of conventional method including the 

uncontrollable reaction rate, long reaction time, and by-products, which includes step-

growth polymerizations [21], free radical polymerizations [22], and ring-opening 

polymerizations [23]. 
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In this study, we synthesize temperature-responsive composite cellulose filaments/Poly 

(N-isopropylacrylamide) (CF/Poly-NIPAM) spheres via microwave-assisted synthesis. 

The precipitated cellulose/CF composite spheres will be firstly prepared, afterwards, the 

modification of as-prepared spheres will be carried out by microwave-assisted synthesis 

featuring temperature responsiveness through free radical polymerization using N, N’-

methylenebisacrylamide (MBA) as the crosslinker and potassium persulfate (KPS) as 

the initiater. The synthesized adsorbents were characterized using FTIR, TGA, and 

SEM. Finally, the as-synthesized adsorbents were applied for the adsorption of 

methylene blue (MB) ions, as a representative of dyes, and lead (Pb (II)) ions, as a 

representative of heavy metals, from aqueous solution. 

5.2 Experimental  

5.2.1 Materials 

The source of cellulose was filter paper (Qualitative P4, Fisher Scientific). 

Microfibrillated cellulose (MFC) was kindly provided by FPInnovations Canada (Pointe 

Claire, QC, Canada), which was obtained via processing cellulose fibres mechanically 

based on a technology invented by FPInnovations. The resulting fibres in nano- or 

micro- range have the lengths from 50 to 800 μm with the aspect ratios from 300 to 

3000 and high surface area (> 80 m2/g). CaCO3 nanoparticles (Product # 1951RH, ≤ 

30nm, 97.5%) was supplied by SkySpring Nanomatierials, Inc. Sodium hydroxide 

(solid), maleic anhydride (MA), urea, methylene blue, Lead (Pb (II)) nitrate, N-

isopropylacrylamide (NIPAM), all purchased from Sigma-Aldrich Chemical Co., N, N’-
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methylenebisacrylamide (MBA), N, N, N, N-tetramethylethylene diamine (TEMED), 

and potassium persulfate (KPS) were all of analytical grade chemicals (Aldrich). 

5.2.2 Experimental methods 

5.2.2.1 Preparation of precipitated cellulose/CFs composite spheres 

The synthesis of polymer grafted precipitated cellulose/CFs composite spheres (P-

MCCBs) were carried out by following procedures: commercial filter paper and CFs 

were used as the starting material for the preparation of precipitated cellulose/CFs 

composite spheres. Dry cellulose was dissolved by using the matrix solution (7% 

NaOH/12% urea) at -10 °C, and then the CFs and the pore forming agent (CaCO3) were 

dispersed in the cellulose solution using a high-speed shear homogenizer (Stanfen, 

Germany) for 5 min to obtain a constant CFs suspension. After that, the CFs suspension 

was added into 1N HCl solution dropwise. The precipitated cellulose/CF composite 

spheres were formed, at the mean time, the pore forming agent was dissolved by HCl. 

The as-prepared spheres were then washed with distilled water and acetone for several 

times and finally dried via a vacuum drying process. 

5.2.2.2 Microwave-assisted synthesis of polymer grafted precipitated 

cellulose/CFs composite spheres 

The preparation of carbonylated cellulose/CFs composite spheres (MCCBs) was 

reported in our previous work [24]. The polymer grafted precipitated cellulose/CFs 

composite spheres (P-MCCBs) were prepared by concurrent crosslinking and 

microwave-assisted free radical polymerization of NIPAM inside the MCCBs (as 
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indicated in Figure.5.1). First, prior to make a uniform solution, the monomer NIPAM, 

the crosslinking agent MBA and initiator KPS were dissolved in distilled water by 

gently stirring. The concentrations of NIPAM were controlled by 5, 10, and 15% (w/v), 

respectively. The MBA and KPS concentrations were 10% and 2% based on the weight 

of NIPAM. Afterwards, the dry MCCBs were soaked in the mixed solution. The spheres 

were saturated by gently shaking at 130 rpm using the shaker (SWB25, Thermo Electron 

Corporation, Germany). The excess solution was removed, and the sample was 

transferred into the baker containing paraffin oil and emulsifier span 80. The sample was 

fully dispersed by vigorous shaking and transferred into the microwave reactor. The 

proper conditions were used for the polymerization (70 °C and 100 w). After the 

polymerization at different reaction time, the P-MCCBs composites were washed by 

excessive distilled water and acetone several times. The purified sample was dried by a 

vacuum-drier. The corresponding samples were named P1-MCCBs, P2-MCCBs, and 

P3-MCCBs according to the concentrations of NIPAM during the process of 

preparation.  
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Figure.5.1 The preparation of polymer grafted precipitated cellulose/CFs composite spheres (P-

MCCBs) 

5.2.3 Characterization of P-MCCBs 

The samples were grinded and analyzed by Fourier transform infrared spectroscopy 

(FTIR). The test was carried out using NEXUS 470 spectrophotometer (Nicolet Thermo 

Instruments, Canada) with a detector at 1 cm-1 resolution from 500 to 4000 cm-1 and 16 

scans per sample. Thermal stability of the adsorbents was tested by using 

Thermogravimetric Analyzer (TGA, Q600, TA Instruments, USA). Approximately 10 

mg of the samples was used for every test. The experiment was carried out at a heating 

rate of 10 °C min-1 under nitrogen flow of 100 ml min-1. Scanning electron microscopy 

(SEM, JEOL JSM-6400, Japan) was used for morphological characterization. Prior to 
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observation, samples were attached to the holders and coated with gold before the tests. 

Bulk density was tested by transferring a known quality of adsorbents to a measuring 

cylinder and repeat three times. The bulk density of the samples was calculated by 

dividing the weight (g) by the volume (cm-3). 

5.2.4 Adsorption of MB and Pb2+ 

Prior to study the effect of shaking time, temperature, and pH, the batch mode 

adsorption was carried out in this experiment. The stock solutions of 1000 mg L-1 MB 

and Pb2+ were prepared by dissolving a certain amount of MB and Pb(NO3)2 into the 

distilled water and the working concentrations were obtained by diluting the stock 

solutions accurately.  

Adsorption experiments were conducted at a constant speed of 130 rpm using 50 mL 

glass containers containing 10 mg of adsorbents with 10 mL of MB and Pb2+ solution at 

a controlled temperature. The temperature-controlled shaker (SWB25, Thermo Electron 

Corporation, Germany) was used during the adsorption process at a fixed agitation 

speed at 130 rpm for all experiments. The initial pH of the solutions was adjusted by 

adding 1 M HCl or 1 M NaOH. The optimal pH was determined and used throughout 

the adsorption experiments. The concentration of MB was measured using a UV-vis 

spectrophotometer (Genesys 10-s, Thermo Electron Corporation) and the concentration 

of Pb2+ was detected by using Inductive Coupled Plasma Emission Spectrometer 

(VISTA-MPX CCD, USA). The adsorption capacity of MB and Pb(II) (Qe) was 

calculated by Eq 5.1: 

Qe = (Ci - Ce) × V/W                                             Eq 5.1 
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where Ci and Ce are initial and equilibrium concentrations (mg/L), respectively; W is the 

mass of the samples (g); and V is volume of the solution (L).  

The removal percentage was presented by Eq 5.2: 

Eq 5.2 

where Ci and Ce have been mentioned above (mg/L). 

5.2.5 Desorption of MB and Pb2+ 

The feasibility of desorption of the adsorbents was investigated using 0.001 mol/L HCl 

(pH ~3). After agitating 10 mg of the dried adsorbents with 10 mL of MB and Pb2+ 

solution at a controlled temperature under optimum conditions, MB and Pb2+ loaded 

adsorbent was washed, dried, and added into 5 mL of 0.001 mol/L HCl solution for 

desorption at 130 rpm. The desorption rate at each period was calculated.  

5.3 Results and discussion 

5.3.1 FTIR spectra 

The FTIR spectra of MCCBs, P3-MCCBs, and dye-laden MCCBs are compared in 

Figure.5.2. For MCCBs, the absorption bands at 3400 and 2900 cm-1 were corresponded 

to the stretching of O-H and C-H bonds, respectively. The absorbance at 1636 cm-1 was 

associated with O-H bending vibration of the absorbed water and the vibration of vinyl 

groups (C=C). The band 1430 cm-1 was due to the in-plane bending vibrations of H-CH 

and O-CH groups from cellulose. The peak at 1722 cm-1 attributed to the carbonyl 

groups (C=O) [25]. After the polymerization, the peaks at 1563, 1636, and 1722 cm-1 

were due to amide groups and N-H groups of NIPAM. The absorption band of isopropyl 

𝑅 = (𝐶𝑖 − 𝐶𝑒)/𝐶𝑖  
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groups at 1372 cm-1 was also observed in the spectra. In addition, the peak at 1722 cm-1 

was weakened after polymerization, indicating that the carboxyl groups were occupied 

during the reaction. This peak was even weaker after the adsorption of dye, revealing 

that the carboxy groups participated in the adsorption process. Moreover, the peak 

attributed to -OH stretching (3440 cm-1) was widened after polymerization, which 

further revealed the reaction between the hydroxyl groups and the monomer during 

polymerization. These results indicated that the preparation of carbonylated MCCBs 

was successful and the P-MCCBs had been successfully synthesized through radical 

polymerization using microwave-assisted synthesis. 
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Figure.5.2 FTIR spectra of MCCBs, P3-MCCBs, and Dye-laden MCCBs 

5.3.2 SEM images 

The SEM images of pure cellulose spheres and P3-MCCBs are shown in Figure.5.3. 

From Figure.5.3a, clearly, the pure cellulose spheres were highly porous, and the 
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morphology of precipitated cellulose and the CFs appeared as a heterogeneous network 

structure. Figure.5.3b and Figure.5.3c indicated the cross-section of pure cellulose 

spheres, where the inner morphology of the spheres could be identified dramatically. 

The precipitated cellulose reinforced with CFs successfully and formed the pores at 

various sizes. More importantly, the individual CFs could be clearly observed in 

Figure.5.3c, demonstrating the successful application of nano-CaCO3 in pore forming 

processes. The SEM images (d and e) showed that PNIPAM polymer chains were 

distributed in the cellulose spheres network. The morphology of P3-MCCBs (d and e) 

hybrid spheres was significantly different from that of cellulose spheres (a, b, and c). 

Though the P3-MCCBs were less porous than cellulose spheres, the porous structure 

with different pore sizes was also clearly seen on the SEM image (Figure.5.3e). Due to 

the uneven porous structure of cellulose spheres, the pore size of P3-MCCBs varied 

widely from nanometers to even micrometers [26].  

 

Figure.5.3 SEM images (a, b, and c - cellulose spheres; d and e - P3-MCCBs)  
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5.3.3 TGA 

The TG and DTG curves show the thermal stability and the temperatures of 

decomposition, respectively. The Figure.5.4 revealed that the thermal decomposition of 

pure cellulose spheres mainly occurred at temperatures at 50 and 302 °C, where 10 and 

60% of the total weight were thermally degraded. From the DTG curves of P3-MCCBs, 

the maximum decomposition rate occurred at about 314 °C, which indicated that the 

thermal stability of P3-MCCBs was significantly different from that of pure cellulose 

spheres because of the properties such as high specific area, porous structure, etc. 

Particularly, from DTG curve of P3-MCCBs, the decomposition rates were observed at 

about 225 and 380 °C, which reflected the thermal decomposition of the Poly-NIPAM 

staying in the channels of the spheres and the Poly-NIPAM grafted cellulose spheres. By 

comparing the pure cellulose spheres and P3-MCCBs, P3-MCCBs showed higher 

thermal stability than pure cellulose spheres, indicating that the polymerization 

obviously affected the thermal stability of cellulose spheres. 
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Figure.5.4 TG and DTG curves of pure cellulose spheres and P3-MCCBs. 
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5.3.4 Bulk density of the spheres 

Bulk density reflects the quality of the spheres, the porous structure of the adsorbents, 

and further evaluates the potential of the spheres. It can be calculated by dividing the 

weight by the volume of the spheres. The volume was determined by transferring a 

certain quality of spheres to a measuring cylinder. The corresponding results are 

indicated in Figure.5.5. Clearly, the bulk density of MCCBs increased with the increase 

of monomer ratio, showing an almost linear proportion to the NIPAM content, which 

indicated that more polymer had been grafted on or entrapped in the MCCBs. Ideally, 

the hydroxyl groups on the spheres could react with NIPAM via polymerization and no 

more active hydroxyl groups remained on the chains of cellulose and CFs. In this case, 

the more monomers added, the more polymers were produced. Such phenomenon 

matched the results of bulk density dramatically.  
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Figure.5.5 Bulk density of the polymer-modified spheres. 
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5.3.5 The effect of reaction time (microwave-assisted) 

Fig.5.6 indicates the graft efficiency and weight gain of P3-MCCBs at the function of 

reaction time. As shown in Figure.5.6, the graft efficiency of P3-MCCBs increased 

dramatically along with the reaction time, reached 65% within 5 minutes. At the 

meantime, the weight gain was around 18.22%. In addition, when the reaction time was 

10 minutes, the graft efficiency and weight gain of P3-MCCBs were 81% and 23%, 

respectively, showing a fast reaction process via microwave-assisted polymerization. 

When the reaction time was further increased to 20 minutes, the graft efficiency of P3-

MCCBs increased up to 95.38%, and such efficiency peaked at 96.25% with the reaction 

time of 30 minutes, with the weight gain maintained at 28.01%. These results reflected 

that the microwave-assisted polymerization was a fast and stable process along with the 

high graft efficiency of monomers. The reaction time was set to 20 minutes in the 

following experiments. 
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Figure.5.6 The graft efficiency and weight gain versus reaction time (5, 10, 20, 30, and 40min). 
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5.3.6 The graft efficiency of P1-MCCBs, P2-MMCCBs, and P3-MCCBs 

The microwave-assisted polymerization was carried out by using the different 

concentrations of NIPAM (5, 10, and 15% w/v) with the optimal reaction time of 20 

minutes, the corresponding results are indicated in Figure.5.7. From Figure.5.7, the 

polymerization accomplished in 20 minutes with the graft efficiency of P1-MCCBs, P2-

MMCCBs, and P3-MCCBs at 88.84, 97.29, and 95.38%, respectively. Meanwhile, the 

weight gain was 6.34, 15.4, and 27.82%, reflecting a gradual increase. Such 

phenomenon revealed that the polymerization could be microwave accelerated and high 

efficiency could be obtained via microwave-assisted polymerization. 
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Figure.5.7 The graft efficiency of P1-MCCBs, P2-MMCCBs, and P3-MCCBs. 

5.3.7 pH effects on the adsorption of MB and Pb2+ 

The removal of dye (MB) and heavy metal ion (Pb2+) as a function of pH were studied 

by varying the pH range from 3 to 11 and 2 to 6, respectively. The corresponding results 
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are shown in Figure.5.8. In aqueous solutions, Pb2+ is dominant at pH 2-6; other species 

(PbOH+) can exist at a higher pH. However, the dyes are stable to pH values. Generally, 

the pH value of solution is an important influencing factor affecting the adsorption of 

dyes and heavy metal ions. As shown in Figure.5.8, the fraction of removal of MB was 

extremely low and even lower for Pb2+, indicated that the lower pH values of the 

solution, the lower adsorption capability of pollutants. The pH affects the concentration 

of hydrogen ions in the solution, which can compete with the dyes and heavy metal ions 

for the limited adsorptive sites on the adsorbents, resulting in the lower fraction of 

removal in the acidic conditions. As the pH value increased, the surface of adsorbents 

was negatively-charged, electrostatic attraction between pollutants and adsorbents was 

stronger than that in acidic conditions. Thus, the optimum pH values for the adsorption 

of MB and Pb2+ were found to be pH 7.0 and 6.0, respectively. 
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Figure.5.8 MB adsorption process by using polymer-modified spheres. 

5.3.8 Dye and heavy metal adsorption at different temperatures 

Prior to investigate the adsorption properties of polymer-modified spheres, the batch 

mode adsorption was carried out under the following conditions: pH was 7.0 for MB 

and 6.0 for Pb2+; initial concentrations of MB and Pb2+ were 40 and 50 ppm; the 

temperature was predetermined at 25 °C, followed by 45 °C after equilibrium; the 

adsorbent dosage was 1000 mg/L. The plots of adsorption abilities versus contact time 

are shown in Figure.5.9. The adsorption equilibrium was attained within 120 minutes for 

MB and 60 minutes for Pb2+, respectively. The adsorption process of MB was fast in the 

initial 50 minutes and followed by a gradual adsorption process. The equilibrium 

reached when the fraction of removal was up to 95 %. In addition, the adsorption of Pb2+ 

by P-MCCBs was high and quick in the initial 40 minutes and leveled off afterwards. 

The adsorption capacity of P3-MCCBs was 42.5 mg g-1, while the amount of Pb2+ 
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adsorbed by P1-MCCBs and P2-MCCBs was lower, 34 and 40 mg g-1, respectively. The 

thermal properties of the adsorbents could be revealed while the temperature of solution 

being changed to 45 °C. From Figure.5.9 and Figure.5.10, an obvious drop could be 

observed for the adsorption of MB and Pb2+, around 5-8% of adsorbed MB was released 

rapidly as the temperature changed, and the drop of Pb2+ was around 20% as the 

temperature increased, which revealed that the adsorption of MB was more stable than 

that of Pb2+ by using polymer grafted spheres. Figure.5.9 and Figure.5.10 indicated that 

P3-MCCBs reflected more thermal responsive properties than P1-MCCBs and P2-

MCCBs, which were applicable for both MB and Pb2+. Ideally, the grafted Poly (N-

isopropyl acrylamide) (Poly-NIPAM) shows a conformational change above the lower 

critical solution temperature (LCST) at 32 °C [27], resulting in the systole of Poly-

NIPAM, where the structure of the spheres changed, and some molecules of MB were 

finally desorbed into the solution. Such process was reversible, indicating the successful 

synthesis of the “smart” adsorbents. 

Prior to systematically investigate the comparison of adsorption capacity when 

temperature changed, the adsorbent P3-MCCBs was used in batch mode adsorption. The 

temperature was fixed at 25 and 45 °C and the corresponding results are indicated in 

Figure.5.11 and Figure.5.12. The adsorption processes could be divided to three 

continuous stages: the first stage, happened from 0 to 30 minutes, was the external 

surface adsorption; the second stage was gradual adsorption, in which the intraparticle 

diffusion was rate-controlled; the last stage was the equilibrium adsorption, where the 

low adsorption rate was due to the relatively low concentrations of MB and Pb2+ in the 

solution. In addition, the adsorption capability of P3-MCCBs towards MB and Pb2+ at 
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25 °C was stronger than that at 45 °C, showed that the lower temperature was conducive 

to the adsorption of adsorbate. The adsorptive sites on the adsorbents are limit based on 

the mechanism of adsorption. The Poly-NIPAM shrank when the temperature was over 

LCST and rendered the change on the morphology of P3-MCCBs. In this case, fewer 

adsorptive sites will be available for the MB and Pb2+ when the ambient temperature 

increased to 45 °C. The adsorption abilities therefore decreased with the increase of 

temperature. 
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Figure.5.9 MB adsorption process by using polymer-modified spheres. 
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Figure.5.10 Pb2+ adsorption process by using polymer-modified spheres. 
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Figure.5.11 MB adsorption process at different temperatures. 
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Figure.5.12 Pb2+ adsorption process at different temperatures. 

5.3.9 The MB desorption behaviors 

Figure.5.13 shows the MB and Pb2+ desorption from P1-MCCBs, P2-MCCBs, and P3-

MCCBs at pH 7.0 and temperatures at 25 and 45 °C. MB and Pb2+ were used as a model 

contaminant to study the relationship between desorption rates from different adsorbents 

at different temperatures. From Figure.5.13, P3-MCCBs exhibited a much higher 

desorption rate compared with other adsorbents at 45 °C for both MB and Pb2+. 

However, the desorption rate at 25 °C reflected an opposite trend, where the desorption 

rate of P3-MCCBs was lower than that of P1-MCCBs and P2-MCCBs. Such 

phenomenon has not been observed on P1-MCCBs and P2-MCCBs, indicating the 

thermal sensitive property of P3-MCCBs, which presumably due to the higher ratio of 

Poly-NIPAM grafted on the adsorbents. In addition, the thermal properties of P1-

MCCBs and P2-MCCBs were not obvious, both adsorbents reflected the same trend of 
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desorption processes as the time increased, which may due to the lower ratio of Poly-

NIPAM on the adsorbents. In this study, two factors control the desorption of model 

contaminant: the diffusivity of the pollutant and the swelling of the polymer [28]. 

Because there are fewer Poly-NIPAM molecules inside the P1-MCCBs and P2-MCCBs, 

the porous structure and polymer would maintain unchanged as the temperature changed, 

the model contaminant can diffuse out of the adsorbents with similar apparent resistance. 

However, the porous morphology of P3-MCCBs changed due to the systole of Poly-

NIPAM, resulting in lower swelling capacity and higher desorption rate at the 

temperature at 45 °C. These results indicated that the introduction of Poly-NIPAM 

chains in the MCCBs could make the dye and heavy metal desorption controllable. The 

mechanism of desorption and adsorption will further be studied in the following sections. 

 

0 50 100 150 200 250 300 350

0.0

0.1

0.2

0.3

0.4

0.5

 

 

25 °C

F
ra

c
ti
o

n
 o

f 
D

e
s
o

rp
ti
o

n
 (

%
)

Time (min)

 P1-MCCBs

 P2-MCCBs

 P3-MCCBs

0 20 40 60 80 100 120

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 

 

F
ra

c
ti
o

n
 o

f 
d

e
s
o

rp
ti
o

n
 (

%
)

Time (min)

 P1-MCCBs

 P2-MCCBs

 P3-MCCBs

45 °C



 

 

147 

 Fig.5.13 Dye and Pb2+ desorption process at different temperatures. 

5.3.10 Adsorption kinetics 
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 Fig.5.14 The linear relation of pseudo-second-order kinetic at different temperatures. 

The adsorption kinetic profiles were modeled by fitting the Pseudo-second-model. The 

formula (t/qt=1/(k2×qe^2) + t/qe) was presented by Shaker and Albishri [29]. The 

corresponding results showed that the Pseudo-second-model was the well-fit model for 

all the samples (the correlation coefficients R2 > 0.99) at the temperature of 25 and 45 

°C, respectively (Figure.5.14). The fitting results suggested that the adsorption rate was 

controlled by chemical adsorption, which involved the electron sharing or electron 
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transfer between the adsorbent and the adsorbate. The fast adsorption rate might be 

related to the introduction of carboxylic groups in the adsorbents. 

5.3.11 The desorption kinetic models 

The results of MB desorption at different temperatures were fit by desorption kinetic 

models. Four kinetic models were applied to model the kinetic profiles, including the 

zero order (Qt = Q0 + k0t), first order (Qt = Q0 e
-kt), Higuchi (Qt = kt

1/2) and Korsmeyer-

Peppas (Qt/Q∞ = ktn). [30] The corresponding results are shown in Table.5.1. A 

comparative study of correlation coefficients R2 showed that the Higuchi and 

Korsmeyer-Peppas models were the best-fit models for all the samples at the 

temperatures of 25 and 45 °C, respectively (R2 > 0.9). This is attributed to the swelling 

of the polymer chains, which leads to the formation of large pores that facilitate dyes 

desorption out of the adsorbents. The determined values of the diffusion exponent (n) 

obtained from Korsmeyer-Peppas model ranged between 0.704 and 0.871 at 25 °C, 

(Table.5.1), indicating that the dye release from these P3-MCCBs followed anomalous 

transport. However, the values of the diffusion exponent (n) were higher than 1.0 when 

the temperature was 45 °C, showing that the mechanism of dye transport was super 

case-II transport. These results reflected that the dye desorption process could be 

modally fit by using the Higuchi and Korsmeyer-Peppas models. The ambient 

temperature would affect the dye desorption eventually. 
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Table.5.1 Kinetic model’s constants and correlation coefficients (R2) 

Sample-MB Zero order First order 

P1-MCCBs (45 °C) 

P2-MCCBs (45 °C) 

P3-MCCBs (45 °C) 

Qt=4.0316+0.0031t 

Qt=3.6821+0.0165t  

Qt=3.5039+0.0479t  

R2=0.7618 

R2=0.7946 

R2=0.8568 

Qt=4.031e-0.0007t 

Qt=3.677e-0.0038t 

Qt=3.565e-0.0089t 

R2=0.7618 

R2=0.7552 

R2=0.8089 

P1-MCCBs (25 °C) 

P2-MCCBs (25 °C) 

P3-MCCBs (25 °C) 

Qt=0.1983+0.0114t 

Qt=0.145+0.0125t  

Qt=0.0061+0.005t  

R2=0.9628 

R2=0.9730 

R2=0.9857 

Qt=0.3337e-0.0091t 

Qt=0.2924e-0.0109t 

Qt=0.1431e-0.0085t  

R2=0.7737 

R2=0.7751 

R2=0.9382 

Sample-MB Higuchi Korsmeyer-Peppas 

P1-MCCBs (45 °C) 

P2-MCCBs (45 °C) 

P3-MCCBs (45 °C) 

Qt=0.0411t0.5+3.917 

Qt=0.2282t0.5+3.027 

Qt=0.6471t0.5+1.705 

R2=0.9289 

R2=0.9139 

R2=0.9355 

Qt/Q∞=109.41t31.27 

Qt/Q∞=83.29t6.36 

Qt/Q∞=85.43t2.79 

R2=0.9737 

R2=0.9779 

R2=0.9486 

P1-MCCBs (25 °C) 

P2-MCCBs (25 °C) 

P3-MCCBs (25 °C) 

Qt=0.2398t0.5-0.772 

Qt=0.2622t0.5-0.904 

Qt=0.0996t0.5-0.369 

R2=0.9730 

R2=0.9675 

R2=0.9047 

Qt/Q∞=0.007t0.871 

Qt/Q∞=0.005t0.919 

Qt/Q∞=0.012t0.704 

R2=0.9885 

R2=0.9880 

R2=0.8881 

 

5.4 Conclusions 

In summary, we successfully synthesized thermal-sensitive composite cellulose 

filaments/Poly (N-isopropylacrylamide) (CF/Poly-NIPAM) spheres via microwave-

assisted polymerization by using native cellulose and cellulose filaments as the raw 

materials. The robust and highly porous structure of cellulose spheres allowed the as-

prepared adsorbents to have good stability. The polymerization could be microwave 

accelerated and high efficiency could be obtained via microwave-assisted 

polymerization. Also, the P-MCCBs hybrid spheres were sensitive to the ambient 

temperature, and the adsorption and desorption behaviors of target contaminants (MB 

and Pb2+) changed greatly by varying the temperature from 25 to 45 °C. Moreover, the 

porous structure and physicochemical properties of the P-MCCBs hybrid spheres could 
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be controlled by changing the concentration of the NIPAM during the preparation 

process. The MB desorption rate from the composite spheres with various Poly-NIPAM 

content at temperatures of 25 and 45 °C changed significantly. Hence, the thermal-

responsive spheres can be used as an excellent adsorbent with controllable contaminants 

adsorption and desorption characteristics. In addition, this synthesis technique offered a 

platform which could be extended to other approaches to prepare functional porous 

materials. 
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Chapter 6 Fabrication of dual-responsive semi-INP cellulose 

microfilaments/ Poly (N-isopropylacrylamide-co-acrylic acid) spheres 

for dye removal in single and binary systems5 

ABSTRACT 

Copolymer-modified cellulose microfilaments/Poly (N-isopropylacrylamide-co-acrylic 

acid) spheres (MPNAA) were developed and semi- interpenetrating network (semi-IPN) 

was formed by free radical copolymerization of N-isopropylacrylamide (NIPAM) and 

acrylic acid (AA) on cellulose microfilaments spheres. The cellulose microfilaments 

spheres (CCS) were first prepared using a vacuum drying method in the presence of a 

pore forming agent (nano-sized CaCO3). Afterwards, NIPAM (a temperature-sensitive 

monomer) and AA (a pH-sensitive monomer) were copolymerized and grafted onto the 

cellulose microfilaments spheres through in situ free radical polymerization in the 

microwave-reactor. The morphology, chemical structure, and thermal sensitivity of the 

as-prepared spheres were characterized. The MPNAA reflected pH-dependence and pH 

9.0 was the optimum value for adsorption. The adsorption kinetics followed the pseudo-

second-order and exhibited a three-stage intraparticle diffusion model. Adsorption 

isotherms (at 298, 313, and 328 K) were fit using Langmuir, Freundlich, and Temkin 

models, which indicated that the MPNAA dominated the adsorption capacity towards 

MB and MV, with the maximum adsorption at 497.5 and 840.3 mg g-1 in a single 

system. These results indicated that the spheres with copolymers exhibited a controllable 

adsorption and desorption process as pH- and temperature-responsive adsorbents, and 

MPNAA could act as a new type of material for controlled dyes adsorption.  

                                                 
5 This chapter has been submitted on Carbohydrate Polymers, the format follows the requirements of the 

Journal. The entire experimental work was performed by the candidate Yuan Li along with the preparation 

of the manuscript. 
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Keywords: Semi-IPN spheres, Cellulose microfilaments, Dual-responsive, Dye 

adsorption, Binary system 

6.1 Introduction 

The industrial discharge of hazardous dyes is currently critical and has aroused 

tremendous concern [1]. The complex aromatic molecular structures and xenobiotic 

properties of dyes lead to the difficulty in degrading. Among the various conventional 

methods for the removal of dyes from wastewater like coagulation, chemical 

precipitation, membrane extraction, complexation, solvent extraction, etc. [2], 

adsorption dominates due to its benefits such as high selectivity, easy operating, lower 

costs, and high efficiency in removing lower levels of dyes from aqueous solutions [3]. 

Various adsorbents, such as as-prepared metal oxides [4], silica based mesoporous 

materials [5], biochar [6], and cellulose based adsorbents [7] were investigated recently 

to overcome the shortages of utilizing activated carbon []8. Particularly, adsorbents 

based on natural materials are gaining the increasing emphasis along with their 

availability in large scale, cost-effective, and facile chemical modification to enhance 

adsorption ability, resulting in an efficient solution for sewage treatment [9]. 

As the most abundant of naturally-occurring biopolymers, cellulose is an ideal 

biological material for the fabrication of new functional adsorbents for the removal of 

toxic dyes [10]. The hydroxyl groups on cellulose can be easily readily modified via 

various derivation reactions to introduce functional groups such as -COOH, -SO3H, and 

-NH2 [11]. For the removal of dyes from wastewater, the functional-modified cellulose-

based adsorbents has been extensively investigated recently due to the growing demand 
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of green-based and biodegradable products [12-14]. Such modifications improve the 

adsorptive and ion exchange capability of cellulose significantly, resulting in the 

fabrication of low density adsorbents which are inexpensive, renewable, and 

biodegradable. Moreover, the readiness of functional-modifying cellulose fibres allow 

them to induce adsorption/desorption processes in a controllable manner; whereas the 

conventional adsorption often proceeds irreversibly and uncontrollably. It would be 

ideally if the smart cellulose-based materials could be prepared along with an “on-off” 

switch which would control the adsorption and desorption. This has literally motivated 

our research interest presented in this work, i.e., manipulating the adsorption and 

desorption based on using the thermo- and pH- responsive adsorbents originating from 

cellulose fibres. 

Recently, the application of cellulose-based materials with specific functional groups for 

the binding and removal of pollutants from aqueous solutions has been widely studied 

[15-16]. Nevertheless, the powder-shape adsorbents might make them difficult to utilize, 

filter, and separate effectively, resulting in their lower potential application in water 

clarification [17]. Beads and particles of other shapes are therefore necessary and have 

been studied as hot spot in researchers. Ram and Chauhan [18] developed new spherical 

nanocellulose-based functional adsorbents and these have been found to be rapid, 

efficient, and selective adsorbents to correct the environmental imbalances. Luo et al 

[19] synthesized the magnetic cellulose beads consisting of activated carbon. The as-

prepared beads were used for the removal of dyes such as methylene blue (MB) and 

methyl orange (MO). Ma et al [20] have fabricated porous cellulose spheres (PCS) and 

then modified them with trisodium trimetaphosphate (STMP) to introduce phosphate 
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ester groups to enhance the adsorption capacity of spheres. Furthermore, unique 

cellulose-based hybrid beads were synthesized to remove cationic dyes [21] and heavy 

metal ions [22]. The adsorption mechanism has been especially investigated. Cellulose 

microfilaments have greater advantages compared with other types of cellulose fibers, 

due to better porous structure, adsorption capacity, and other applications. 

Microfilaments are ideal raw materials containing a variety of shapes and structures and 

are biocompatible and absorbable [23].  However, limited work has been published on 

combining dissolved cellulose fibers with cellulose microfilaments (CMF) as a semi-

IPN type of adsorbent. 

Recently, thermo- and pH- sensitive or called “smart” polymers have been well 

documented [24-26]. Among several thermal responsive polymers, poly (N-isopropyl 

acrylamide) (Poly-NIPAM) with the lower critical solution temperature (LCST) at 32 °C 

is the most commonly-used one. When the ambient temperature is below the LCST, the 

polymer chains swell in water, above the LCST, the polymer segments become more 

hydrophobic and become water-insoluble [27]. In recent decades, plenty of work [28-

30] has been studied on Poly-NIPAM-based materials in the fields of biotechnology and 

pharmaceutical [31]. Furthermore, several studies on the graft modification of cellulose 

with Poly-NIPAM as the adsorbents for the removal of pollutant have been reported. 

Kobe et al prepared composite hydrogels using the modified cellulose nanofiber (CNF) 

as the multifunctional crosslinker and N-isopropylacrylamide (PNIPAM) as the 

monomer, respectively [32]. Chen et al investigated thermo-responsive poly (N-

isopropylacrylamide-co-acrylic acid) (PNIPAM-co-AA) hydrogels as water-soluble 
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polymer in a polymer-enhanced ultrafiltration (PEUF) process, the fouling behavior 

could be controlled at different temperature and pH [33].  

Apart from temperature, pH is also critical in the adsorption-desorption behaviors of 

adsorbents. Generally, pH affects the degree of ionization and the surface charge of 

materials, and thus the adsorption and desorption of probes could be controlled 

effectively by the changes in pH if the adsorbents possess the pH-responsive behavior. 

Typical pH-responsive polymers, poly (acrylic acid) (PAA) [34] and poly(4-

vinylpyridine) (P4VP) [35] are more stable and can offer higher binding capacity 

compared to the low-molecular-weight types containing carboxyl or thiol. Researchers 

have been exploring materials with both pH- and thermos-responsive properties. Shi et 

al have synthesized thermo-responsive and conductive hybrid hydrogels. The conductive 

polymer hydrogels were crosslinked by phytic acid in PNIPAM matrix [36]. Xia et al 

studied the dual responsive (temperature and pH) silicon surface by grafting PNIPAA 

and PAA brushes, the contact angles (CAs) of the dual-responsive materials reversed 

when the pH and/or temperature changed [37]. Osypova et al [38] reported PAA-b-

PNIPAM blocks copolymers to control the protein adsorption. However, the 

conventional polymerization contains several disadvantages such as the relatively low 

polymerization rate, high reaction temperatures, and extended polymerization times; 

therefore, it is necessary to design novel approaches to prepare responsive polymeric 

materials for the applications mentioned above. Microwave irradiation is synthetic tool 

which possesses several advantages such as decreased reaction time, increased the 

product yields, relatively fewer byproducts, and environmental friendly [39]. 

Microwave-assisted synthesis has been reported by some researchers in the field of 
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polymeric synthesis including step-growth polymerizations [40], free radical [41], and 

ring-opening polymerizations [42]. However, the reports on the microwave-assisted 

synthesis combined with cellulose-based adsorbents with both pH- and temperature- 

responsive properties are relatively sparse.  

The interpenetrating polymer networks (IPN) or semi-interpenetrating polymer networks 

(semi-IPNs) have aroused increasing concern due to their multi-responsive properties, 

and the gel-like particles have great potential application in the areas of agrochemical 

and biomedical [43-45]. The semi-IPN copolymer hydrogels based on N-

isopropylacrylamide (NIPAM) and itaconic acid (IA) monomers were fabricated by 

Kalagasydys et al [46] in the presence of a surfactant (polyethylene glycol) by a free 

radical polymerization method. Generally, the free radical polymerization of hydrophilic 

monomers in the presence of cross-linkers allows for the preparation of gel-like particles 

in water phase. 

In this work, we aimed to explore a novel approach to prepare the cellulose/cellulose 

microfilaments composite spheres as an environmental-friendly adsorbent for the 

removal of dyes from aqueous solutions. The pH and thermal-responsive modification 

of as-prepared beads was carried out by microwave-assisted free radical polymerization. 

The cationic dyes, methylene blue (MB) and methyl violet (MV), were selected as the 

probes. Apart from developing an appropriate protocol for the synthesis of this dual-

responsive semi interpenetrating network (semi-IPN) spheres, the morphology, thermal 

properties, and adsorption behaviors were also investigated to evaluate their potential 

application in other fields. 
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6.2 Experimental  

6.2.1 Materials 

Cellulose was filter paper (Qualitative P4, porosity: Medium-Fine; Flow Rate: Slow, 

Fisher Scientific). Cellulose microfilaments (CMF) was kindly provided by 

FPInnovations Canada (Pointe Claire, QC, Canada), which was invented by 

FPInnovations. The products were obtained via processing cellulose fibres mechanically. 

The resulting fibres in nano- or micro- range have the lengths from 50 to 800 μm with 

the aspect ratios from 300 to 3000 and high surface area (> 80 m2/g). CaCO3 

nanoparticles (Product # 1951RH, ≤ 30nm, 97.5%) was supplied by SkySpring 

Nanomatierials, Inc. Sodium hydroxide (solid), maleic anhydride (MA), urea, methylene 

blue, methyl violet, N-isopropylacrylamide (NIPAM, purchased from Sigma-Aldrich 

Chemical Co.), N, N’-methylenebisacrylamide (MBA), acrylic acid (AA), N, N, N, N-

tetramethylethylene diamine (TEMED), and potassium persulfate (KPS) were all of 

analytical grade chemicals. Deionized water was used for all the experiments. 

6.2.2 Experimental methods 

6.2.2.1 Fabrication and modification of Cellulose/Cellulose microfilaments 

spheres (CCS) 

The cellulose-based spheres were prepared via a drop-wise precipitation of dissolved 

cellulose (as the matrix of composite adsorbents) mixed with CMF (as dispersed phase 

or reinforcements) in acidic aqueous solution. During the preparation, the cellulose (4g) 

was dissolved in the solution containing NaOH (7 wt %) /Urea (12 wt %) at -10 °C with 
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the aid of a high-speed shear homogenizer (Stanfen, Germany) to promote the 

dissolution of cellulose and generate the cellulose solution at 4% (wt). The CMF and 

nano-CaCO3 (as a pore forming agent) were then added in different ratios after the 

cellulose was fully dissolved, followed by vigorous stirring of the mixture to produce a 

uniform suspension. 

A typical procedure for making the spheres is described as follows: the mixtures were 

firstly added into HCl (1 mol/L) dropwise using a syringe with a constant stirring, 

followed by the washing process with distilled water to remove the water-soluble 

residues. The purified cellulose/cellulose microfilaments spheres (CCS) were then 

immersed into excessive acetone followed by washing several times, and the purified 

CCS were dried in a vacuum oven at 40 °C for 24 hours (Figure.6.1).  

The fabrication of carbonylated CCS (MCCS) was conducted as follows: the CCS (2g) 

were immersed in the maleic anhydride solution (2g in 20mL acetone), and the solvent 

was evaporated in the fume hood before transferring into the vacuum oven, followed by 

the heating process at 100 °C for 3 hours. The as-resulted spheres were washed with 

excessive distilled water, ethanol, and finally acetone for several times, and then the 

purified MCCS were dried in the vacuum oven at 40 °C for 24 hours, such process had 

no organic solvent being used, resulting in an organic solvent-free approach. 

6.2.2.2 Microwave-assisted preparation of MCCS/poly (NIPAM-co-acrylic acid) 

semi-INP 

The CMF based-semi-IPN was prepared on MCCS by the concurrent crosslinking and 

free radical copolymerization of NIPAM and AA using potassium persulfate (KPS) as a 
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redox initiator and MBA as a cross-linker. A typical procedure for co-polymerization is 

described as follows: first, a 20-mL beaker equipped with a magnetic stirrer was loaded 

with NIPAM, acrylic acid, KPS, NMBA, TEMED (10 μL), and distilled water to make a 

uniform solution. TEMED was added as an accelerator. The NIPAM monomer was 

added at an excess amount, and the concentrations of AA monomer were controlled at 

various ratios based on NIPAM. The MBA and KPS concentrations were 3 to 2 % based 

on the weight of NIPAM monomer. Then the MCCS were soaked in the mixed solution 

under gently stirring, and fully saturated by absorbing the mixed solution containing the 

monomers. Afterwards, the excess solution was removed and the saturated MCCS were 

transferred into the beaker containing paraffin oil and the emulsifier span-80. The 

saturated MCCS were dispersed in paraffin oil by vigorous shaking and the resulting 

solution was purged with nitrogen for 10 minutes. The beaker was then placed in the 

cavity of the microwave oven, and the temperature was controlled at 70 to 80 °C at a 

maximum 100 W irradiation dose. After 20 minutes polymerization, the MCCS were 

washed by excessive distilled water, ethanol, and acetone several times. The purified 

samples were placed in the vacuum oven for further drying at 40 °C for 24 hours. The 

corresponding samples were named as MPNAA-1, MPNAA-2, and MPNAA-3 in terms 

of the molar ratios of AA to NIPAM (1:2, 1:1, and 2:1) during the polymerizations. The 

schematic of the preparation is illustrated in Figure.6.1. 
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Figure.6.1 The Schematic of CCS and MPNAA Preparation 

6.2.3 Characterization  

The surface charge density of synthesized samples was determined via a colloid titration 

method using a titrator (PCD 03, Mutek, UK). The point of zero charge was detected 

and the charge density of samples could be calculated based on the volume of used 

PDADMAC and the mass of adsorbents.  

Fourier transform infrared spectroscopy (FTIR) analyzed the dried samples. The spectra 

of the samples were recorded on a NEXUS 470 spectrophotometer (Nicolet Thermo 

Instruments, Canada) with a detector at 1 cm-1 resolution from 500 to 4000 cm-1 and 32 

scans per sample. 

Scanning electron microscopy (SEM, JEOL JSM-6400, Japan) was used for 

morphological characterization. Prior to observation, the surface of the samples was 

coated with a thin film of carbon using a sputter coater.  
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The thermal stability of the samples was measured using a Thermogravimetric Analyzer 

(TGA, Q600, TA Instruments, USA). Approximately 10 mg powder of the sample was 

used for the testing from 25 °C to 600 °C under N2 atmosphere at a heating rate of 10 °C 

/min. 

6.2.4 Adsorption of cationic dyes 

The batch mode adsorption studies were carried out to study the effect of shaking time, 

temperature, and pH on adsorption behavior. In this work, the stock solutions of 1000 

mg L-1 MB and MV were prepared and diluted further to obtain the tested solutions with 

different concentrations. The adsorbents (10mg) were immersed into 10 mL of dye 

aqueous solution of 20 mg/L at room temperature. All the experiments were carried out 

using the temperature-controlled shaker (SWB25, Thermo Electron Corporation, 

Germany) during the adsorption process at a fixed agitation speed at 150 rpm for all 

experiments. After predetermined period, the concentration of the dyes was measured 

using a UV-vis spectrophotometer (Genesys 10-s, Thermo Electron Corporation) [47]. 

The equilibrium adsorption capacity (Qe, mg/g) and the fraction of removal (R, %) was 

calculated using the equations reported (Eq 6.1 and Eq 6.2) [48]. 

Qe = (Co - Ce)/m×V                                             Eq 6.1 

R = (C0 - Ce)/C0×100                                            Eq 6.2 

where C0 and Ce (mg/l) are the initial and equilibrium concentrations (mg L-1) of the 

dyes in solution, respectively; V (L) is the volume and m (g) is the weight of adsorbents. 
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6.2.5 Desorption and regeneration 

The dye-laden adsorbent was washed with deionized water, desorbed with 1 N HCl for 

60 minutes at room temperature. The desorbed adsorbent was washed and dried, and the 

so-regenerated adsorbent was examined to determine its reusability. 

Prior to the study of thermo-responsive properties, the desorption of the adsorbents was 

carried out by changing the temperature from 25 to 55 °C every 20 minutes at pH 3. The 

dye-loaded adsorbent was added into 10 mL of 0.001 mol/L HCl solution for desorption 

on the temperature-controlled shaker at 130 rpm. The desorption rate at each period was 

calculated. 

6.2.6 Adsorption kinetics 

The adsorption kinetic models can well predict the adsorption mechanism. In this work, 

four kinetic models were used to fit the adsorption data, including the pseudo-first-order, 

the pseudo-second-order [49], Elovich kinetic models [50]  and intraparticle diffusion 

kinetic models [51]. The linear forms for the models are presented as follows (Eq 6.3, 

Eq 6.4, Eq 6.5, and Eq 6.6): 

Eq 6.3 

Eq 6.4 

Eq 6.5 

Eq 6.6 

where qt and qe are the adsorption capacity at time t and at equilibrium (mg g-1), 

respectively. k1 is the pseudo-first-order equilibrium rate constant (min-1), and k2 is the 

pseudo-first-order equilibrium rate constant (g mg-1 min-1). α and β are the initial 

𝑙𝑛 𝑞𝑒 − 𝑞 = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡 

𝑡
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=

1
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+
1
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𝑡 
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1

𝛽
ln𝛼𝛽 +

1

𝛽
ln 𝑡 

𝑞𝑡 = 𝑘𝑑𝑖 𝑡
1/2 + 𝐶𝑖  
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adsorption rate at zero coverage and the desorption constant related to the extent of 

surface coverage and activation energy for chemisorption in the Elovich model. kdi is the 

rate constant of intraparticle diffusion at the stage i, Ci is the intercept at different stages 

and t is the adsorption time (minutes). 

6.2.7 Adsorption isotherms 

The experiments were carried out at the desired pH by agitating 10 mg of MPNAA-1, 

MPNAA-2, and MPNAA-3 in 10 mL of dye solution at different initial concentrations 

on a shaker at 130 rpm under controlled temperature of 25, 40 and 55°C, respectively. 

The concentrations of dye solution were measured after 3 hours’ adsorption. Different 

isotherm models, including Langmuir, Freundlich, and Temkin models were used to 

calculate the adsorption results. The linear equations are as follows [52]: 

The Langmuir model (Eq 6.7): 

Eq 6.7 

where Qmax (mg g-1) is the maximum adsorption capacity and KL (L mg-1) is the 

Langmuir constant. Ce (mg L-1) and Qe (mg g-1) are the concentration and adsorption 

capacity at the equilibrium, respectively. 

A dimensionless constant RL (Eq 6.8) reflects the essential characteristic of the 

Langmuir model by KL [53]: 

Eq 6.8 

where C0 (mg L-1) is the initial concentrations of dyes, KL is mentioned above. The 

different values of RL represent the different types of isotherms: RL >1, unfavorable; RL 

𝐶𝑒

𝑄𝑒
=

1

𝐾𝐿𝑄𝑚𝑎𝑥
+

𝐶𝑒

𝑄𝑚𝑎𝑥
 

𝑅𝐿 =
1

1 + 𝐾𝐿𝐶0
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=1, linear; 0<RL <1, favorable; RL =0, irreversible. The value of RL is smaller, the 

greater the affinity between the adsorbent and the adsorbate. 

The Freundlich model (Eq 6.9): 

Eq 6.9 

Where Qe and Ce are noted previously. Kf is roughly an indicator of adsorption capacity 

and n is adsorption intensity. 

The Temkin model (Eq 6.10): 

Eq 6.10 

where A (L mg-1) and bT (J mol-1) are the Temkin constants, T is the absolute 

temperature, and R is the universal gas constant 8.314 J mol-1K-1. 

The competitive Langmuir model (Eq 6.11, Eq 6.12, and Eq 6.13) [54] is adopted for the 

binary system including MB and MV at different concentrations, which is given as 

follows: 

Eq 6.11 

Eq 6.12 

Eq 6.13 

where Qe,1 and Qe,2 are the MB and MV adsorption capacity at equilibrium (mg g-1), Ce,1 

and Ce,2 are the concentration of solution at equilibrium (mg L-1), Qm,1 and Qm,2 are the 

maximum adsorption capacity of MB and MV (mg g-1), KL,1 and KL,2 are the constant of 

Langmuir competitive model (L mg-1). 
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6.3 Results and discussion 

6.3.1 FTIR spectra 

The FTIR spectra of CCS, MCCS, and MPNAA-3 are presented in Figure.6.2 to reveal 

the changes of the cellulose spheres after the modification over microwaved-assisted 

polymerization. In the spectra of CCS, the characteristic peak at 3440 cm-1 corresponded 

to the hydrogen bond O-H stretching vibration, whereas the C-H symmetric stretching 

vibration occurred at 2902 cm-1. The absorbance at 1627 cm-1 was related with O-H 

bending of the absorption of combined water in the samples [55], and the band at 1075 

cm-1 was the C-O stretching vibration [56]. Compared with the spectra of CCS, the new 

peaks at 1732 and 1639 cm-1, were observed on MCCS, corresponding to carbonyl 

groups (C=O) and the vibration of vinyl groups (C=C), respectively [57]. Thus, the 

esterification between maleic anhydride and CCS was proved. In addition, in the FTIR 

spectrum of MPNAA-3, the existence of PNIPAM-co-AA chains was indicated by the 

appearance of peaks at 1735 cm-1, 1638 cm-1, and 1567 cm-1, corresponding to the 

carboxyl groups of AA, C＝O stretching for amide I, and N-H stretching of PNIPAM, 

respectively [58]. The band at 1378 cm-1 could be assigned to -CH(CH3)2 groups for 

PNIPAM [59]. These results proved that CMF/poly(NIPAM-co-AA) copolymers were 

synthesized successfully. 

Moreover, the peak corresponded to -OH stretching shifted from 3440 cm-1 to 3395 cm-1 

after the copolymerization, which could be attributed to extra carboxyl groups 

introduced after the copolymerization. In addition, the successful introduction of 

carboxyl groups on adsorbents could be verified via the colloidal titration method, 
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which gave the anionic charge density of 1.523 mmol g-1, which is proportional to the 

number of carboxylic groups on CMF based-semi-IPN. 
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Figure.6.2 The FTIR spectra of CCS, MCCS and MPNAA-3 

6.3.2 Scanning electron microscope (SEM) 

The morphologies of pure cellulose-based beads (CCS) and PNIPAM-co-AA grafted 

spheres (MPNAA-3) were observed using SEM (Figure.6.3). Figure.6.3a and 

Figure.6.3b indicated that the dissolved cellulose matrix reinforced with CMF formed an 

uneven porous structure with pores at various sizes in the spheres, demonstrating the 

role of nano-CaCO3 in pore forming processes. Moreover, the individual CMF fibres as 

reinforcements appeared to be visible. Clearly, while the dissolved cellulose was 

precipitated under acidic condition, the nano-CaCO3 reacted with HCl, releasing CO2 

and resulting in porous structures on the spheres. In comparison with the morphology of 
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CCS (see Figure.6.3c), the spheres consisting of PNIPAM-co-AA-grafted cellulose 

(Figure.6.3d) appeared to be less porous or, due to the fact that the grafted copolymers 

might have filled up some pores or channels on the spheres. 

 

Figure.6.3 SEM images of CCS (a, b) andMPNAA-3 (c, d). 

6.3.3 Thermal analysis   

To reveal the thermal properties of cellulose/cellulose microfilaments beads (CCS), 

MCCS, and MPNAA-3, the TG and DTG curves are presented in Figure.6.4. In all three 

samples, a total mass loss of 80% over the temperature range between 25 ℃ and 600 ℃ 

was observed (see Figure.6.4a). Especially, the decomposition of MPNAA-3 occurred in 

four events, the first mass loss appeared at around 50-150 ℃, probably due to the 

evaporation of a significant amount of water released from the samples. The second 

decomposition event occurred at around 227 ℃ and is attributed to the copolymer 

PNIPAM-co-AA staying in the channels of the spheres. The third mass loss happened at 

a b 

c d 
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temperatures higher than 311 ℃, corresponding to the major thermal decomposition of 

cellulose and cellulose microfilaments. The fourth weight loss happened at 390 ℃, due 

to the thermal degradation of PNIPAM-co-AA grafted cellulose and cellulose 

microfilaments. In addition, the results in Figure.6.4b indicated that the thermal 

decomposition for the maximum weight loss occurred at 311 °C for MPNAA-3, which 

was 5 °C and 10 °C higher than that of MCCS and CCS, respectively. Obviously, the 

PNIPAM-co-AA grafted spheres showed better thermal stability than CCS and MCCS.  
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Figure.6.4 The TGA and DTG curves of CCS, MCCS, and MPNAA-3. 

6.3.4 Effect of pH on adsorption capacity 

The pH value of solution has been identified as an important influencing factor affecting 

the adsorption of cationic dyes. The removal of dyes as a function of pH was studied by 

varying the pH range from 3 to 11.  The results are shown in Figure.6.5. As can been 

seen, the low adsorption capacities were observed at pH 5 or below for all three 

adsorbents, followed by a rapid increase in the fraction of removal with the further 

increase of the pH up to 9, and then leveled off when the pH of the solutions was further 

enhanced. Such changes are mainly due to the reduction of positive-charged groups on 

the adsorbents under alkaline conditions. Meanwhile, the negative-charged groups on 

the adsorbents could adsorb cationic dyes via electrostatic association, resulting in the 

effective adsorption of dyes at a higher pH. It should be noted that the existence of H+ in 

the solution played a critical role in the adsorption process. At pH < 7, a large number of 
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H+ could compete with cationic dyes for the adsorption sites on the adsorbents, resulting 

in the occupation of adsorption sites and lowering the fraction of removal of dye. Thus 

pH 9 was the optimum pH value for dye adsorption. 

In fact, polyacrylic acid shows the pH-sensitive conformation due to the pKa value of 

4.6. Thus, if pH < 4.6, most of the carboxylic groups on adsorbents remain in the 

protonated form (COOH), whereas the deprotonated form (COO-) [60] occurs if pH > 

4.6. Consequently, the low fraction of removal at low pH was due to the electrostatic 

repulsion which occurred between the cationic dyes and the surface of MPNAA. This is 

also related to the increase in the charge density of cationic groups on the surface of 

adsorbent; and H+ ions compete with MB and MV for the adsorptive sites on the 

adsorbents significantly at pH < 4.6. As pH increased to alkaline, the surface of 

adsorbents was negatively-charged, resulting in the adsorption being driven by 

electrostatic attraction between positive-charged dyes and negative-charged adsorbents. 

In addition, the MPNAA-1, with fewer carboxylic groups, showed itself to be less 

sensitive to the pH compared to MPNAA-3. 
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Figure.6.5 Effect of pH on adsorption of dyes by MPNAA-1, MPNAA-2 and MPNAA-3. 

6.3.5 Effect of contact time on adsorption 

The effect of contact time is illustrated in Figure.6.6. The adsorption of MB was carried 

out under the following conditions: pH 9; 20 ppm of initial concentration of MB; 

temperature at 30 ℃; and the adsorbent dosage at 1000 mg/L. The adsorption 
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equilibrium was reached at 100 minutes for MB, and such a process could be essentially 

divided to three continuous stages, as marked in the Figure. The first event, from 0 to 90 

minutes, was governed by an external surface adsorption. The second event, from 90 to 

180 minutes, gradual adsorption process, was controlled by the intraparticle diffusion. 

The third step, from 180 minutes and after, was an equilibrium adsorption process, 

where the slow intraparticle diffusion was due to the relatively low concentration of 

MB. Moreover, the adsorption process of MB was imitated with different kinetic models 

and the adsorption mechanism of MB was studied systematically afterwards.   
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Figure.6.6 Effect of contact time on adsorption 

6.3.6 Adsorption kinetics 

The adsorption kinetics can clearly describe the equilibrium capacity and elucidate the 

adsorption mechanism. In this work, four kinetic models were used, including Pseudo-

first-order, Pseudo-second-order, Elovich model, and Intraparticle diffusion kinetic 
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models. The pseudo-second-order and the pseudo-first-order equations often model a 

surface-controlled adsorption process. Another adsorption kinetics model, named the 

Elovich equation, is well received for the surface-controlled adsorption onto 

energetically heterogeneous surface sites. Moreover, a simplified intraparticle diffusion 

model well describes the adsorption that is limited by diffusion within pores rather than 

by surface-related energy controls.  

The results and parameters of each model are shown in Figure.6.7 and Table.6.1. The 

linear fittings of ln (Qe-Qt) versus t, t/Qt versus t, and Qt versus ln t are presented in 

Figure.6.7. Clearly, the correlation coefficients R2 for the pseudo-second-order model 

were higher than those of the pseudo-first-order model and Elovich model. The pseudo-

second-order model was more suitable to describe the adsorption kinetics of MB on 

MPNAA-1, MPNAA-2, and MPNAA-3. In this case, the adsorption rates of all the three 

adsorbents were controlled by chemical process [61]. The rate constant (k2) of MPNAA-

3 was higher than those of MPNAA-1 and MPNAA-2, indicating a faster uptake of dyes 

onto the adsorbents. The faster adsorption rate might be related to the introduction of 

carboxylic groups in the adsorbents.  

The kinetic profiles at different adsorption stages were further studied with the 

intraparticle diffusion kinetic model; and the results are presented in Figure.6.7 and 

Table.6.1. As shown in the figure, the adsorption process can be divided to three stages 

in terms of intraparticle model. The lines in the figure did not pass through the 

coordinate origin, indicating that the rate control step was the combination between the 

intraparticle diffusion and the boundary layer diffusion. To sum up, the first stage was 

controlled by the external surface adsorption or instantaneous adsorption; the second 
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stage was a gradual adsorption stage which attributed to the intraparticle diffusion; and 

the equilibrium adsorption was reached at the third stage. Table.6.1 indicates the 

adsorption rates for the three stages in the following order: Kdi,1 > Kdi,2 > Kdi,3. In the 

beginning, the exterior surface of adsorbents adsorbed dyes, and in the first stage, the 

instantaneous diffusion period, approximately 75%, 74% and 77% of dyes were 

adsorbed by MPNAA-1, MPNAA-2, and MPNAA-3. The dyes entered the inner layers 

of adsorbents when the adsorption on the exterior surface saturated. However, the 

diffusion rate decreased with the diffusion of the dyes at the second stage. The final 

stage was the equilibrium period, during which the intraparticle diffusion rate levelled 

off and remained almost unchanged. 
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Figure.6.7 Adsorption kinetics of MB by MPNAA-1, MPNAA-2 and MPNAA-3. (a) The pseudo-

first-order rate adsorption plot. (b) The pseudo-second-order rate adsorption plot. (c) The Elovich 

model plot. (d) The intra-particle diffusion model. 

Table.6.1 Kinetics model constants and correlation coefficients (R2) 

Samples qe, exp. 

(mg/g) 

Pseudo-first-order  Pseudo-second-order  

qe1, cal 

(mg/g) 

k1×102 R2 qe2, cal 

(mg/g) 

k2×103 R2 

 MPNAA-1 17.742 8.9 0.966 0.926 18.7 3.543 0.999 

MPNAA-2 17.864 10.5 1.094 0.948 19.3 2.564 0.997 

MPNAA-3 17.960 7.6 0.994 0.946 18.6 4.629 0.998 

Elovich model Intra-particle diffusion model 

α, β R2 Kdi,1 R2 Kdi,2 R2 Kdi,3 R2 

  (mg/g h1/2)  (mg/g h1/2)  (mg/g h1/2)  

5.712, 0.338 0.979 1.377 0.997 0.483 0.948 0.149 0.997 

3.171, 0.297 0.975 1.441 0.994 0.608 0.948 0.151 0.968 

2.393, 0.438 0.965 0.836 0.989 0.503 0.929 0.102 0.989 



 

 

178 

6.3.7 Adsorption isotherms 

The adsorption isotherms and fitting results are shown in Figure.6.8 and Table.6.2. 

Obviously, the amount of the dye adsorbed by adsorbents increased with the increase of 

Ce, and finally reached a saturated value. Different isotherm models, Langmuir, 

Freundlich, and Temkin isotherms, were used in the study. The results indicated that the 

Langmuir plot of Ce/Qe versus Ce revealed a better linear relationship with the relatively 

higher R2, especially at higher temperatures (Figure.6.8b and Figure.6.8c, 313 and 328 

K). On the contrary, the Freundlich isotherm and Temkin isotherm had lower R2, 

showing a poorer fit at lower temperatures (Figure.6.8d-8e and Figure.6.8g-8h, 298 and 

313 K). Therefore, a well-fit Langmuir isotherm could better describe the adsorption 

process. The adsorption of dyes occurred by a monolayer sorption on the surface of the 

adsorbents at a maximum adsorption ability of 602.41 mg/g. In addition, the adsorbent 

MPNAA-3 had higher R2 values in Langmuir isotherm and Temkin isotherm, 

suggesting that the adsorption of dyes on MPNAA-3 was a monolayer adsorption and 

could be affected by temperatures, which will be further proved in following studies.  

At the temperature at 328 K, the adsorption behaviors could be more fit using 

Freundlich isotherm model, showing that the adsorption process of dyes was based on 

heterogeneous adsorptive energies on the adsorbent surface. KF and n values in the 

Freundlich isotherm could be useful for the evaluation of the suitability of the 

adsorption. Greater KF values with the increase of temperature indicates the higher 

adsorption capability, which corresponded with the trends showed in Figure.6.8. 

Generally, the value of the Freundlich empirical coefficient n in different ranges 

represents various results (2-10 means good, 1-2 means moderately difficult, and less 
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than 1 means poor adsorption characteristics, respectively) [62]. In Table.6.2, n is found 

to be around 2 for all the adsorbents, resulting in good adsorption capability towards 

cationic dyes. Moreover, the dimensionless constant RL indicated that the adsorption 

towards dyes on all the adsorbents were favorable in this study.  

The Temkin isotherm constant in Table.6.2 shows that the heat of adsorption (BT) of 

MPNAA-1, MPNAA-2, and MPNAA-3 deceases with the increase of temperatures, 

implying a possible exothermic process for the dyes adsorption onto the semi-IPN 

spheres [63]. 
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Figure.6.8 The adsorption isotherms for the adsorption of MB by by MPNAA-1, MPNAA-2 and 

MPNAA-3. (a-c) Langmuir model, (d-f) Freundlich model and (g-i) Temkin model (adsorbent 

dosage 1000 mg/L, contact time 3 h, pH 9). 
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Table.6.2 Isotherm model constants and correlation coefficients (R2) for the adsorption of MB. 

  Samples T 

(K) 

Freundlich constants                    Langmuir constants                         Temkin constants 

KF n R2 Qmax KL× 

102 

R2 RL A 

 

BT R2 

 MPNAA-1 298 35.236 2.411 0.992 363.6 2.343 0.966 

 

0.078-

0.299 

0.301 34.210 0.952 

313 

 

328 

43.995 

 

67.491 

1.958 

 

1.297 

0.992 

 

0.993 

526.3 

 

555.5 

3.718 

 

5.661 

0.978 

 

0.998 

0.051-

0.212 

0.034-

0.150 

0.418 

 

0.867 

23.745 

 

14.721 

0.969 

 

0.965 

MPNAA-2 298 

 

41.386 2.483 

 

0.924 

 

364.9 3.179 0.973 

 

0.059-

0.239 

0.383 33.412 0.963 

313 

 

328 

69.986 

 

73.301 

2.063 

 

1.194 

0.912 

 

0.998 

526.3 

 

568.1 

8.574 

 

6.286 

0.997 

 

0.993 

0.023-

0.104 

0.031-

0.137 

0.870 

 

0.974 

22.909 

 

13.575 

0.991 

 

0.949 

MPNAA-3 298 

 

313 

 

328 

70.098 

 

94.478 

 

86.450 

2.216 

 

2.143 

 

1.273 

0.939 

 

0.962 

 

0.997 

497.5 

 

540.5 

 

602.4 

8.214 

 

14.18 

 

7.155 

0.998 

 

0.997 

 

0.994 

0.024-

0.109 

0.014-

0.066 

0.027-

0.122 

0.907 

 

1.622 

 

1.191 

24.016 

 

23.448 

 

14.414 

0.999 

 

0.990 

 

0.955 

 

6.3.8 Adsorption in a binary system - Langmuir competitive model 

The simulation results of Langmuir model and Langmuir competitive model are 

presneted in Figure.6.9 and Table.6.3. Obviously, Figure.6.9 indicates that the Langmuir 

model could fit the adsorption very well in both single and binary systems. The 

Langmuir competitive model, however, could better describe the adsorption in binary 

system. In a single system, the RL value for MB is lower than that of MV, resulting in 
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the lower Qm of MB (497.5 mg/g) than MV (840.3 mg/g). In addition, the RL value for 

MB is lower than that for MV, whereas the Qm for MB is higher than MV in the 

Langmuir competitive model. The Qm values for MB and MV were 197.2 mg/g and 

677.2 mg/g in Table.6.3, respectively. Furthermore, the Qm values were lower than those 

in single system, probably due to the competitive adsorption between MB and MV on 

the adsorbents. The Langmuir constant of MB was greater than that of MV in a single 

system, suggesting a stronger adsorption towards MB, whereas in the binary system, the 

adsorption towards MV was stronger than that towards MB. 
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Figure.6.9 The Langmuir isotherms for the adsorption of MB and MV from single and binary 

systems using MPNAA-3 at pH = 9 and T = 298K. 
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Table.6.3 Adsorption isotherms parameters for dye adsorption in single and binary system 

 

Dye 

Langmuir Model Langmuir Competitive Model  

Qmax KL×102 RL R2 Qm,1 KL,1×10 Qm,2 KL,2×10 RL R2 

Single MB 497.5 8.214 0.024-

0.109 

0.998       

Single MV 840.3 6.409 0.031-

0.135 

0.994       

Binary MB 613.5 5.033 0.038-

0.166 

0.989 197.2 1.565 -- 1.994 0.012-

0.060 

0.997 

Binary MV 1075 5.385 0.036-

0.157 

0.990 -- 0.5649 677.2 0.5194 0.037-

0.161 

0.996 

6.3.9 The desorption and recycling of adsorbents 

The recycling of adsorbent is critical for the application. The regeneration was carried 

out by immersing the dye-laden adsorbent into 1 N HCl solution for 60 minutes, and the 

desorption rate is presented along with the different cycle time in Figure.6.10a. The 

results in Figure.6.10a indicated that the desorption rate could decrease gradually as the 

cycle time was increased, which could be found that 87.12% of MB and 85.79% of MV 

were desorbed at the fifth recycle. In this case, the adsorbent revealed an excellent 

ability for the desorption of cationic dyes. During these processes, many positively-

charged dyes exchanged with H+ which was offered by HCl in the solution. 

The thermo-responsive properties of adsorbents could be reflected in the desorption 

process of dyes from MPNAA-1, MPNAA-2, and MPNAA-3. As indicated in 

Figure.6.10b, the desorption was a fast process for all the adsorbents (within 10 min at 

25 °C). When the temperature was increased to 60 °C, the MB desorption rate for the 

dye-laden adsorbents also increased, while the desorption rate of dye dropped during the 
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next period at 25 °C. At each temperature variation period, the trend of desorption 

behavior remained unchanged, resulting in a strong evidence of the thermos-responsive 

properties on adsorbents. In addition, the desorption rate of MPNAA-2 was greater than 

that of MPNAA-3, showing that dye adsorbed onto MPNAA-3 was more stable due to 

the more amount of carboxyl groups on the adsorbent. Furthermore, adsorbent MPNAA-

2 exhibited better thermal responsiveness, probably due to its lower carboxyl content 

than MPNAA-3 and greater polymer ratio than MPNAA-1. 

 

Figure.6.10 Desorption behavior of dyes by MPNAA-3 (a) and swing desorption behavior by 

MPNAA-1, MPNAA-2 and MPNAA-3 with temperature variation. 

6.4 Conclusions 

In summary, we successfully fabricated thermal- and pH- responsive semi-IPN cellulose 

microfilaments/ Poly (N-isopropylacrylamide-co-acrylic acid) spheres. The combination 

of cellulose microfilaments not only significantly enhanced the adsorption capacity 

efficiency but also simplified its utilization, filtration, and separation. The highly porous 

structure of semi-IPN spheres allowed the as-prepared adsorbents to have good stability 
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and dye adsorption capability. Also, the semi-IPN spheres were sensitive to the 

temperature. Moreover, the grafted carboxylic groups on both dissolved native cellulose 

and CMF and the porous structure of adsorbents created by pore forming agent were 

proved to be the key factors for the superior capacity of the adsorbents. The adsorption 

behaviors of adsorbents towards dyes (MB and MV) have been systematically studied in 

both single and binary systems. The maximum adsorption capacities of MB and MV 

were 497.5 and 840.3 mg g-1 in a single system. The spheres exhibited a controllable 

adsorption and desorption process as pH- and temperature-responsive adsorbents. These 

results indicated that MPNAA could act as a new type of material for controlled dyes 

adsorption. Therefore, the dual-responsive semi-IPN spheres are expected to be a 

promising cost-effective and renewable adsorbent for efficient removal of cationic dyes. 

In addition, this synthesis technique uses natural porous spherical adsorbents as the 

carrier to prepare hybrid composite porous material, which could be extended to various 

systems to fabricate other functional porous materials. 
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 Chapter 7 Conclusion and Recommendation for Future Work 

The key objective of this dissertation targeted the development of cellulose-based green 

adsorbents for water clarification.  

For the first generation of cellulose-based adsorbents, a hybrid absorbent consisting of 

the maleic anhydride-modified cellulose beads combined with alkali-treated diatomite 

(MCDBs) was prepared. An appropriate amount of calcium carbonate was added during 

the formation of MCDBs to increase pore structure under an acidic condition and the 

excellent porous structure was achived. The study on the application of as-prepared 

hybrid adsorbents also showed satisfying adsorption cababilities towards dyes and heavy 

metal ions with the competitive maximum adsorption capacities (over 100 mg/g for dyes 

and 45 mg/g for heavy metal ions). However, the properties, including porous structure 

and adsorption capabilities, were relatively low. In addition, the modification was also 

simple compared to other types of adsorbents reported elsewhere.  

For the second generation of cellulose-based adsorbents, microfibrillated cellulose, an 

ideal material which would provide a variety of shapes and be biocompatible and 

absorbable, was selected as one of the raw materials for the preparation of cellulose-

based spheres. MFC is superior due to its advantages in structure, performance, and 

application. This novel composite adsorbent was developed based on dissolved cellulose 

fibres (as matrix) reinforced with microfibrillated cellulose (MFC). Both cellulose fibres 

and microfibrillated cellulose were functional-modified using an organic solvent-free 

approach to introduce carboxyl groups onto cellulose and the surface of MFC, to further 

increase the adsorption capacity. Nano-sized CaCO3 was added as a pore forming agent 



 

 

193 

during the formation of dissolved cellulose/MFC (CMFC) composites. The results 

showed that the porous structure and adsorption capacities enhanced dramatically 

compared to the first generation-adsorbents. It was shown that excellent thermal 

properties were obtained while using MFC as the raw material. Moreover, the 

adsorption mechanism and the reusability were systematically studied. 

Finally, to develop the multi-functional smart adsorbents to enhance both the adsorption 

capacities and the usability of cellulose-based adsorbents, the semi-IPN composite and 

microwave-assisted synthesis were introduced. Based on the results, the maximum 

adsorption capabilities of copolymer-grafted adsorbents were much higher than those of 

first and second generation-adsorbents. Moreover, the adsorption and desorption 

processes were controllable due to the pH- and thermal- sensitive properties. 

The summary and comparison of all approaches are detailed as follows.  

7.1 Summary of the maleic anhydride-modified cellulose hybrid beads (MCDBs) 

The first generation-absorbent consists of the maleic anhydride-modified cellulose beads 

and alkali-treated diatomite (MCDBs). The pore size of the absorbents was enhanced by 

introducing CaCO3 during the preparation. The dye adsorption capacity was dependent 

on various factors, such as pH, mixing time, temperature, and, most importantly, pH.  

The dye removal efficiency was high under alkaline condition (pH>6) as the adsorbent 

had a negative-charge, thus, increasing its affinity to the cationic dye ion. This cellulose 

fibre-based adsorbent was cost-effective and renewable. The dynamic and equilibrium 

data of adsorption fitted well with the Pseudo-second-model and the Langmuir isotherm 

equation, demonstrating that the adsorption process of dye is monolayer sorption and 
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dominated by the chemical adsorption. The corresponding results have been published 

on Journal of Materials Science. (Yuan Li, Mindong Chen, Huining Xiao, Zhaoping 

Song, Yi Zhao. Absorbents based on maleic anhydride-modified cellulose 

fibres/diatomite for dye removal. Journal of Materials Science (2014), 49: 6696-6704) 

In addition, MCDBs was found to effectively adsorb Pb2+ from aqueous solutions. 

Further experiment data revealed that the adsorption process of Pb2+ on the MCDBs 

followed a pseudo-second-order kinetics and the equilibrium data can be well fitted with 

a Langmuir isotherm. The maximum adsorption capacities of adsorbent (Langmuir) was 

44 mg g-1 from an initial concentration of 800 mg L-1 at pH 6 and at 30 °C. The capacity 

of the adsorbents in Pb2+ removal remained unchanged after reusing three times. The 

MCDBs is a green-based, cost-effective, and renewable absorbent. It could be used to 

adsorb more heavy metal ions which are positive charged. The corresponding results 

have been published on RSC Advances. (Yuan Li, Mindong Chen, Xia Wan, Lu Zhang, 

Xu Wang, Huining Xiao. Solvent-free synthesis of the cellulose-based hybrid beads for 

adsorption of lead ions in aqueous solutions. RSC Advances (2017), 7: 53899-53906.) 

7.2 Summary of dissolved cellulose fibre/microfibrillated cellulose beads 

The composite adsorbents consisting of dissolved cellulose fibres and microfibrillated 

cellulose were also extensively studied in this Thesis.  

An easily operated and environmentally-friendly process was developed to prepare 

green and renewable composite adsorbents which consist of dissolved cellulose fibres as 

matrix and microfibrillated cellulose as reinforced microparticles. The combination of 

microfibrillated cellulose not only significantly enhanced the adsorption efficiency but 



 

 

195 

also simplified the operation, filtration, and separation. The grafted carboxyl groups on 

both dissolved cellulose fibres and MFC and a large specific surface area of CMFCs 

created by pore forming agent are believed to be the key factors for the superior capacity 

of the adsorbents. The maximum adsorption capacity of adsorbent (Langmuir) toward 

methylene blue dye was 303.03 mg g-1, which is higher than most bio-adsorbents 

reported elsewhere. Therefore, the MCMFCs are expected to be a promising cost-

effective and renewable absorbent for highly efficient removal of organic pollutants, 

thus minimizing the environmental concerns. The corresponding results are to be 

published on ACS Sustainable Chemistry & Engineering. 

7.3 Summary of responsive semi-INP adborbents 

In this work, two types of adsorbents were prepared by using microwave-assisted 

synthesis polymerization to develop the multi-functional smart adsorbents.  

On one hand, temperature-responsive polymer-modified cellulose filaments/Poly (N-

isopropylacrylamide) spheres (P-MCCBs) were successfully developed in the first part 

of the work. The cellulose filaments spheres were first prepared using a vacuum drying 

method in the presence of a pore forming agent (nano-sized CaCO3). Afterwards, 

NIPAM (N-isopropylacrylamide), a temperature-sensitive monomer was polymerized 

and grafted onto the cellulose filaments spheres through in situ free radical 

polymerization by using microwave-assisted polymerization.  The spheres grafted with 

PNIPAM exhibited a controllable desorption rate at different temperatures (25 and 45 

°C). The temperature effect on the dye and heavy metal adsorption rate was also 

observed. The adsorption kinetics followed the pseudo-second-order model, and the 
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desorption process could be fit by using Higuchi and Korsmeyer-Peppas models. These 

results indicated that porous P-MCCBs could act as a novel material for controllable 

adsorption and desorption processes of contaminants (Methylene Blue and Pb2+). (The 

corresponding resuls are to be submitted on Science of the Total Environment) 

On the other hand, dual-responsive semi-INP cellulose microfilaments/ Poly (N-

isopropylacrylamide-co-acrylic acid) spheres were fabricated by using microwave-

assisted polymerization. Copolymer-modified cellulose microfilaments/Poly (N-

isopropylacrylamide-co-acrylic acid) spheres showed an excellent pH- and temperature-

properties, where a controllable adsorption and desorption process can be proved. 

Moreover, the adsorption kinetics followed the pseudo-second-order and exhibited a 

three-stage intraparticle diffusion model. Adsorption isotherms (at 298, 313, and 328 K) 

were fit using Langmuir, Freundlich, and Temkin models, which indicated that the 

MPNAA dominated the adsorption capacity towards MB and MV, with the maximum 

adsorption at 497.5 and 840.3 mg g-1 in a single system. (The corresponding resuls have 

been submitted to ACS Applied Materials & Interfaces) 

7.4 Recommendations for future work  

Based on the conclusions above, there are some recommendations for the future work on 

this project.  

First, further research is required to investigate the relationship between porous 

properties and the pore forming agents. Based on our work, some challenges remain in 

controlling the pore size distribution of adsorbents.  
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Second, according to the results demonstrated in this work, the application of diatomite 

and MFC could increase the properties of the adsorbents dramatically. However, the 

inner structure of the composites and the mechanism were not clearly studied. Based on 

these results, a balanced or combined approach should be further developed to study the 

requirements of using different types of fillers, thus to broaden the applications of 

cellulose-based materials. 

Third, the most important recommendation is to study and reveal the mechanisms for 

both adsorption and desorption process. As long as the mechanisms were revealed, 

effective approaches could be possible to enhance the properties of the adsorbents.  

Fourth, the industial potential of adsorbents should be studied systematically, and the 

results could be extended to various systems to broaden their application. 
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