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Abstract 

Three types of chitosan–glutaraldehyde (Chi–glu) cross-linked copolymer materials were 

prepared at various Chi–glu weight ratios and variable reaction times. Copper imbibed 

copolymers were prepared from the corresponding Chi–glu copolymer materials. The 

copolymer materials were characterized using FTIR spectroscopy and thermogravimetry 

analysis. Water swelling, urea sorption properties were studied at equilibrium and kinetic 

conditions for pristine chitosan, Chi–glu copolymers, and the copper imbibed copolymers. 

The uptake of urea with pristine chitosan was 4.7% w/w, whereas Chi–glu copolymers 

display increased sorption (Qm 10.6–17.1% w/w) with increasing glutaraldehyde content. 

Urea sorption is further enhanced (Qm 16.3–26.4% w/w) for copper imbibed materials. The 

kinetic results were fit with the Pseudo-First-Order and Pseudo-Second-Order models. Based 

on Pseudo-First-Order model, the time depend uptake (Qt) for the corresponding copolymers 

is consistent with the equilibrium uptake (Qe) estimated at similar initial urea concentration. 

 In order to further study the sorption behaviour of urea on the sub-micron size materials, 

composite microparticles containing chitosan or modified (carboxymethyl) chitosan with 

polyanions such as alginate or tripolyphosphate were prepared in aqueous solutions. Several 

types of microparticles were prepared and their physicochemical properties were 

characterized by 1H/31P NMR spectroscopy, IR spectroscopy, and DLS. The average size and 

polydispersity index (in parentheses) are reported for the chitosan-based microparticles, 

243.0±1 nm (0.3) to 424±14 nm (0.3), according to DLS measurements at ambient conditions.  

The stability of the microparticles is related to the composition of the system and the aqueous 

solution conditions, as evidenced by varying ionic strength with certain microparticle systems 

which display good stability over two weeks or more. The equilibrium uptake of urea for the 

most stable microparticle system was collected at ambient conditions using a one-pot dialysis 

tubing setup. The size and stability changes of microparticle during the adsorption were 

monitored using dynamic light scatter and NMR spectroscopy. Microparticles grow as the 

increase of the concentration of urea and the experiment time. After 36 hours, complete 

sedimentation was observed. Microparticles were shown to display good urea uptake (Qe 

~36% w/w) that is comparable to chitosan based copolymers. 
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CHAPTER 1: Introduction 

1.1 Urea and applications of urea capture  

1.1.1 Applications of urea capture in environmental and medical areas 

 Urea has drawn the attention of many researchers because it is an important metabolic 

end product, a protein denaturant, and a convenient source of nitrogen in inorganic 

fertilizers.1-6 Urea capture is an important target contaminant for environmental remediation 

and in hemodialysis applications.7 Urea is widely used in inorganic fertilizers as a convenient 

source of nitrogen, and large quantities are often found in aquatic environments after 

precipitation runoff events in agricultural regions. However, the transport and build up of 

urea in aquatic environments represents a serious concern and potentially threatens the health 

of aquatic environments and ecosystems. Based on current fertilizer production and 

agricultural consumption statistics, it is estimated that urea represents more than 50% of the 

global source of nitrogen, and the demand is projected to continually increase over the next 

20 years.6 The potential effects of urea leachate due to precipitation runoff events represent 

major source of eutrophication.5, 8 Thus, there is a need to develop materials and methods for 

the capture of urea to address issues related to its uptake and transport in aquatic 

environments. Sorbent materials for controlled urea uptake have important applications in 

biomedical devices for hemodialytic treatment of patients suffering from acute or chronic 

renal failure.9, 10  

1.1.2 Materials for urea capture 

Several types of materials have been explored for urea capture applications. These 

materials can be divided into three general categories: clays, modified polysaccharide, and 

synthetic polymers. Some examples of these materials are kaolinites, montmorillonite, 

activated carbon, oxystarch, oxidized β-cyclodextrin/epichlorohydrin copolymer, chitosan 

coated oxycellulose, chitosan/Cu(II) complex, cross-linked chitosan/Zn(II) complex, and 

molecular imprinted polymers.1, 11-18 

1.1.2.1 Clays 

 Limited examples of clay sorbents can be found in the literature. Based on Grynpas et 

al.,11 the application of clays as a urea adsorbent comes from how Chinese porcelain makers 

improve the physical properties of their kaolinite stock during the ageing process by changing 
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the surface of kaolinite crystals. According to Grynpas et al.,11 there was significant 

adsorption of urea onto well-ordered and highly crystalline kaolinite and adsorption capacity 

of urea onto kaolinite was enhanced by immersing in a concentrated urea solution.11 

Montmorillonite was also investigated for urea uptake as gastrointestinal sorbent by Long et 

al. because montmorillonite possesses several types of active sites, large specific surface area 

and high affinity to various adsorbates including organic materials (e.g., thyroid hormones, 

methyl parathion, etc), bacteria, virus, bile salts, and heavy metals.12  

1.1.2.2 Modified polysaccharides  

 Polyaldehydes, such as oxycellulose, oxystarch, and oxidized 

β-cyclodextrin/epichlorohydrin copolymer are among the most studied materials because 

these sorbents have good biocompatibility and biodegradability which is necessary for 

biomedical applications. The aldehyde groups of the polyaldehydes were considered to 

improve the properties of urea sorption.13,14,18,19 Oxycellulose and oxidized 

β-cyclodextrin/epichlorohydrin copolymer were employed as an insoluble polyaldehyde 

hemodialysis adsorbent to improve the performance of hemodialysis.18, 19 Oxystarch was 

soluble and was not hydrolyzed in the gastrointestinal tract, which enabled its use as a sorbent 

to clear the urea in the intestinal region.13, 14 To further improve the adsorption capacity, 

polysaccharides and their modifications were either imbibed with metal ions such as Cu(II) or 

Zn(II) which could potentially chelate with urea or serve as immobilization sites with urease, 

an enzyme that hydrolyzes urea to ammonia and carbon dioxide. Examples of hemodialysis 

adsorbents include chitosan coated oxycellulose, chitosan/Cu(II) complex, cross-linked 

chitosan/Zn(II) complex, and chitosan-magnetite nanocomposites.1, 15, 16, 20 

1.1.2.3 Synthetic polymers 

 One example of a novel series of synthetic polymers are molecular imprinted polymers 

(MIPs).21, 22 These synthetic polymers display higher affinity and selectivity towards a 

particular adsorbate because it can be used as templates to form molecular imprint sites which 

can be washed away that during the synthesis process. MIPs for urea were designed as an 

adsorbent for solid phase extraction of urea in aqueous sample which were prepared from 

functional monomers including acrylic acid and methylacrylic acid that used ethylene glycol 

dimethacrylate as the cross-linker.17 



 3 

1.2 Molecular interactions for adsorptive processes - urea-urea interactions, urea-water 

interactions, and urea-adsorbent interactions 

In summary, the studies regarding on applications of urea capture are often focused on 

the materials design for medical and analytical usage. Biocompatibility and biodegradablility 

are important considerations in the materials design for medical applications. The carbonyl 

group is considered as a key active site for urea adsorption in many studies mentioned above. 

Metal ions, especially Cu(II) and Zn(II), are used to enhance the urea adsorption capacity. 

This is because metal ions likely provide Lewis acid binding sites for the Lewis base sites of 

urea. In order to better understand the mechanism of urea adsorption, urea-urea, urea-water, 

and urea-adsorbent interactions need to be considered in greater detail.   

1.2.1 Properties of urea 

According to Handbook of Chemistry and Physics 82
nd

 edition,23 the physicochemical 

properties of urea are summarized in Table 1-1. The structure of urea is shown in Scheme 

1-1.23 There are four hydrogen bond donors (i.e., H-atoms on amino groups) and two 

hydrogen bond acceptors (i.e., two lone pair electrons located on the oxygen atom).24-26 

Moreover, the presence of aqueous urea show a number of unique properties on the solution 

chemistry of other molecular systems, such as, enhanced solubility of hydrocarbons, 

decreased micelle formation, the ability to denature proteins,27 and the ability to alter 

solubility profiles as evidenced by dissolution of cellulose in aqueous urea solution with 

NaOH or LiOH at -10 °C.
28 Various studies aiming at the molecular basis for these unique 

properties may provide us a better insight into the mechanism of urea adsorption properties.2-4, 

25, 28-45  

H2N NH2

O

 

Scheme 1-1. The molecular structure of urea 
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Table 1-1. The physicochemical properties of urea 

Property Value 

Molecular weight 60.06 g/mol 

Density 1.3230 g/mL 

Melting point 132.7 °C 

Solubility Very soluble in water and ethanol, 

insoluble in ethyl either and benzene. 

pKa 0.10 

Dipole moment (in water) 4.56 D3, 46 

 

1.2.2 Urea-urea interactions 

 Stumpe et al.40 performed molecular dynamics (MD) simulations for a wide range of urea 

concentrations and temperatures to study the structure and energetics of aqueous urea 

solutions. It was concluded that the hydrogen bonds between urea and water are significantly 

weaker than those between water molecules, which drive urea self-aggregation, possibly due 

to the hydrophobic effect. Urea was also found to enhance the strength of hydrogen bonds 

between water molecules which may suggest a weakening of the hydrophobic effect. 

However, this effect was less pronounced at low concentration of urea (< 1 M).40 Recently, 

Funkner et al.47 conducted an absorption spectroscopy study in the THz range using their 

home-built p-Ge laser difference spectrometer. The results shown that there was no evidence 

for urea aggregation in the concentration range investigated (1-10 M).47 

1.2.3 Urea-water interactions 

 There are many studies related to urea-water interactions and the effect of urea on the 

structure of water because of the unique properties of aqueous urea solution, as mentioned in 

section 1.2.1.27, 48-50 One of the proposals about the hydration model of urea was given by 

Kresheck and Scheraga49, and followed by Stokes.50 They applied an association model of 

urea molecules, where it was assumed that urea in aqueous solution formed a series of dimers, 

trimers, etc., which supports the observed concentration dependence of the thermodynamic 

properties. Frank et al.48 interpreted the findings of Wetlaufer et al. by proposing that 
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additional urea in water increases the solubility (mole fraction) of hydrocarbon gases (except 

methane) while making them dissolve with a smaller evolution of heat. They considered that 

water itself is an equilibrium mixture between different species which is designated as bulky 

and dense forms, as shown in Scheme 1-2. The presence of lipophilic solutes could cause the 

shift of this equilibrium between the two forms (i.e., this kind of water structure model is also 

used to describe the hydrophobic effect.
48,51, 52 They described that the urea was prohibited 

from entering into the network of bulky water because urea molecule is planar and cannot 

“fit” based on geometric considerations. On the other hand, urea forms a quasi-lattice mixture 

with the dense water with the result that the water-structure equilibrium is shifted from the 

bulky water towards the dense water (i.e., is the origin of why urea is called a “structure 

breaker” by many researchers.).27, 48 From the 1970s, as the development of computer 

technology, molecular dynamics (MD) simulations have been applied to further study 

hydration models of urea.27, 44, 53-55 Since that time, there have been debates on the 

functionality of urea on the water structure. Tanaka et al.27 found that urea can enter into the 

water structure without any appreciable distortion and the role of the functional groups of 

urea, where urea may impart hydrophobic or hydrophilic character. Furthermore, Chitra et 

al.56 designated urea as a slight “structure maker” of water on the basis of the calculated 

values of the Kirkwood−Buff integrals. These results were also supported by the 

experimental observation that urea increases the surface tension and viscosity of water 

solutions, according to a viscosity and NMR study of the diffusivity of water in urea 

solutions.56 Idrissi et al.54conducted MD calculations of urea in aqueous solutions at various 

urea mole fractions to quantify the effect of urea in water where the distribution of water 

molecules was tetrahedral in nature. The results indicated that urea induced a distortion of the 

tetrahedral arrangement of bulk water which confirms Frank’s original hypothesis.54 Idrissi et 

al.54 also pointed out that the controversy on the effect of urea on the structure of water was 

due to the fact that the connection between the infrared and Raman spectra (position, width, 

and intensity of the vibration bands) and the structure of water is usually unknown and 

consequently only approximate hypotheses could be used for this purpose. Moreover, the 

controversy in the MD results may be biased by both the potential models of urea and water 

used in each simulation and/or also to the particular choice of the statistical property used to 
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quantify this effect.54 Funkner et al.47 suggested that the influence of urea on the water 

network was weak because urea seemed to fit nearly perfectly into the water network. Their 

results did not support a classification of urea as a structure breaker and they concluded that 

urea and water were readily interchangeable.47 Hermida-Ramon et al.55 performed a MD 

study of the solvation of urea in water with an emphasis on the structure of urea in water was 

not well-defined because the planar to non-planar transition requires energy at the order of 

the thermal energy at room temperature.55 This kind of the flexibility of urea structure seems 

to depend on the environment (i.e., it is induced by the aqueous environment and is limited 

when urea approaches a non-polar surface, such as a protein.) which may be of relevant to 

understand the unique properties of urea.55 The debate between different mechanisms of 

hydration of urea continues but it is likely that the influence of urea at low concentration on 

water structure is very small relative to concentrations that exceed 1M. 

 

Scheme 1-2. The equilibrium between bulky water (structured water) and dense water 

(disordered water) (grey spheres represent oxygen atoms and black spheres represent 

hydrogen atoms.) 

 

1.2.4 Urea-adsorbent interactions 

 Some studies are reviewed on the interaction between urea and some macromolecules 

such as proteins and cellulose in the following section, which may provide some insights 

about urea-adsorbent interaction.  

Urea as a denaturing osmolyte was used to assess protein stability, the effects of 

mutations on stability, and protein unfolding.3 There are two main mechanisms reported 
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which explain urea-induced denaturing of proteins: “direct” interaction and “indirect” 

interaction.3 The “direct” interaction mechanism suggested that urea might apply its effect 

directly, by binding to the protein, and compete with native interactions (i.e., solvent-protein 

interactions and intra-/intermolecular interactions), thereby actively contributing to the 

unfolding process. Most versions of the direct interaction model hypothesized that the 

denatured state stabilized via binding to urea through various intermolecular forces that lead 

to protein unfolding.3, 57  However, this explanation did not describe how the protein itself 

overcame the kinetic barrier resulting in protein unfolding because there is no built-in binding 

site for osmolytes. Therefore, a common mechanism via the protein backbone was proposed 

to occur by the “direct” interaction.3, 57 The latter mechanism was supported by many 

researchers.3, 4, 31-33, 35, 37, 39, 47, 58 Hua et al.39 proposed a two-stage unfolding mechanism and 

indicated that urea was attracted toward the protein surface due to dispersion forces initially. 

In their paper,39 they suggested that carbonyl oxygen engaged in strong electrostatic 

interaction with amide protons of the peptide backbond. Almarza et al.37 demonstrated that 

low urea concentration enabled interaction with positively charged amino acids. In the second 

stage, the exposed residues of proteins are solvated by urea and water.39 Das et al.35 carried 

out a MD study on purely hydrophobic carbon nanotubes in 8 M urea and suggested that a 

“dry globular” transient intermediate was formed in the initial stage of protein unfolding in 

urea was caused by the stronger dispersion interaction of urea than water with nanotubes. 

Funkner et al.47 used THz absorption spectroscopy to provide support for the “direct” 

interaction mechanism of urea-induced denaturing of proteins. The “indirect” interaction 

mechanism suggested that urea functioned as a “structure breaker” by changing the solvent 

environment leading to alteration of the hydrophobic effect which accelerates the exposure of 

residues of the hydrophobic core.3, 59 This explanation describes that urea may have an impact 

on the water structure causing extensive changes of the solvent environment itself that 

contribute to weakening of the hydrophobic effect, as described in section 1.2.3 above.  

 The mechanism of dissolving cellulose by urea was studied via MD simulation and NMR 

spectroscopy.28, 30, 38, 60 Kristensen et al.60 have studied the interactions and dynamics of urea 

adsorbed on cotton cellulose via solid state 
13

C CP/MAS NMR spectra with relaxation 

measurements. Their results suggested that the interaction was with the more accessible 
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hydroxyl groups (both primary and secondary hydroxyl group) at the cotton cellulose surface 

(e.g., defects such as depressions and grooves on the hydrophilic surfaces) due to specific 

types H-bonding with the cellulose hydroxyl groups. By contrast, urea did not access the 

crystalline core regions.60 Bergenstrahle-Wohlert et al.28 agreed with Kristensen et al. that 

urea did not perturb the cellulose internal H-bond network anymore than water, including no 

disruption of the cellulose crystal structure. Moreover, they concluded that the local 

concentration of urea was significantly increased close to cellulose surfaces (i.e., C4 atoms in 

cellulose chains located at surfaces parallel to the (110) crystallographic plane of the cellulose 

crystal.) and dispersion interactions which were the driving force behind the aggregation of 

urea molecules without considering entropic effects.  

 Comparing between the studies of urea-protein interactions and urea-cellulose 

interactions, especially at low urea concentration (1 M and lower), some interesting points are 

noted. Firstly, urea tends to interact with less polar region of the cellulose and proteins 

comparing with water in urea solutions. Secondly, the carbonyl group in the urea tends to 

form strong electrostatic interactions with positively charged amino acid or amide protons of 

the peptide backbone. Thirdly, urea molecules may preferentially bind to a site with a specific 

geometry rather than penetrate into the interior structure of cellulose.  

1.3 Chitosan and chitosan-based materials 

1.3.1 Chitosan 

Chitosan (cf. Scheme 1-3) contains β-linked glucosamine and N-acetyl-glucosamine 

units which afford a “cellulose-like” structural feature and the presence of available amine 

groups impart modular chemical functionalization of this polysaccharide 7, 61, 62. Chitosan is 

produced via deacetylation of chitin which can be obtained from crab or shrimp shells and 

fungal mycelia.63 Elemental analysis of chitosan reveals that it has a nitrogen content higher 

than 7% and the degree of acetylation lower than 40%. Removal of the acetyl group is a harsh 

treatment usually performed with concentrated NaOH solution (either aqueous or alcoholic) 

and sodium borohydride under a nitrogen atmosphere or chitin is mixed with NaOH powder 

(weight ratio 1:5) by extrusion at 180 °C.
61 The pKa of chitosan may vary depending on the 

molecular weight and the degree of deacetylation of chitosan. According to Wang et al. 64, the 

pKa of chitosan showed a slight decrease from 6.51 to 6.39 when the molecular weight 
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changed from 1370 to 60 kDa and the pKa of chitosan increased from 6.17 to 6.51 while the 

degree of deacetylation decreased from 94.6% to 73.3%. Chitosan-based materials have 

attracted attention because of their relatively low cost, high reactivity, tunable 

physicochemical properties. The adsorptive properties of chitosan-based materials have been 

widely studied for environmental remediation processes (e.g., removal of heavy metals, 

inorganics, and organic pollutants in aqueous environments, etc) 7, 65, 66 and in medical 

applications due to their favourable biocompatibility.7, 61, 62, 67-88  

1.3.2 Chitosan-based materials 

1.3.2.1 Chemical modification of chitosan 

In order to improve the properties of chitosan, various chemical modifications of 

chitosan were reported.67, 89-95, 95-98 Several types of modified chitosan includes the following: 

carboxymethylation (CM), PEGylation, N-acetylation, and quaternization of chitosan. 

PEGylated chitosan and quaternary chitosan are based on the Schiff base reaction between 

chitosan and aldehydes or ketones. CM of chitosan and N-acetylated chitosan is based on 

substitution reactions. 

The purpose of CM (–CH2COOH) functionalization of chitosan was to improve the 

solubility of chitosan for various applications such as drug delivery.99 CM was substituted 

onto the hydroxyl group of chitosan (called O-CM-chitosan) or onto the amino group (called 

N-CM-chitosan).92, 93, 99 

PEGylated chitosan is soluble in water and in organic solvents. The attachment of PEG 

was used for the delivery of wide ranges of drug molecules and potential for further 

modification.67, 95 

The purpose of quaternary functionalization chitosan was to improve the solubility of 

chitosan by attaching a quaternary ammonium moiety onto the gluocosamine monomer units 

of chitosan. 89, 89-91, 100 This results in a permanent cation charge onto the polysaccharide 

backbone. As well, quaternization serves as an environmentally friendly antibacterial agent.89 

The presence of N-acetylated monomers along the backbone of chitosan imparts 

hydrophobic character of chitosan with the attachment of fatty acid chloride, which resulted 

in a higher degree of order and mechanical strength than that of unmodified chitosan. This 

type of material was used to develop a drug delivery matrix with longer drug release time.101 
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1.3.2.2 Chemical cross-linking of chitosan 

Chemical cross-linking involves formation of covalent bonds between chitosan and the 

cross-linking reagent. Covalent modification occurs with the amino and/or hydroxyl groups.1, 

7, 71, 87, 102-104 The purpose of synthetic modification was to improve the absorption of specific 

drugs 71or to change the solubility profile of chitosan.69 Commonly used cross-linkers include 

epichlorohydrin,61 glutaraldehyde,7, 71, 102 polyacrylamide,103 and genipin.104 However, the 

biocompatibility of chemically cross-linked chitosan materials may be of some concern 

because the synthetic cross-linkers may contribute more or less cytotoxicity.104 In cases when 

a cross-linker has good biocompatibility, the biocompatibility of the product is also not 

guaranteed due to chemical modification of the structure and usage of organic solvent in the 

synthesis process.61 Such types of materials are normally used as adsorbents in environmental 

applications like waste water clean up.65 

1.3.2.3 Cross-linking via electrostatic interactions 

     The interaction between positively charged ammonium groups of chitosan with anionic 

groups of a separate molecular entity is a self assembly process involvingstrong electrostatic 

interactions between oppositely charged units. Unlike chemical cross-linking, the 

biocompatibility of cross-linking via electrostatic interactions (ionic gelation) is a promising 

type of design as evidenced in many biomedical applications.66, 72, 73, 75, 76, 78, 80-82, 105-112 Various 

examples of negatively charged cross-linkers with good biocompatibility are as follows: citric 

acid,108 sodium tripolyphosphate73-76, 78, 106, 107, 110, 112-114, anionic polysaccharides such as sodium 

alginate80-83, 109, 111, 115 and hyaluronan.72  

1.3.2.4 Core-shell chitosan-based materials 

This strategy is a self assembly process driven by short-range repulsive hydration forces 

87 and examples of such types of core-shell materials include a chitosan-coated polyester 

material. 86 However, the oil-like core requires removal from the final product which makes 

the purification process challenging.87 The advantage of this method is that chitosan coating 

on the surface of drugs imparts favourable surface interactions in drug delivery.62 

1.3.3 Chitosan-based microparticles 

1.3.3.1 From bulk materials to microparticles 

 Comparison of bulk materials with microparticles reveals that the relative number of 
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molecules located at a surface or an interface is much smaller for bulk vs microparticle 

systems. Therefore, specific surface properties become prominent features of microparticle 

systems.116 Varying the surface-to-volume ratio of materials would enable tuning of the 

adsorptive properties of materials, controlled release properties, improve bioavailability of 

degradable substances (such as proteins), and enhance the ability of hydrophilic substances to 

cross the epithelial layers.62, 117 Therefore, chitosan-based microparticles were developed from 

chitosan-based materials as described in section 1.3.2. Various methods were applied to 

synthesize microparticles with controlled size65, 116, 118 such as ionic gelation and emulsion 

methods.62, 118 Microparticles were used as adsorbents and delivery vehicles for drugs and 

genes are colloidal in nature. The synthetic processes and their dispersed forms of 

microparticles in solution make them suitable for practical applications in aqueous solution. 

The size of the microparticles is controlled via surface and colloidal phenomena in the 

synthetic procedure while the integrity of microparticles is governed by the colloid stability 

which would affect their performance for practical usage (e.g., adsorptive properties, drug 

release, biocompatibility, etc).71, 117 

1.3.3.2 Colloid formation and colloidal stability 

 Colloids can be formed in two key ways: dispersion methods (i.e., disassembly of large 

fragements into smaller fragements) and condensation methods (i.e., involving molecular 

dispersions and self-assembly or aggregation).116, 119 Ionic gelation is an example of a 

condensation method (e.g., microparticles are formed by combining polycations with 

polyanions). Emulsion methods may be viewed as a hybrid of the dispersion method (e.g., 

formation of emulsion) and the condensation method (e.g., formation of microparticles via 

cross-linking or polymerization). There are many studies related to the synthesis of 

microparticles with controlled particle size.62, 118 However, only a few of them are focused on 

the design of microparticles and their colloidal stability at biological conditions.71, 74, 75, 80, 87, 120, 

121 Colloids are considered to be metastable because such systems possesses a high interfacial 

energy and will undergo phase separation due to small activation barriers between metastable 

and stable states due to various cooperative intermolecular interactions which my occur 

between microparticles (e.g., van der Waals, hydrogen bonding, electrostatic, or hydrophobic 

interactions).74, 116, 122 There are two key mechanisms for stabilizing lyophobic colloids, 
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electrostatic repulsion between electrical double layers and steric or entropic stabilization. 

The stability of a charged colloidal system where the dispersed particles carry a surface 

electrical charge so that interaction between their respective double layers may provide the 

necessary energy barrier for kinetic stability was characterized by its critical coagulation 

concentration (CCC), the concentration of electrolyte necessary to bring the system into the 

regime of the rapid coagulation. The Schultze-Hardy rule indicates that the CCC of a colloid 

is governed primarily by the valency of the counter ions.116 The relationship between the 

stability of an electrostatically stabilized colloid and its CCC is a function of the 

concentration and charge of the counter ions in the system.116 The 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory enables a prediction of the stability of 

an electrostatically stabilized colloid. The DLVO theory states that the effect of electrolyte on 

the electrostatically stabilized colloids suggests that a relatively high energy barrier prevents 

coagulation at low concentrations. The barrier is lower as the concentration is increased and 

the barrier is removed at critical high concentrations leading to complete loss of stability. An 

additional important prediction of the DLVO theory is that a colloid may undergo reversible 

flocculation caused by the existence of a so-called secondary minimum under certain 

conditions. The use of approximations and assumptions in the derivation limits its 

applicability since such factors as specific adsorption of ions and hydration effects are not 

taken into account. The value of the DLVO theory illustrates the role of electrical properties 

of a colloid and the effect of an ionic environment on stability,116 especially in the case of 

chitosan-based microparticles. Since drug or gene delivery represents the major application of 

chitosan-based microparticles, exposure to an environment with relatively high ionic 

concentration (e.g., biological conditions ~300 mOsm/kg electrolytes, pH ~7.4) provides a 

good indication of colloidal stability and the biocompatibility of microparticles. Therefore, to 

achieve the desired colloidal stability, it is essential to design chitosan-based microparticles 

based on this mechanism. Another stabilizing mechanism for lipophilic colloids involves 

adsorption onto a particle surface affording the so-called steric or entropic stabilization.116 

This mechanism is not very common for chitosan-based microparticles; however, the stability 

of PEGylated chitosan microparticles may involve both of the above mechanisms.67, 86, 97  
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1.4 Adsorption kinetics and equilibrium 

1.4.1 Adsorption kinetics 

 To understand the kinetic and equilibrium sorption properties, experimental 

measurements are required. Adsorption kinetics is a time-dependent phenomena and the 

extent to which reactions approach equilibrium provide insight about the adsorption 

mechanism. An understanding of the adsorption mechanism of a new material can aide in the 

development of better performance for practical applications.123 Because the nature of the 

adsorption process at solid-solution interfaces is complex, kinetic models include the 

Pseudo-First-Order (PFO) and Pseudo-Second-Order (PSO) rate equations. 

1.4.1.1 Pseudo-First-Order (PFO) rate equation 

 The earliest model related to the adsorption rate according to the adsorption capacity was 

presented by Lagergren which employs a first-order rate equation to demonstrate the kinetic 

process of oxalic acid and malonic acid adsorbed onto charcoal,124 as follows: 

)(1 te
t qqk

dt

dq
            Eqn. 1-1 

qe and qt (mg/g) are the adsorption capacities at equilibrium and time t (min), respectively. k1 

(min
-1

) is the pseudo-first-order rate constant for the kinetic model. Equation 2 can be 

obtained by integrating Eqn. 1-1 with the boundary conditions of qt=0 at t=0 and qt=qt at 

t=t.125 
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            Eqn. 1-2 

In recent years, the Pseudo-First-Order (PFO) rate equation was widely used to describe the 

adsorption of pollutants from wastewater.123 

1.4.1.2 Pseudo-Second-Order (PSO) rate equation 

 Ho introduced a kinetic process of the adsorption of divalent metal ions onto peat 125, 

where the chemical bonding among divalent metal ions and polar functional groups on peat 

were responsible for the cation-exchange capacity of the peat. The general rate expression for 

pseudo-second-order process may be given as 

 22 te
t qqk

dt

dq
           Eqn. 1-3 

where k2 (g.mg
-1

min
-1

) is rate constant for Pseudo-Second-Order (PSO) rate equation. Eqn. 

1-4 is obtained by integrating Eqn. 1-3 using boundary condition as in Eqn. 1-1. 
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1.4.2 Adsorption isotherms 

 Adsorption isotherms describe the binding equilibrium between adsorbents and 

adsorbates. Adsorption processes take place at the solid-solution or solid-gas interface (e.g., 

wastewater treatment, hemodialysis, atmospheric deposition, etc).7, 66, 102, 126 The adsorption of 

noneletrolytes at the solid-solution interface may adopt two different physical descriptions: i) 

solute-solid interactions decay very rapidly with distance which indicate monolayer 

adsorption, and ii) an interfacial layer or region exists over several molecular diameters 

because of slowly decaying potential interaction with the solid surface, and indicates 

multilayer adsorption.127 Several adsorption isotherms are proposed as a result of empirical 

observation or in terms of specific models.126, 127 There are three important adsorption 

isotherms described herein; Langmuir, Freundlich, and Sips isotherm models. 

1.4.2.1 Langmuir isotherm 

 The Langmuir isotherm is one of the most commonly used isotherm that describes 

monolayer adsorption. Langmuir adsorption isotherms are characterized by uniform 

distribution of heats of adsorption onto a homogeneous surface. Monolayer adsorption 

assumes that the surface of an adsorbent consists of equivalent adsorption sites and adsorbed 

species do not interact with each other.127 The Langmuir isotherm is described by Eqn. 1-5 

e
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1
           Eqn. 1-5 

where Qm is the maximum adsorption capacity and b is a temperature-dependent parameter 

related to the energy of adsorption.126-128 

1.4.2.2 Freundlich isotherm 

 If one considers an adsorption model with adsorption sites possessing different energy or 

multilayer adsorption with non-uniform distribution of adsorption heat and affinities over a 

heterogeneous surface.126, 127 The Freundlich isotherm is shown by Eqn. 1-6 

n

eFe CKQ /1            Eqn. 1-6 

where KF is Freundlich constant and n is heterogeneity factor.126 The Freundlich isotherm is 
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criticized because it does not account for Henry’s law behaviour at infinitely dilute 

concentration.126 Moreover, the Freundlich isotherm does not show saturation or limiting 

value.127 

1.4.2.3 Sips isotherm 

 The Sips isotherm is viewed as a hybrid model of the Langmuir and Freundlich 

isotherms. At low adsorbate concentrations, it resembles behaviour described by the 

Freundlich isotherm; whereas, Langmuir behaviour may be observed at high concentration. 

The Sips isotherm describes saturation of binding sites that are either homogeneous or 

heterogeneous in nature. The saturation behaviour of isotherm adsorption is not adequately 

described by the Freundlich model.126  The Sips isotherm is shown in Eqn. 1-7, 
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            Eqn. 1-7 

where K is equilibrium constant and n is heterogeneity parameter of the sorbent surface. 

However, Sips isotherm has the same issue as Freundlich isotherm.  

1.5 Hypotheses and objectives 

1.5.1 Hypotheses 

The first hypothesis of this research is that glutaraldehyde cross-linked chitosan materials 

in the presence and absence of complexes containing Cu(II) will display favourable sorption 

and molecular recognition properties toward urea. 

The second hypothesis is that chitosan-based microparticles possess variable size, 

stability, biocompatibility, and physicochemical properties due to cross-linking via 

electrostatic interactions between chitosan or chemically modified chitosan with an 

appropriate counterion species.  

The third hypothesis is that chitosan based microparticles display better adsorption 

towards urea based on their variable surface-to-volume ratio, as compared with conventional 

bulk copolymer materials. 

1.5.2 Objectives 

The first objective of this research involve the preparation of chitosan-based copolymers 

and their Cu(II) complexes at variable cross-link density and to characterize the kinetic and 

equilibrium sorption properties with urea in aqueous solution at 295 K 
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The second objective of this thesis research is to synthesize and characterize chitosan and 

CM-chitosan-based microparticles with tunable stability at biological conditions (~300 

mOsm/kg electrolytes, pH ~7.4) and to investigate the effect of the variation in 

microparticle composition, phosphate buffer level and the presence of urea on the 

physicochemical properties and the colloidal stability of such microparticle systems.   

 

Scheme 1-3. Molecular structure of chitosan (i); cm-chitosan (ii) where R= -COCH3 acetyl or 

H in accordance with the degree of deacetylation; sodium alginate (iii); and sodium 

tripolyphosphate (iv). The terms m, n, x, y, and z are integer values which depend on the 

degree of polymerization of the respective polysaccharide material. 
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CHAPTER 2: Experimental 

2.1 Materials and Methods 

2.1.1 Materials 

Acetic acid, hydrochloric acid (HCl), potassium phosphate dibasic, potassium phosphate 

monobasic, sulfuric acid, acetone, methanol, absolute ethanol, Sodium chloride (NaCl), and 

sodium hydroxide (NaOH) were obtained from EMD (Edmonton, Canada). 

High-molecular-weight (HMW) chitosan (150–375 kDa; ≥75% deacetylation) and 

low-molecular-weight (LMW) chitosan were obtained from Sigma-Aldrich (Oakville,ON., 

Canada) with 75–80% deacetylation, Brookfield viscosity 20 cps, and a polydisperse 

molecular weight range (50–190kDa). Aqueous glutaraldehyde (50% w/w), CuSO4, urea, and 

p-dimethylaminobenzaldehyde (PAB), deuterium oxide (D2O), sodium alginate, and sodium 

tripolyphosphate were obtained from Sigma-Aldrich. KBr was obtained from BDH 

Chemicals (Halifax, NS, Canada). All materials were used as received unless specified 

otherwise. 

2.1.2 Instrumentation 

2.1.2.1 FT-IR spectroscopy 

 IR spectra were obtained with a Bio-RAD FTS-40 (Massachusetts, USA) instrument in 

reflectance mode. The DRIFT (Diffuse Reflectance Infrared Fourier Transform) spectra were 

recorded at room temperature with a resolution of 4 cm
-1

 operating in the range of 400-4000 

cm
-1 

in reflectance mode (Kubelka-Munk intensity units).  Sixteen scans were averaged and 

corrected against a background spectrum of pure KBr. 

2.1.2.2 Dynamic light scattering (DLS) and zeta-potential measurements 

Particle size distributions of the chitosan based microparticles were measured using a 

Zetasizer Nano ZS (Malvern, UK) dynamic light scattering (DLS) instrument. Samples were 

measured using a backscattering configuration with a detection angle of 173 by using a 4 

mW helium/neon laser (ex = 633 nm) excitation wavelength. The z-averaged diameter and 

polydispersity index (PDI) were estimated from the autocorrelation functions (results not 

shown) using a cumulant analysis method.129 The size distribution of samples was estimated 

by a normal resolution mode algorithm.130 The zeta-potential values were estimated from the 

electrophoretic mobility measurements using the Smoluchowski model.131 All the samples 
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were filtered by gravity filtration using a Whatman no. 42 filter paper prior to the light 

scattering measurements. Each measurement was repeated in triplicate and averaged. 

2.1.2.3 
1
H NMR spectroscopy 

1
H NMR spectra of the solid samples were obtained for pure chitosan powder (i), 

chitosan alginate microparticles (I) isolated by centrifuge with a Precision Micro-Semi Micro 

Centricone, Precision Scientific Co. (Chicago, USA) at 1550 rpm, and CM-chitosan (salt form) 

powder (ii). 
1
H NMR spectra were obtained where the HOD (hydrogen deuterium oxide) 

resonance line was used as a chemical shift reference (=4.63 ppm).
1
H NMR spectra were 

obtained in 1% (v/v) HCl/D2O aqueous solution and were measured using a 3-channel Bruker 

Avance (DRX) spectrometer operating at a 
1
H resonance frequency of 500.13 MHz at 295 K. 

NMR spectra were obtained with a recycle delay (2 s) and a 90° pulse length (10 μs). 

2.1.2.4 
31

P NMR spectroscopy and inversion recovery experiments 

31
P NMR spectra of microparticle samples at variable concentration of phosphate buffer 

solution were obtained at a 
31

P resonance frequency of ~202 MHz at 295 K (results not 

shown). In order to estimate spin-lattice relaxation time (T1) of phosphate ion in different 

environments, inversion recovery experiments according to the method of Becker et al.132 for 

phosphorus in solutions containing 1:2 CM-chi/alg prepared in different phosphate buffer 

solution (II-Bx) were measured. The T1 experiments operating at a 
31

P resonance frequency 

were performed in automated arrays and data analysis was performed using the Bruker 

software.  The T1 values of phosphorus in pure phosphate buffer solution, in the presence 

and absence of microparticles, was compared using an unpaired t-test with Welch’s correction 

at a 95% confidence interval.133 

2.1.2.5 Scanning electron microscopy (SEM) 

 Scanning electron microscopy image was obtained with a JSM-6010LV at 1000× 

magnification and 508 dpi resolution. The surface of the copolymers was coated with gold by 

using Edwards S150B Sputter coater for observation under the scanning electron microscopy.  

2.1.2.6 Thermogravimetry analysis (TGA) 

Thermograms are expressed as weight loss profiles against temperature with a Q50 (TA 

instruments; New Castle, USA) thermogravimetric analyzer. A heating rate (5°C min
-1

) up to 

a maximum temperature (500°C) with a N2 (carrier gas) atmosphere was employed. The 
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thermal stability of materials was evaluated using first derivative plots expressed as 

weight %/°C vs. temperature (°C).134, 135 The microparticle materials (I, II, and III) were 

pre-treated through freeze drying prior to TGA analysis. The uptake of Cu(w/w%) was 

determined semi-quantitatively using TGA by estimation of the residual weight ~500°C 

relative to the initial sample weights for samples with and without Cu(II), respectively. As 

well, similar measurements were performed for bulk samples imbibed with Cu(II) and drying 

to constant weight ~60 °C in a vacuum oven. 

2.1.2.7 Viscosity and density measurements 

 Viscosity of different buffer solution containing 1:2 CM-chi/alg microparticles in 

variable buffer solution (II-Bx) were measured using a Cannon-Fenske capillary viscometer 

(Kimax size 25, Kimble-Chase LLC., USA). The density of the buffer solutions at 293.15 K 

were measured using a DMA 38 density meter (Anton Paar, CA). Equation 2-1 was used to 

obtain the relative viscosity (ηr) of different buffer solutions containing II-Bx relative to 

Millipore water.  
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Eqn. 2-1 

Where ρs represents the density (g/cm
3
) of the solution, ts represents the efflux time (s) of the 

solution, ρw represents the density (g/cm
3
) of Millipore water, and tw represents the efflux 

time (s) of Millipore water.  

2.1.3 Methods  

2.1.3.1 UV-Vis spectroscopy to measure the concentration of the urea 

 The quantification of urea was estimated indirectly through the formation of a colored 

complex (i.e., PAB/urea) through the addition of 2 mL of supernatant urea solution free of 

suspended solids to a solution (0.5 mL) containing 4% (w/v) of PAB and 4% (v/v) of sulfuric 

acid in absolute ethanol.136, 137 The absorbance values of samples were measured relative to a 

blank after 10 min of color development using a calibration curve of standard solutions 

according to the Beer–Lambert law. The formation of the yellow colored PAB/urea complex 

was reported previously.136, 137 The absorbance of the complex was measured using a Varian 

CARY 100 double beam spectrophotometer (Mississauga, ON.; Canada) at room temperature 

at λ=431 nm. The linear region (R
2
>0.99) of the Beer–Lambert calibration plot is observed 
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for urea concentrations up to 5 mM. In cases where the urea concentration exceeded this 

concentration, appropriate dilutions were made to enable quantitative analysis using the 

calibration results. 

2.1.3.2 Urea adsorption kinetics  

 A one-pot kinetics experimental setup is shown in the Figure 2-1. This type of 

experimental setup has been used to study protein binding affininty in biochemistry. A 

comparison of this method with the batch experimental method (i.e., preparing a series of 

individual sample vials under the same conditions with different time intervals) has been 

made for evaluation of adsorption processes reveals important differences. The one-pot 

method has the advantage of using minimal amounts of adsorbent materials, reducing 

solid-liquid separation steps, and performing the experiment in smaller time intervals whilst 

determining equilibrium parameters at longer time intervals. This setup consists of two 

compartments, an inner and outer compartment, respectively. The purpose of inner 

compartment is to physically isolate the solid sample (i.e., the adsorbent materials) from the 

solution of adsorbate by a semi-permeable barrier; thereby allowing in-situ analysis of the 

adsorbate solution to ensure no loss of adsorbent during the sampling process. Because the 

kinectic of adsorption process was studied in this experiment, in order to induce mass 

transport rate between outer compartement (beaker) and inner compartment (funnel), the 

semi-permeable barrier use was composed of a filter-paper with a conical shape (cf. Fig. 2-1) 

for the adsorption experiments. Urea aqueous solution (~10 mM, 500 mL) was prepared in a 

500 mL beaker. Each sorbent (~0.25g) was added into the beaker while the solution was 

stirred at 510 rpm at ambient conditions. 1.00 mL aliquots were taken from the funnel at 

2-min intervals for the first 20 mins. Thereafter, 1.00 mL aliquots were taken at 10-min 

intervals up to 60-min duration. The sample aliquots were centrifuged for 30 mins. Thereafter, 

500 μL aliquots were removed and mixed with 500 μL of Millipore water with 250 μL of dye 

solution. The concentration of urea was measured as described in section 2.1.3.1. The 

adsorptive uptake of urea at each time interval (qt ;mg/g) was calculated from Equation 2-2, 

where Co (mM) is initial urea concentration before adsorption, Ct (mM) is urea concentration 

at time (t) after adsorption, V (mL) is the volume of solution, and m (mg) is the amount of 

sorbent used. 
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Eqn. 2-2 

 

 

Figure 2-1. The one-pot experimental setup for measurement of time dependent adsorptive 

uptake of an adsorbent-adsorpbate aqueous solution.(region A is inner compartment; region B 

is outer compartment) 

 

2.1.3.3 Urea adsorption measurements 

 Variable urea concentration (1–30 mM) was prepared in 100-mL volumetric flasks with 

Millipore water at pH 6 (without buffer). The sorbents (i.e., HMW chitosan, 

chitosan-glutaraldehyde copolymers and Cu(II) imbibed copolymers) were weighed and 

added to 4-dram glass vials with 7 mL of urea solution. The vials were further sealed with 

parafilm between the cap and the glass bottle, and the samples were incubated in a horizontal 

shaker for 12 h. After equilibration, samples were centrifuged with a Precision Micro-Semi 
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Micro Centricone, Precision Scientific (Chicago, IL) at 1550 rpm. The concentration of urea 

was measured, as described in section 2.1.3.1.  

For CM-chitosan-alginate microparticles, a one-pot adsorption setup was used for 

equilibrium and time dependent measurements, as shown in Figure 2-2. This setup is based 

on the same concept illustrated in Figure 2-1. The differences between this setup and that 

shown in Figure 2-1 involve the use of dialysis tubing as the semi-permeable barrier (instead 

of filter paper). Because the particle size of microparticles are anticipated to be of nanoscale 

dimenions, the use of dialysis tubing with a well-defined size cut-off value ensures that the 

microparticles cannot transfer across each compartment. A consequence of particulate 

transfer from the inner compartment to the outer compartment would result in a loss of 

adsorbent materials and protential intereference on the measurement of analytical 

concentration of the adsorbate (urea). A urea solution (V = 400 mL containing 1 mmol urea) 

was prepared. 70 mL of the urea solution was added into the dialysis tubing (inner 

compartment). The rest of the urea solution (330 mL) was placed in the beaker (outer 

compartment). Dialysis tubing was immersed into the solution. 100 mL II-B300 (cf. Table 2-1) 

solution was prepared and added into the urea solution (outer compartment). After 12 h, 2 mL 

of the urea solution was taken from the inner sample compartment. The urea concentration 

was determined by the colorimetric method described in section 2.1.3.1. Water (2 ml) was 

added into the inner sample compartment and solid urea (2 mmol) was added into the outer 

sample compartment to maintain a system with constant total volume throughout the kinetic 

sampling period. 
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Figure 2-2. Experimental design of the one-pot adsorption setup. 

 

2.1.3.4 Water swelling test 

 Approximately 50 mg of adsorbent material was equilibrated in 2 mL of Millipore water 

for 24 h. The weight of hydrated material (Ws) was tamped dry with filter paper, weighed, 

and dried in an oven at 60°Cfor 12 h to a constant dry weight (Wd). The swelling ratio was 

calculated using Equation 2-3. 

%100



d

ds
w

W

WW
S

           

Eqn. 2-3 

2.1.4 Data analysis 

 Kinetic sorption studies for the uptake of urea with various sorbent materials was 

analyzed with the two models; the Pseudo-First-Order (PFO) model (Eqn. 1-2) 124 and the 

Pseudo-Second-Order (PSO) model (Eqn. 1-4), 138-140 as outlined in Chapter 1. The rate 

constants (k1 and k2) and qe (mg/g) were estimated using non-linear fitting of the PFO and 

PSO models to the experimental data. qt is calculated based on Eqn. 2-2. The criterion of 

“best fit” between the experimental data and the calculated results were obtained by 

minimizing the absolute sum of squares of error estimates. 

The results obtained from the adsorption study at equilibrium were evaluated using an 

Inner compartment 

Outer compartment 
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isotherm represented as a plot of the amount of urea removed from aqueous solution per mass 

of adsorbent (Qe, mg/g) versus the residual equilibrium concentration (Ce) of urea in bulk 

solution. Equation 2-4 defines Qe in terms of experimental variables, where Co is the initial 

stock concentration (mM) of urea, V is the volume of solution (mL), and m is the mass of 

sorbent (mg).  

m

VCC
Q eo

e

)( 


          Eqn. 2-4 

The Sips isotherm (Eqn. 1-7) model was used to analyze the equilibrium sorption data. The 

heterogeneity of the sorbent surface was estimated using the exponent term (n), where a value 

that deviates from unity indicates heterogeneity. The Sips isotherm model is a general type of 

isotherm that accounts for Langmuir or Freundlich isotherm behaviour, in accordance with 

the magnitude of the adjustable parameters. The monolayer sorption capacity of urea onto the 

copolymer framework is given by Qm. The equilibrium affinity constant is represented as K.  

The criterion of ‘‘best fit’’ between the experimental data and the kinetic models was 

obtained by minimizing the absolute sum of squares of errors using Graphpad Prism 5. The 

criterion of ‘‘best fit’’ between the experimental data and the Sips isotherm was obtained by 

minimizing the sum of square of errors (SSE) using Origin Version 7.5 graphical software.  

The total error contributions of Qe (ΔQe ) are related to uncertainties in concentrations 

(Co and Ce ), the mass of sorbent (m), and the volume (V). Therefore, it is necessary to 

differentiate Qe to each quantity. The following contributions to errors in Qe are obtained, as 

shown in Equations 2-5 to 2-8. 
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Where ΔCo, ΔCe, ΔV, and Δm are the standard errors associated with each measurement. The 
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overall error in Qe is obtained from the total sum of each of the quantities in Eqn. 2-5 to 2-8. 

The standard error in Ce and Co arises from uncertainties in absorbance obtained from the 

straight line equation for the molar abosorptivitiy derived from the Beer’s Law relationship. 

The uncertainty in mass and volume arises from individual uncertainties in standard error of 

mass and volume. Since the uncertainty attributed by volume is small comparing to mass, 

therefore, Eqn. 2-8 was ignored. 

2.2 Synthesis of chitosan polymers 

2.2.1 Chitosan copolymers 

2.2.1.1 Preparation of Chi-glu copolymers with short reaction time 

The preparation of chitosan–glutaraldehyde (Chi–glu) copolymers was adapted from a 

published procedure reported by Monteiro and Airoldi.141 Chitosan (1 g) was placed in a 

100-mL round-bottom flask and dissolved with stirring overnight with 50 mL 2% (v/v) acetic 

acid solution. Upon dissolution of chitosan, a desired quantity of glutaraldehyde was added 

rapidly at room temperature with stirring (200 rpm) at variable weight ratios of Chi:glu (i.e., 

1 : 0.0835, 1 : 0.334, and1 : 0.585) according to the desired composition of the copolymer. 

The respective Chi–glu copolymers are represented by the following notation: CP-1, -2, and 

-3, where the numerical descriptor (i.e., -1, -2, and -3) denotes an incremental amount of 

glutaraldehyde per gram of chitosan. The mixture was allowed to stir until gelation and then 

allowed to react for an additional 3 h without stirring before neutralization. The solution was 

adjusted to pH = 6 with a 0.2 M NaOH solution with additional stirring for 3 h. The 

orange-yellow product was washed with several portions (50 mL) of cold Millipore water and 

10 mL of cold acetone, with filtration through a Whatman no.2 filter paper under vacuum. 

The material was crushed and air-dried for 2 days with subsequent grinding in a mortar and 

pestle. The powdered product was passed through a 40-mesh sieve and washed with methanol 

in a Soxhlet extractor under reflux conditions for 12 h. The material was finally dried in a 

vacuum oven at 50 °C overnight and stored in a desiccator. 

2.2.1.2 Preparation of Chi-glu copolymer at long reaction time 

The protocol for the above procedure was adapted by allowing the neutralization process 

to continue with stirring for 48 h instead of 3 h. In keeping with the above nomenclature for 

the copolymers, the Chi : glu copolymer (1:0.0835; CP-1) is referred to as CP-1 (long), in 
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reference to the longer reaction time. 

2.2.1.3 Preparation of Chi–glu copolymer/Cu(II) complexes 

A CuSO4 solution (10% w/w) was added (50 mL) to the neutralized mixture and 

equilibrated while stirring overnight. After filtration, the copolymer product was washed with 

500 mL of cold Millipore water and cold acetone with vacuum filtration. All of the same 

workup procedures were followed, as described above. 

2.2.2 Preparation of chitosan-based microparticles 

2.2.2.1 Synthesis of Carboxymethyl (CM-) modified chitosan (ii) 

CM-chitosan was synthesized according to an adapted procedure reported by Chen and 

Park92. Chitosan (1 g) was stirred in 15 mL Millipore water with NaOH (3 g) at room 

temperature for 12 h. Millipore water was completely removed using rotoevaporator ~ 50°C. 

15 mL isopropanol was added to the chitosan mixture. Monochloroacetic acid (1.5 g) was 

dissolved in 2 mL isopropanol and added drop-wise to the mixture at 60°C with stirring over 

30 min. After 8 h, the product was collected and washed with ~100 mL ethanol with filtration 

through a Whatman no. 2 filter paper (pore size: 8 μm) under the vacuum. The sodium salt of 

CM-chitosan was dialysed in 1 L of Millipore water for 24 h to remove residual NaOH and 

the product was finally dried for 12 h in a vacuum oven at 50 °C. 

2.2.2.2 Synthesis of chitosan and CM-chitosan (CM-chi) based microparticles 

The microparticle ID, composition, and ratio of the microparticles along with the 

solution environment where the microparticles were prepared is summarized in Table 2-1. 

The concentration of all microparticles in this work is 0.06% (w/v), unless specified 

otherwise. 

2.2.2.2.1 1:1 Chitosan/alginate (chi-alg) without buffer (I-A) 

Chitosan (0.12 g) was dissolved in 100 mL of 0.1% (v/v)HCl (aq) and the solution pH 

was adjusted to pH 5.6 by the addition of aqueous NaOH. Sodium alginate (0.12 g) was 

dissolved in Millipore water (300 mL).  The chitosan solution was added to the alginate 

solution drop-wise over 6 h with stirring. The microparticle solution was adjusted to pH 6.5 

with aqueous NaOH. The preparation of II-A and III-B was followed using the same 

procedure. 
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2.2.2.2.2 1:1 Chitosan/alginate (chi-alg) in ~300 mOsm/kg buffer solution at pH ~7.4 

(I-B) 

Chitosan (0.12 g) was dissolved in 100 mL of 0.1%(v/v) HCl (aq). A phosphate buffer 

solution was prepared at pH ~7.4 with ~300 mOsm/kg in Millipore water. Sodium alginate 

(0.12 g) was dissolved in 300 mL buffer solution and the aqueous chitosan solution was 

added to the alginate solution in a drop-wise fashion over 6 h whilst stirring. The pH of the 

final solution was ~7.4. The synthesis of I-C, II-Bx, III-Ai,III-C, and III-D followed the 

same procedure. 
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Table 2-1. Microparticle ID, composition, weight ratio, and solution conditions. 

Microparticle 

ID 
Composition Ratio 

Solution 

environment 

I-A 

Chitosan/Alginate 

 

1:1 

 

Without buffer, 

pH ~6.5 

I-B 

With ~300 

mOsm/kg 

phosphate buffer, 

pH ~7.4 

I-C 1:2 

With ~300 

mOsm/kg 

phosphate buffer, 

pH ~7.4 

II-A 

CM-chitosan/alginate 

 

1:2 

 

Without buffer, 

pH ~7.4 

II-Bx 

With ~x* 

mOsm/kg 

phosphate buffer, 

pH ~7.4 

III-Ai 

CM-chitosan/tripolyphosphate 

i** 

With ~300 

mOsm/kg 

phosphate buffer, 

pH ~7.4 

III-B 

1:2 

 

Without buff, pH 

~7.4 

III-C 

Without buffer 

but prepared in 

~300 mOsm/kg 

NaCl solution, 

pH ~7.4 

III-D 

With ~30 

mOsm/kg 

phosphate buffer, 

pH ~7.4 

*x=30, 60, 120, 240, and 300 mOsm/kg 

** i=2:1, 1:1, and 1:2 (mass ratios) 
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CHAPTER 3: Characterization 

3.1 Characterization of chitosan polymers 

3.1.1 Chitosan-glutaraldehyde copolymer materials 

 Chi–glu copolymers were prepared with variable mass ratios (1 :0.0835, 1 :0.334, and 1 : 

0.585) and are denoted as CP-1, -2, and -3, respectively (cf. section 2.2.1.1). The incremental 

mass ratio of glutaraldehyde per gram of chitosan corresponds to variable cross-linking of 

chitosan, according to the Schiff base reaction mechanism.141 The mass ratios for CP-1, -2, 

and -3 correspond to variable levels of cross-linking for each copolymer as follows: CP-1 

(~36%), CP-2 (~100%), and CP-3 (~100%, excess glutaraldehyde). The calculation of the 

level of cross-linking is based on the assumption that 1 mol of glutaraldehyde reacts with 2 

mol of chitosan monomer due to its bifunctional nature, as shown in Scheme 3-1. The yields 

for the preparation of Chi–glu copolymers are favorable, as listed in Table 3-1.  

 

Scheme 3-1. The generalized polymer structure of cross-linked chitosan with glutaraldehye, 

where R=H or COCH3. The terms m and n are integer values which depend on the degree of 

polymerization of the respective polysaccharide, where m and n are considered equal as they 

orginate from the same batch of material. 
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Table 3-1. Synthetic yields for chitosan-glutaraldehyde copolymers at variable mass ratios. 

Copolymer Mass ratios 

(chi:glu) 

Weight (g) Yield (%) 

CP-1 1:0.0835 1.1177 95.9 

CP-1 (long) 1:0.0835 0.7538 68.5 

CP-2 1:0.334 1.0724 88.4 

CP-3 1:0.585 1.2103 89.3 

Note: The yield of the copolymer is calculated according to the mass of chitosan and glutaraldehyde with an 

initial amount of 1 g of chitosan and the assumption that two moles of water are lost for every mole of 

glutaraldehyde reacted with chitosan.
102, 142

 

 

3.1.2 Chitosan-glutaraldehyde copolymer prepared with different reaction times 

As outlined above, chitosan-glutaraldehyde copolymers were prepared at variable 

reaction times according to the time duration of the neutralization step (3 h vs. 48 h). Above 

pH 5.6, proton transfer occurs, which facilitates the first step of the aldol condensation 

reaction.143 In the case of the CP-1 copolymer, the color of the final product appeared darker 

as the neutralization time increased, as shown in Figure 3-1(a,c). Products obtained at short 

versus long neutralization times vary from light versus dark coloration, respectively. The 

dark-colored copolymer material correlates with an increased level of cross-linking, in 

agreement with a previous report of chitosan aerogels by Chang et al144. Images of the 

copolymers prepared at different reaction times in the presence and absence of Cu(II) are also 

shown in Figure 3-1(b,d). After imbibing with CuSO4, the product with short reaction time 

shows the appearance of two different phases according to the sample coloration, a 

blue-green and a dark brown phase. However, the material prepared at longer neutralization 

time appears more uniform in appearance, as evidenced by a homogenous dark green phase. 

The addition of CuSO4 serves as an indicator stain which may reveal copolymer domains 

with framework heterogeneities resulting from incomplete cross-linking. The variable 

staining of the copolymer with CuSO4 can be understood in terms of chitosan domains 

containing variable levels of available glucosamine ligands for coordination to Cu(II). The 

green coloration [cf. Figure 3-1(b,d)] of the products provide support of the formation of 
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copolymer/Cu(II) complexes, in agreement with previously published reports (cf. Table I in 

Ref. 145 and Figure 1 in Ref. 146). 

 

 

Figure 3-1. Images of copolymers in the presence and absence of Cu(II) at room temperature 

in aqueous solution at 295 K: (a) CP-1, (b) CP-1/Cu(II), (c) CP-1 (long), and (d) CP-1/Cu(II) 

(long). 

 

3.1.3 Chitosan-glutaraldehyde/Cu(II) complex 

 Copper-imbibed materials were prepared by equilibrating the copolymers in a solution 

containing an excess amount of CuSO4. The structure of the copper-imbibed Chi–glu 

copolymer is poorly understood but it can be interpreted in terms of the bridge and pendant 

models.147, 148 Scheme 3-2 illustrates the generalized structure copper-imbibed chitosan 

biopolymers according to the bridge and pendant models. The formation of variable 

copolymer morphology is related to the pH conditions of the reaction.143 According to Table 

3-2, the relative uptake of Cu(II) is similar for the various copolymers containing variable 

weight ratios of glutaraldehyde. CP-1 is predicted to have the greatest number of free amine 

groups, in accordance with the predicted level of cross-linking (~36%). However, the 

relatively similar uptake values do not correlate with the predicted levels of cross-linking. 

The grafting of glutaraldehyde groups onto chitosan and the possibility of inefficient 

cross-linking with glutaraldehyde monomers may result in the presence of aldehyde groups 

on the copolymer surface. The presence of such ligands may contribute to coordination of 

Cu(II), in addition to the glucosamine monomer units of chitosan that are not cross-linked. 
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The potential of self-condensation between glutaraldehyde monomers was previously 

reported141, 143and may also contribute to the variable Cu(II) uptake observed in Table 3-2. 

 

Table 3-2. Experimental Cu (II) uptake (%) for chi-glu copolymers and theoretical uptake (%) 

according for the two types of coordination models. 

Copolymer 

(Chi-Glu) 

Calculated 

Cu(II) 

Uptake (%) 

Theoretical
1
 

uptake (%) 

“bridge 

model”
 

Theoretical
a
 

uptake (%) 

“pendant 

model”
 

TGA 

Estimates 

Cu(II) 

Uptake
b
 

CP-1 34.8±2.0 18.0 36.0 11.3±2.3 

CP-1 (long) 29.4±1.7 18.0 36.0 8.30±1.7 

CP-2 24.3±1.4 10.0 20.0 6.30±1.3 

CP-3 29.5±1.7 1.3 2.6 12.8±2.6 

Note: (long) – refers to long reaction time, as outlined in the experimental section 

Cu(%) uptake does not explicitly account for Cu(II) complexes with imine or aldehyde groups. 
a
Reference 141, where the models assume the following Cu(II): amine stoichiometry: bridge models (1:2) and 

pendant (1:1) 
b
Chitosan/Cu(II) TGA estimate for Cu(II) uptake was ~ 20.0% 
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a) Pendant model 

b) Bridge model 

 

Scheme 3-2. Different coordination models for chitosan/Cu(II) complexes; a) the “pendant 

model”, and b) the “bridge model”. 

 

3.1.4 FT-IR characterization of chitosan polymers  

The FT-IR spectra of chitosan, CP-1, -2, and-3 copolymers are shown in Figure 3-2(A, 

B). The broad band appearing at ~3000–3500 cm
-1

 is associated with the stretching of OH 

groups of chitosan. The shoulder above 1700 cm
-1

 (cf. expanded region of Figure 3-2) 

corresponds to the vibrational band of aldehyde groups (cf. Scheme 3 in Ref.143), because 

chitosan is ~20–25% acetylated. The vibrational band at ~1660 cm
-1

 indicates the carbonyl 

group signature of an acetyl group. The peak around 1650 cm
-1

 (i.e., amide I band) overlaps 

with the imine group (-C=N-) and provides strong support that cross-linking occurs between 

chitosan and glutaraldehyde, as described above. With increasing glutaraldehyde content of 
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the copolymer, the band at ~1650 cm
-1

 for the imine group becomes broader, as evidenced in 

the expanded region of Figure 3-2(B). The band at 1591 cm
-1

 corresponds to the N-H bending 

vibration of chitosan. Figure 3-2(B) demonstrates the IR spectra for CP-1 obtained at variable 

reaction times. The IR spectra are relatively similar over the entire spectral region; however, 

CP-1 (long) shows a pronounced imine vibrational band at ~1650 cm
-1

. The latter may be 

attributed to increased levels of cross-linking for these conditions. Figure 3-3(A) illustrates 

the FT-IR spectra of copper-imbibed copolymers (i.e., CP-1, -2, and -3) where the two sharp 

peaks above 3500 cm
-1

 represent contributions due to intermolecular bonded -NH groups 

coordinated to Cu(II).148 The coordination of Cu(II) with chitosan according to the 

‘‘bridge’’model (cf. Scheme 3-2) is supported by an increased C-O band at ~1150 cm
-1

. As 

well, the amine group of chitosan is involved because the -NH bending of chitosan is shifted 

from 1591 to 1560 cm
-1

, providing additional support of the formation of Cu(II) complexes. 

Figure 3-3(B) illustrates the FTIR spectra of the Cu(II)-imbibed CP-1 (long) copolymer. The 

IR bands above 3500 cm
-1

 for CP-1 (long) are not observed for the Cu(II)-imbibed materials. 

The results suggest that Cu(II) has fewer available amine/aldehyde groups relative to the 

imbibed copolymer material prepared at shorter reaction time. The reduction in free aldehyde 

groups is consistent with the conversion of grafted glutaraldehyde copolymers to cross-linked 

products as the reaction time increases.141, 149 According to Figures 3-2 and 3-3, it is less likely 

that Cu(II) binds to the imine groups of the chitosan-glutaraldehyde copolymers and likely 

coordinates to the free amine groups of chitosan. This is further supported by independent 

sorption studies of Cu(II) with chitosan and its copolymers (cf. Figure 5 in Ref. 150). The 

similar Cu(II) uptake values for the copolymers are related to the relative availability of 

amine groups on chitosan and its copolymers, according to the cross-link density of the 

copolymers. 
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Figure 3-2. (A) FT-IR spectra of chitosan and its copolymers: (a) chitosan, (b) CP-1, (c) 

CP-2, and (d) CP-3. The accompanying expansion for the 1250–1750 cm
-1

 region is shown 

below where the spectra are identified as above. (B) FT-IR spectra of CP-1 copolymer 

materials prepared at different reaction times: (a) CP-1 (long) and (b) CP-1. 
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Figure 3-3. (A) FT-IR spectra of copper-imbibed sorbent materials: (a) chitosan/Cu(II), (b) 

CP-1/Cu(II), (c) CP-2/Cu(II), and (d) CP-3/Cu(II) complexes.(B) FT-IR spectra of 

CP-1/Cu(II) complexes prepared at different reaction times: (a) CP-1/Cu(II) (long) and (b) 

CP-1/Cu(II). 

 

3.1.5 TGA results of chitosan polymers 

The TGA results for chitosan-glutaraldehyde copolymers and their Cu(II) complexes are 

shown in Figures 3-4 and 3-5. The thermal decomposition of both materials occurs in the 

200–400°C temperature range. The TGA results for pure chitosan display a thermal event at 

~300°C.151 Cross-linking between chitosan and tripolyphosphate reveal a thermal event at 

lower temperature relative to pure chitosan for cross-linked chitosan.152 Beppu et al153 have 

reported TGA results for chitosan cross-linked with glutaraldehyde and a transition is 
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observed (<300°C), which is significantly broadened relative to pristine chitosan (cf. Figure 4 

in Ref. 152). The reduced temperature onset observed for the copolymers was attributed to 

the effects of cross-linking because a reduced thermal stability is anticipated due to 

attenuation of the intermolecular H-bonding between adjacent chitosan polymer units. The 

TGA results for chitosan and its Cu(II) complex reveal a similar lowering of the temperature 

onset, as observed in the TGA profile for the chitosan/Cu(II) complexes (cf. Figure 3-5). 

Similar effects were observed by Ng et al.154 where the DSC transition (cf. Figure 4 in Ref. 

153) for the Cu(II) complex was attenuated by ~100°C relative to chitosan, further supporting 

that reduced intermolecular H-bonding occurs between adjacent polymer chains, resulting in 

attenuation of the heat capacity of these cross-linked copolymers. The greater thermal 

stability of cross-linked chitosan is related to the presence of Cu(II) complexes, according to 

the observed temperature effects and activation energy of the degradation process.155 

Additional thermal events are observed for copolymers and their complexes with Cu(II) 

appear in the 200–300°C temperature range (cf. Figure 3-5), indicating that Cu(II) may be 

bound at multiple coordination sites of chitosan.154, 156 The presence of multiple sites provides 

support that ligation with Cu(II) occurs with the free aldehyde groups of glutaraldehyde along 

with the amine groups of chitosan. Thermal events in the 300–500 °C range are attributed to 

the glutaraldehyde cross-linking because of the greater thermal stability of such copolymers, 

as reported previously.153, 154, 157 The TGA results for the CP-1 copolymer/Cu(II) complex at 

short versus long neutralization times are shown in Figure 3-5. The major difference in the 

TGA results for the products prepared at these conditions is apparent in the 300–500°C 

region of the thermogram. Figure 3-5 shows that CP-1 (long) has a unique thermal profile 

relative to the various copolymers (i.e., CP-1, -2, and -3) prepared at shorter reaction times. 

In Figure 3-5, the broadened thermal transition between 300 and 500°C is reduced because of 

the effects of cross-linking.153, 154, 157 The lower TGA onset of thermal events at lower 

temperatures is evident for copolymer/Cu(II) complexes prepared at longer reaction time 

versus the shorter reaction times. These results indicate that greater cross-linking occurs 

when the reaction time is increased. As well, self-condensation of glutaraldehyde may occur 

when excess weight ratios of glutaraldehyde are used (i.e., CP-3), as described above. 
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Figure 3-4. TGA of chitosan and copolymers, where A = chitosan, B = CP-1, C = CP-2, D = 

CP-3, and E = CP-1 (long). 
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Figure 3-5. TGA of chitosan and copolymer/Cu(II) complexes, where A = chitosan/Cu(II), B 

= CP-1/Cu(II), C = CP-2/Cu(II), D = CP-3/Cu(II), and E = CP-1/Cu(II) (long). 

 

3.1.6 Water swelling properties of chitosan polymers 

The water swelling results (Sw; Eqn. 2-3) for chitosan, chitosan-glutaraldehyde 

copolymers, along with their Cu(II) complexes are shown in Table 3-3. Selected literature 

values for the swelling of polysaccharide-based materials are given as follows: cellulose 

(cotton) 51%158 and chitosan-glutaraldehyde copolymer 213%.159 According to Table 3-3, the 

Sw values for the copolymers decrease with greater cross-linking in agreement with a 

previous report.159 Swelling is further reduced for copolymer/Cu(II) complexes relative to the 

copolymers without Cu(II). The coordination between the amine groups of chitosan or 

surface-bound aldehyde groups with Cu(II) attenuate the water swelling, in a similar manner 

to cross-linked chitosan-glutaraldehyde copolymers.141, 144, 157 
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Table 3-3. Swelling Ratios (Sw) in water
c
. 

Copolymer Sw (%) 

HMW chitosan
a
 322

b
 

CP-1 332±25 

CP-1 (long) 277±21 

CP-3 257±19 

CP-1/Cu(II) 139±14 

CP-1/Cu(II) (long) 81±8 

CP-3/Cu(II) 72±7 

a
Denotes the High molecular weight (HMW) chitosan 

b
See ref. 159 

c
Sw is calculated according to Eqn. 2-3 in Chapter 2. 

 

3.1.7 SEM images of chitosan polymers 

SEM images of pristine chitosan and copolymer materials are shown in Figure 3-6. 

Comparing copolymer materials to chitosan pristine (Figure 3-6 A) reveals that there is a 

drastic change on the morphology of copolymer materials. In Figure 3-6 B, the texture of 

CP-1 (long) possesses both the smooth and rough textural features. However, in Figure 3-6 C, 

CP-3 mainly displays smooth texture and also indicates aggregation of smaller particles. In 

Figure 3-6 D, CP-1/Cu (II) (long) is very distinguished from CP-1 (long). The observation of 

holes and pits are due to either the aggregation of needle-like small particles or the loss of 

solvent during the drying process of the polymer materials which can be observed on the 

surface. It is difficult to discuss the pore structure of the materials because micropores (i.e., 

the pore size at < 100 nm) can not be observed and only macropores (i.e., pore sizes > 1 μm) 

can be seen at 10 μm scale. 
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Figure 3-6. SEM images of copolymer materials. (A. pristine chitosan at 10 kV, 1000 

magnification. B. CP-1 (long) at 3kV, 1000 magnification. C. CP-3 at 5 kV, 2000 

magnification D. CP-1/Cu (II) (long) at 5 kV, 2000 magnification). 

 

3.2 Characterization of chitosan-based microparticles 

3.2.1 
1
H NMR spectroscopy 

The 
1
H NMR spectrum (Figure 3-7 A) of chitosan powder (i) dissolved in 1% (v/v) 

HCl/D2O solution display signatures ~ 1.95 ppm for the N-acetyl protons of chitosan. The 

signatures at 3.05 ppm were assigned to the H-2 nuclei for the glucosamine residues.101, 160 

The 
1
H signals between 3.50 to 4.00 ppm were assigned to the glucosyl ring protons (H-3, 4, 

5, 6, 6’).101, 160 The signal-to-noise ratio of the 
1
H NMR spectra of chitosan alginate 

microparticles (I) isolated by centrifugation is relatively low (cf. Fig. 8C) which indicates that 

the level of chitosan-containing microparticles is less abundant than the solution composition 

of pristine chitosan in Figure 3-7 A. Chitosan tends to be more soluble in acidic solution (pH 

< pKa [chitosan]) due to protonation of the amine groups of C-2 of glucosamine monomers. 

The 
1
H NMR spectrum of CM-chitosan (ii) is shown in Figure 3-7 B with new spectral 

A 
B 

C 
D 



 42 

features between 4.00 and 4.20 ppm that are characteristic of the carboxymethyl substitution 

(R-O-CH2COOD; where R= C-3 or C-6)92. The intensity of signature ~1.95 ppm is attenuated 

because of potential deacetylation of chitosan during the preparation.  

A

B

C

A

B

C

 

Figure 3-7. 
1
H NMR spectra obtained at 500 MHz; A) pristine chitosan powder (i) dissolved 

in 1%(v/v) HCl/D2O solution; B) CM-chitosan powder (ii) in 1% (v/v) HCl/D2O solution; C) 

chitosan alginate microparticles (I) in 1% (v/v) HCl/D2O solution. 

 

3.2.2 FT-IR results of microparticle systems 

The IR spectra of stpp (iv), CM-chitosan (salt form) (ii), CM-chi/tpp (freeze dried) (III), 

chi-alg (freeze dried) (I), and CM-chi/alg (freeze dried) (II) are presented in Figure 3-8. The 

IR spectrum of ii is shown in Fig. 3-8(B). The strong band appearing at 1597 cm
-1

 in Figure 

3-8(B) for ii is assigned to the asymmetric stretching of the carboxylate anion of the 

carboxymethyl group.92 The broad band appearing ~3000-3500 cm
-1

 is associated with the 

OH groups of chitosan.7, 161 The reduced intensity of the band located at ~1650 cm
-1

 indicates 

that deacetylation of chitosan may have occured during carboxymethylation of chitosan.  

IR spectra of III, I, and II are shown in Fig. 3-8(C and E). The vibrational band at 
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1510-1520 cm
-1 

corresponding to the N-H bending vibration of NH3
+ 

of chitosan 7, 161, 162 is 

shifted to 1527, 1545, and 1535 cm
-1

, respectively. This results from the electrostatic bonding 

between ammonium ion sites of chitosan with other counter ion species. 

 

Figure 3-8. FT-IR spectra of A) sodium tripolyphosphate (iv), B) CM-chitosan (salt form) (ii), 

C) CM-chi/tpp (freeze dried) (III), D) chi/alg (freeze dried) (I), and E) CM-chi/alg (freeze 

dried) (II). 

 

3.2.3 TGA results of microparticle systems 

The TGA method was used to estimate composition of the respective polymer 

components (i.e., chitosan and alginate) for such materials as mentioned in previous section 

3.1.5. First derivative plots of weight loss against temperature are illustrated in Figure 3-9. 

The TGA results for chitosan-glutaraldehyde copolymers are described in section 3.1.5 and 

illustrate that quantitative analysis of such thermograms is feasible when the respective 

thermal events for the copolymer structural components display unique thermal events. The 

results for ii, iii, I, IIand III are illustrated in Figure 3-9. A thermal event corresponding to 

the decomposition of chitosan is observed ~300 C (cf. Figure 3-4). In Figure 3-9(A), the 

thermal event corresponding to the decomposition of ii is shifted to ~ 271 C. Zohuriaan et 

al.163 reported that the maximum temperature stability for sodium alginate is ~245 °C, in 
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agreement with the results shown in Figure 3-9(C). The thermal event between 100 °C - 

150 °C in Figure 3-9 is attributed to the loss of hydrate water bound to the polymer surface or 

micropore domains.  In some cases, the loss of water may occur over a wider temperature 

range that differs from the typical vapourization value. The TGA results of microparticle 

systems indicate that variable dehydration temperatures. These differences relative to bulk 

water can be attributed to the existence of adsorbed water at heterogeneous surface domains 

with variable surface chemistry and micropore sites.  The relationship between water loss 

profiles and physicochemical properties of copolymers was independently reported by Guo 

and Wilson (cf. Fig. 7 in ref.164.).164 The desorption profile over the observed temperature 

range is likewise attributed to bound water on the microparticle surface sites with variable 

H-bonding configurations.163 In Figure 3-9, the thermal events around ~ 240°C are attenuated 

relative to that of pure chitosan. According to the results in section 3.1.5, the thermal events 

observed for cross-linked chitosan occur at lower temperatures relative to pristine chitosan. 

Chitosan likely undergoes significant intermolecular (i.e., interchain) H-bonding via the 

amine and hydroxyl groups. By contrast, modification of pristine chitosan through 

cross-linking and microparticle formation (cf. Figure 3-8), may disrupt such interchain 

H-bonding due to steric effects7 and changes in particle morphology which derive support 

from the SEM results (cf. Figure 3-6). The lower onset temperature observed in the Fig. 3-4 

for chitosan copolymers and microparticles are consistent with reduced availability of 

H-bond donor and acceptor groups, including decreased lattice energy of such materials.66, 114, 

115 The foregoing is consistent with the presence of ionic bonds formed due to ionotropic 

cross-linking between chitosan and sodium alginate.  
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Figure 3-9. DTG plot of microparticle systems: A) CM-chitosan (salt form) powder (ii), B) 

CM-chi/tpp powder (freeze dried) (III), C) sodium alginate powder (iii), D) chi/alg powder 

(freeze dried) (I), E) CM-chi/alg powder (freeze dried) (II). 

 

3.2.4 DLS and zeta-potential results 

DLS is widely used as a diagnostic tool for determining the average hydrodynamic radius 

of suspended particles in colloidal systems.165 The DLS method provides an estimate of the 

diffusion coefficients of nanoparticles and their average diameter according to the 

Stokes–Einstein relationship166, according to Eqn. 3-1. 

D

kT
rh

6
             Eqn. 3-1 

Where rh stands for hydrodynamic radius, k is Boltzmann’s constant, T is the temperature, 

and η is the solvent viscosity. 

 The size-distribution diagram of microparticles is shown in Table 3-4 according to DLS 

measurements at 295 K. Zeta-potential measurements can be used to evaluate the overall 

stability of the colloidal system since the zeta-potential of colloids relates to aggregation and 

hydration phenomena.73-77, 79, 80, 82, 83, 107, 110 The importance of colloidal stability for 

microparticles at physiological conditions was introduced in section 1.3.3.2. The colloidal 

stability of of chitosan-based microparticle with different composition was studied at ~300 

mOsm/kg at pH 7.4 in phosphate buffer to simulate biological conditions. As well, the 
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relationship between the microparticle stability and different ionic strength, according to the 

phosphate buffer concentration, was studied for different microparticle systems. An 

understanding of the factors affecting microparticle stability will provide insight on the future 

design of microparticle systems. Different kinds of electrolytes have a prounced effect on the 

stability of microparticle systems. The influence of electrolytes on the stability of CM-chi/tpp 

(III) system was studied by preparing III in different saline (i.e., NaCl and KH2PO4/K2HPO4). 

The zeta-potential, average particle size and polydispersity index for chitosan-based 

microparticles that were prepared in the presence and absence of buffer are listed in Table 3-4. 

The results in Table 3-4 show that the average size of microparticles is smaller when prepared 

in the absence of buffer. This finding contrasts with reports from other studies75, 106 which 

indicate that the particle size in aqueous solution tends to decrease at higher ionic strength. 

However, Saether et al.80 observed an increase in the size of chitosan/alginate microparticles 

at high ionic strength relative to low ionic strength (cf. Table 4 in ref. 80). A similar 

phenomenon also was demonstrated by Chen et al.167 in a study of normal hemoglobin 

(hemoglobin A) and a mutant form of hemoglobin (hemoglobin S) which undergoes 

aggregation at high phosphate concentration. The size and polydispersity index (PDI) of 

chitosan-based microparticles with different storage stability are shown in Table 3-4, where 

certain systems (I and II) show better stability in 300 mOsm/kg phosphate buffer, while the 

microparticle system (II) remains stable for at least 15 days. At different mass composition 

ratios, the microparticle system (III) reveals that instability is observed in the 300 mOsm/kg 

phosphate buffer and 300 mOsm/kg NaCl solutions at pH ~7.4, however, stability is observed 

in the 30 mOsm/kg phosphate buffer at pH ~7.4. The results suggest that ionic strength may 

influence aggregation properties and stability of microparticle systems according to the 

variation of their surface charge or composition. A comparison of I-B with II-B300 indicates 

that the colloidal stability at ~300 mOSm/kg environment is improved due to 

carboxymethylation of chitosan. This indicates that the presence of negatively charged groups 

on the surface of chitosan enhance its colloidal stability. 
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Table 3-4. Average particle size, zeta-potential, and polydispersity index of chitosan/alginate 

microparticles prepared with and without phosphate buffer solution at pH 7.4 at different 

storage timesat295 K. 

 Zeta-potential 

(mV)* 

t = 1 day t = 5 days > 10 days 

I-A
a -28.6±1.4 243.0±1 nm 

(PDI 0.3) 

Aggregates Aggregates 

I-B
b
 ND 320±10 nm 

(PDI 0.5) 

467±31 nm 

(PDI 0.5) 

Aggregates 

I-C
c -32.7±1.3 364±9 nm 

(PDI 0.3) 

478±1 nm 

(PDI 0.4) 

Aggregates 

II-B300
d 

 

-30.5±0.3 424±14 nm 

(PDI 0.3) 

423 ±15 nm 

(PDI 0.3) 

 

384±4 nm 

(PDI 0.3) 

 

III-B
e -38.1±2.2 245±6 nm 

(PDI 0.4) 

Aggregates Aggregates 

III-Ai
f ND Aggregates Aggregates Aggregates 

III-C
g ND Aggregates Aggregates Aggregates 

III-D
h -22.2±2.5 312±5 nm 

(PDI 0.09) 

327±9 nm 

(PDI 0.1) 

334±5 nm 

(PDI 0.1) 

*zeta-potential was measured when t=1 day; ND = not determined 
a 
Chi/alg 1:1 without buffer, pH ~6.5 

b
 Chi/alg 1:1 with ~300 mOsm/kg phosphate buffer, pH ~7.4 

c
 Chi/alg 1:2 with ~300 mOsm/kg phosphate buffer, pH ~7.4 

d
 CM-chi/alg 1:2 with ~300 mOsm/kg phosphate buffer, pH~7.4 

e
 CM-chi/tpp 1:2 without buffer, pH ~7.4 

f 
CM-chi/tpp in different ratios i (i=2:1, 1:1, and 1:2) with ~300 mOsm/kg phosphate buffer, pH ~7.4 

g
 CM-chi/tpp 1:2 without buffer but prepared in ~300 mOsm/kg NaCl solution, pH ~7.4 

h
 CM-chi/tpp 1:2 with ~30 mOsm/kg phosphate buffer, pH ~7.4 
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3.2.5 Effect of phosphate buffer concentration on 1:2 CM-chi/alg microparticles 

The effects of the concentration of the phosphate buffer on the II-Bx microparticle 

system was studied because it shows relatively good stability in the presence and absence 

buffer, as shown in Table 3-5. Figure 3-10 illustrates the size increase of the microparticles as 

the osmolality of the buffer increases. This effect is attributed to a salt screening effect since 

electrostatic interactions are known to decrease in buffer solution relative to pure water (cf. 

Scheme 3-3A).
74, 106

 The variation in particle size increases with the increasing of ionic 

strength is supported from previously reported studies.
74, 75, 106

 The zeta-potential results show 

that the value obtained is ~ -30 mV but microparticles prepared in 30 and 60 mOsm/kg yield 

less negative (-16 mV) and more negative (-42 mV) values, respectively. The drastic change 

may be explained by the shape change of the microparticle (e.g., change from spherical to 

non-spherical). The phosphorus species in the buffer solution was studied as an indirect 

“probe” of the microenvironment via 
31

P NMR relaxation (T1) since such relaxation 

dynamics relate to the hydration changes of a system. According to Bloembergen et al.,
168

 the 

T1 parameter is inversely proportional to the viscosity of solvent. In Table 3-5, the relative 

viscosity data for the solutions containing microparticles exceed the values for the buffer 

system without microparticles. In principle, the T1 values in the microparticle system should 

decrease relative to the pure buffer solution. However, the T1 for the microparticle (II-Bx) 

system shows no statistical differences relative to pure buffer at a 95% confidence interval 

based on an unpaired t-test with Welch’s correction. However, the T1value of the phosphate 

species in the microparticle system containing 120 mOsm/kg buffer is about 10% greater than 

pure buffer. This suggests that other factors may contribute to an increase in the f T1 value. 

One factor may be the variable Brownian motion of microparticles, as shown in Scheme 3-3. 

When microparticles bear a negative surface charge and undergo motion in the system, this 

will perturb the motions of a neighbouring phosphate ion. Another factor may be shrinkage of 

the water-phosphate hydration layer due to swelling of microparticles, as shown in Scheme 

3-3B. Shrinkage of the water-phosphate hydration sphere results in perturbation of motional 

of the phosphate ion due to the proximity of nearest neighbour phosphate ions, leading to an 

increased T1 value.  
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Figure 3-10.Variation in the average size of 1:2 CM-chi/alg particles (II) as a function 

phosphate buffer osmolality at pH ~7.4. 
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Table 3-5.  Spin-lattice relaxation time (T1), relative viscosity, average size, polydispersity 

index (PDI), and zeta-potential of different osmolality phosphate buffer and CM-chi/alg 1:2 

prepared in different phosphate buffer concentration (II-Bx) at pH ~7.4 and 293 K. 

II-Bx
a 

(mOsm/kg) 
T1 (s) 

Relative 

viscosity** 

Average size 

(nm) and 

PDI* 

Zeta-potential 

(mV) 

30 6.4±1.5 1.11±0.01 366±8 (0.4) -16.3±2.3 

60 6.2±0.5 1.02±0.00 372±7 (0.3) -42.3±2.9 

120 6.3±0.1 1.13±0.00 366±7 (0.3) -31.4±1.0 

240 5.1±0.1 1.13±0.00 386±7 (0.3) -32.2±1.0 

300 6.5±0.7 1.13±0.01 424±14 (0.3) -30.5±0.3 

Pure 

phosphate 

buffer (X 

mOsm/kg)
***

  

T1 (s) 
Relative 

viscosity 

Average size 

(nm) and PDI 

Zeta-potential 

(mV) 

30 7.3±1.2 1.00±0.01 ND ND 

60 6.5±0.3 0.993±0.004 ND ND 

120 5.8±0.0 1.00±0.00 ND ND 

240 5.3±0.5 1.00±0.00 ND ND 

300 6.0±0.6 1.02±0.00 ND ND 

* PDI in bracket; 

** efflux time for Millipore water is 535±2 s and the density at 293 K is 0.9984 g/cm
3
; and ND (not 

determined) 

*** X stands for various osmolality of pure phosphate buffer 
a
 CM-chi/alg with ~x (x=30, 60, 120, 240, and, 300) mOsm/kg phosphate buffer, pH ~7.4 



 51 

 

Scheme 3-3. A. The increasing size of microparticles due to salt screening effects, and B. 

Phosphate ion-water lattice is attenuated due to uptake of water into microparticles and their 

Brownian motion (repulsion of the surrounding phosphate ion) leads to an increased spin 

lattice relaxation time (T1) of the phosphate species. 
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CHAPTER 4: Adsorption Kinetics And Equilibrium Uptake Of Chitosan Materials 

With Urea 

 Chitosan-based materials were characterized in Chapter 3. In this chapter, the urea 

sorptive uptake properties were studied for chitosan-based materials. The objective is to 

understand the interaction between urea and chitosan-based materials which will contribute 

further to the design of new materials with improved properties and practical applications of 

chitosan-based materials. 

4.1 Urea adsorption equilibrium study on chitosan-based copolymers 

Figure 4-1 illustrates the sorption results of urea with chitosan and Chi–glu copolymers 

at 295 K and pH 6 in aqueous solution. In the case of chitosan, the value of Qe increases 

nonlinearly as Ce increases up to ~9 mM. The concentration dependence of Qe is more 

pronounced for the Chi–Glu copolymers as the glutaraldehyde content increases, as 

evidenced by the greater Qm values (cf. Table 4-1). The CP-3 copolymer displays the greatest 

overall sorption with urea with saturation of the sorption sites at Ce values >30 mM. In 

contrast, the CP-1 copolymer exhibits reduced sorption and levels off at ~12 mM. The solid 

lines through the experimental data in Figure 4-1 represent the best-fit curve according to the 

Sips isotherm (Eqn. 1-7). The sorption parameters (Qm, K, and n) are listed in Table 4-1 

where the relative ordering of the sorption capacity (Qm) is given as follows: CP-3 >CP-1 > 

chitosan. The heterogeneity parameter (n) for each sorbent is greater than unity, indicating 

that the sorbent surface is heterogeneous in nature, as anticipated for such cross-linked 

copolymer materials. The variation in the sorptive uptake of urea for the copolymers appears 

to be inversely correlated to the extent of swelling in aqueous solution (cf. Table 3-3 in 

Chapter 3 section 3.1.6). Changes in the sorbent surface area (SA) and the sorption properties 

in aqueous solution occur due to swelling of such ‘‘soft materials.’’ Similar effects were 

observed for cross-linked urethane copolymers reported by Wilson et al.169 The variation in 

the sorption and swelling behaviour is related to the relative hydrophile–lipophile balance of 

the sorbent is consonant with the level of cross-linking.153 The molecular interactions of urea 

involved in the adsorption process (i.e., urea-urea, urea-water, and urea-adsorbent) are briefly 

introduced in Chapter 1. The adsorption process is the consequence of the net balance of the 

various intermolecular interactions. In a molecular dynamics (MD) simulation study of the 
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interaction between urea and amino acids, Stumpe et al.41 found that polar amino acids (with 

large partial charges) were found to have slight preferences for contact with water molecules 

and less polar side-chains (small partial charge), as well as protein backbone, displayed 

preferences for contact with urea molecules. The point that is inferred from their study is that 

when the adsorbent is present in the urea solution, urea molecules tend to interact with less 

polar domains of the adsorbent relative to water molecules. This further explains the 

relationship found for the sorption properties and swelling behaviour of the copolymers. The 

lipophilic characteristic of sorbents may help to draw urea to the surface of the sorbent. Urea 

as a guest molecule competes with solvent for sorption sites; thus, H-bonding interactions 

between urea and polar functional groups (e.g., amine, imine, or acetyl) may play an 

important role.149 Moreover, because the carbonyl group of urea tends to form strong 

electrostatic interactions with amide protons of the peptide backbone,37 protons on the amine 

group or imine group on the chitosan-based copolymers may function similar to the amide 

protons of the peptide backbone to enhance the uptake of urea. In contrast, polysaccharide 

sorbents such as oxystarch, containing aldehyde groups have attenuated sorption of urea, as 

compared with the chitosan-based sorbents produced herein (cf. Table 4-2). This suggests that 

key sorption sites for urea uptake may be the amine or imine groups. In a study of 

cellulose-urea system, Bergenstrahle-Wohlert et al.28 suggest that urea interacts directly with 

the surface of cellulose without disruption of the cellulose tertiary structure. The interaction 

of urea with cellulose does not appear to disrupt the intramolecular hydrogen bonding. 

Cross-linking at variable levels is anticipated to alter the sorbent surface area (SA) by 

reducing the interchain intermolecular H-bonding which likely affects the crystallinity of 

chitosan and alters the number of binding sites available for urea molecules.102, 142 For 

example, cross-linking is anticipated to result in the formation of micropore sites which 

create additional binding domains for urea in the copolymer framework, as shown in Scheme 

4-1. This interpretation is supported by SEM results presented in Chapter 3 (cf. Figure 3-6). 

The literature values for the various sorbent materials in Table 4-2 cover a range of urea 

uptake values (0.9 to 9.0%w/w).  

In Table 4-1, the experimental Qm values for chitosan (4.7% w/w), Chi–glu copolymers 

(12–17% w/w), and copolymer/Cu(II) complexes (16–26% w/w) have a wider range of 
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sorption values when compared with values listed in Table 4-2. Figure 4-2 illustrates the 

sorption results for urea and copolymer/Cu(II) complexes at 295 K and pH 6 in aqueous 

solution. The solid lines through the experimental data in Figure 4-2 represent the best-fit 

according to the Sips isotherm (Eqn. 1-7), and the sorption parameters are listed in Table 4-1. 

The sorption capacity for each copolymer/Cu(II)complex are listed in descending order as 

follows: CP-3/Cu(II) >CP-1 Chi–Glu/Cu(II) (long)>CP-1/Cu(II). Comparable heterogeneity 

factors are observed for the copolymer/Cu(II) complexes relative to the non-imbibed Chi–glu 

copolymers. The sorption results in Figure 4-2 are comparable to those in Figure 4-1; 

however, the uptake of urea for the copolymer/Cu(II) complexes is approximately two-fold 

greater, as shown in the bar graph of Figure 4-3. A comparison of the sorption capacity of the 

various sorbents in Table 4-2 (Qm ~9–79 mg/g) with the results obtained herein for the 

copolymers and their complexes with Cu(II) (cf. Figure 4-3; Qm ~106–265 mg/g) reveal some 

important differences. In Table 4-2, chitosan coated oxycellulose, oxidized 

β-cyclodextrin/epichlorohydrin, and Cu(II) chitosan complexes display the greatest overall 

uptake of urea. The chitosan copolymers prepared in this work have much greater uptake than 

the sorbent materials reported in the literature. The greater sorptive uptake of the chitosan 

copolymers is attributed to the improved synthetic design strategy employed herein. The 

greater urea sorption observed for the copolymer/Cu(II) complexes is related to the presence 

of favourable coordination sites for urea because of the presence of Cu(II).170 Glucosamine 

monomers form stable complexes with Cu(II),171 and chitosan similarly forms stable Cu(II) 

complexes (pK1~5.47 and pK2~2.67).148 In addition to the hydroxyl and amine groups within 

the copolymer framework, the incorporation of Cu(II) introduces favourable Lewis acid 

coordination sites for urea ligands,172 as illustrated in Scheme 4-1 and is further supported by 

the results in Figure 4-3. The variation in the sorption properties of Chi–glu copolymers and 

their Cu(II) complexes is consistent with the incremental changes in SA and pore structure of 

these sorbent materials. The Chi–glu copolymer sorbents developed herein reveal that a 

rational materials design approach affords tuning of the sorption capacity and molecular 

recognition of urea. By comparison with chitosan as a sorbent material, the sorption 

properties were substantially improved through incremental cross-linking with glutaraldehyde 

and the formation of copolymer/Cu(II) complexes. 
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Figure 4-1. Sorption isotherm of chitosan and Chi–Glu copolymers with urea in aqueous 

solution at pH 7, where a=CP-1, b=CP-1 (long), c=CP-3, and d=HMW chitosan. The solid 

line refers to the best fit according to the Sips isotherm. 

a 

b 

c 

d 
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Figure 4-2. Sorption isotherm of Chi–Glu copolymer/Cu(II) with urea in aqueous solution at 

pH 7, where a=CP-3, b=CP-1, and c=CP-1 (long). The solid line refers to the best fit 

according to the Sips isotherm. 

a 

b 

c 
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Figure 4-3. Equilibrium uptake of urea (mg/g sorbent) for chitosan and Chi–Glu copolymers 

in the presence and absence of Cu(II) in aqueous solution at pH 7 and 295 K. 

 

 

 

Scheme 4-1. An illustration of Cu(II) providing coordination sites for urea in Chi–Glu/Cu(II) 

copolymers. 
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Table 4-1. Sips isotherm parameters for the sorptive uptake of urea at 295 K and ambient pH 

conditions. 

Copolymer Qm (mg/g) K n 

HMW chitosan
a 

47.1±3.4 0.291±0.044 2.1±0.6 

CP-1 118.0±20 0.407±0.100 1.7±0.6 

CP-1 (long) 105.5±3.6 0.116±0.003 5.1±0.7 

CP-3 171.2±9.0 0.106±0.007 2.0±0.7 

CP-1/Cu(II) 163.2±15.7 0.283±0.060 1.2±0.2 

CP-1/Cu(II) 

(long) 
233.5±12.1 0.087±0.05 2.6±0.2 

CP-3/Cu(II) 264.7±6.5 0.223±0.013 1.6±0.1 

a
Denotes the High molecular weight chitosan 

 

Table 4-2. Equilibrium urea uptake of different sorbents at various experimental conditions. 

Sorbent material Qm (mg/g) 
Experimental 

conditions 

Activated carbon158 9.0 Ambient conditions 

kaolinites11 2.38 pH~7.4 buffer at 37 °C   

oxystarch13 
12.0 

pH 7.2~7.4 buffer and 

310 K 

Chitosan-coated oxycellulose16 90.4 pH 7.2 buffer and 310 K 

Oxidized 

β-cyclodextrin/epichlorohydrin 

copolymer19 

50.6 

pH 7.4 buffer and 310 K 

Chitosan/Cu(II) complex15 
78.8 

Buffered at pH 7.0 and 

295 K 

Cross-linked chitosan/Zn(II) 

complex1 
43.6 

pH 7.0 and at 293 K 
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4.2 Effect of urea at equilibrium on chitosan-based microparticles 

Based on the dependence of microparticle size on solution conditions, the effect of urea 

was studied at equilibrium conditions for II-B300 microparticle system (cf. Table 2-1 in 

Chapter 2 for detail composition).  Figure 4-4 illustrates the equilibrium uptake of a 

microparticle/urea system. To obtain accurate measurements of urea uptake, a custom made 

setup was developed because of the microparticle size and colloidal nature does not allow for 

typical batch experiments due to challenges with separation of solid and solution components. 

Figure 2-2 in Chapter 2 illustrates the one-pot setup which employs a dialysis membrane for 

the in-situ measurement of urea.  The dialysis membrane was required due to the small size 

of the microparticles and the limited sample quantities available to carry out such 

measurements. As seen in Figure 4-4, the “apparent” Qe decreases in the initial stages of the 

isotherm, reaches a minimum, and then increases monotonically up to the saturation point. 

Beyond the minimum, the normal sorptive uptake behaviour is displayed. The unusual 

decrease by the three initial data points is understood according to growth of microparticles 

and the decrease of Qe is related to the decreasing surface area due to incremental aggregation 

with increasing urea concentration. This interpretation is supported by independent size 

measurements according to DLS (see caption of Figure 4-4). Urea adsorption experiments at 

equilibrium with HMW chitosan was obtained using a one-pot setup. The sorption isotherm 

for HMW chitosan is shown in the Figure 4-4 which produces a similar sorption isotherm as 

that obtained from typical batch adsorption experiments (cf. Figure 4-1). The comparable 

results between each experimental design provide support for the reliability of the one-pot 

setup. A comparison of the urea uptake of the microparticle system exceeds that of chitosan, 

as anticipated according to the surface area of such materials. The results are consistent with 

equilibrium uptake values for chitosan and its related copolymers (cf. Table 4-1 and Figure 

4-1). The size and colloidal stability of microparticles was markedly different at high 

concentration of urea. The sensitivity to urea concentration may present limits on the 

application of microparticles as drug carrier to patients with renal disease due to the 

occurrence of elevated urea levels in such cases. 
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Figure 4-4. Equilibrium sorptive uptake of urea by II-B300 microparticle system using a 

one-pot dialysis membrane setup (see Figure 2-2 in Chapter 2). Points 1, 2, 3 correspond to 

colloidal microparticle with the following particle size according to DLS (1 = 418 nm, 2 = 

709 nm, and 3 = 1600 nm) at 295 K and ambient pH (pH = 6). The particle size without the 

presence of urea is 424 nm (cf. Table 3-4 in Chapter 3). 

 

4.3 Urea adsorption kinetic study on chitosan-based copolymers 

 Urea adsorption equilibrium study on chitosan-based materials was discussed above. For 

the simplification, urea could be considered as a Lewis base when describing the 

urea-adsorbent interactions for conditions when urea is dilute. This simplification could be 

further examined with the study of sorption kinetics which would provide more insight of 

urea adsorption process. The sorption kinetics and fit parameters are shown in Figure 4-5 and 

Table 4-3. As shown in Table 4-3, the PFO model provides a better fit than the PSO model.  

Therefore, the Pseudo-First-Order process is considered as the predominant process for urea 

uptake. The rate constant according to PFO model of HMW chitosan, CP-1 (long), CP-3, and 

CP-1/Cu(II) (long) are listed in ascending order, as follows: HMW chitosan (0.0745 min
-1

), 

CP-1 (long) (0.0851 min
-1

), CP-1/Cu (II) (long) (0.120 min
-1

), CP-3 (0.138 min
-1

). The qe 

estimated by the PFO model shows correlations that are similar to those observed for 
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equilibrium sorption capacity: HMW chitosan ≈ CP-1 (long) <CP-3 < CP-1/Cu (II) (long). 

The value of qe is comparable to the Qe at ~10 mM for the equilibrium experiment in the 

previous section (section 4.2). The sorption process is relatively rapid comparing to other 

systems.1 As the amount of cross-linker is increasing, both qe and the rate constant are 

likewise increasing. Cu (II) has great impact on both qe and the rate constant. According to 

Figure 3-6, there are differences in the morphology between copolymers with and without Cu 

(II). The presence of additional of Cu (II) results in more porous materials which result in 

greater surface area. Comparing with the removal of arsenic with chitosan flakes173, removal 

of urea with chitosan displays some similarities where both sorption processes are relatively 

rapid and experimental data could be fit with the PFO model. Thhat urea is viewed as a Lewis 

base may provide a generalized understanding when describing urea-chitosan adsorption 

processes.  
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Figure 4-5. Kinetic adsorption profiles of urea aqueous solutions with various adsorbents 

(HMW chitosan, CP-1 (long), CP-3, and CP-1/Cu (II) (long)) at ambient conditions over 

variable time intervals. The adsorptive uptake is expressed as (qt, mg/g) and the initial urea 

concentration is ~10 mM. 
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Table 4-3. Pseudo-First-Order and Pseudo-Second-Order kinetic parameters for the 

adsorption of urea with various sorbent materials at ambient conditions. 

Sorbent 

materials 

Pseudo-First-Order 

(PFO) model 

Pseudo-Second-Order 

(PSO) model 

Goodness of fit 

(absolute sum 

of squares) 

k1 (10
-2

∙min
-1

) qe (mg/g) k2 (10
-3

∙g/mgmin) qe (mg/g) PFO PSO 

HMW chitosan 7.45±0.71 48.1±1.6 1.30±0.31 59.5±3.7 49.3 70.5 

CP-1 (long) 8.51±1.17 44.7±2.4 1.54±0.54 55.2±5.3 118 182 

CP-3 13.8±1.2 51.3±1.4 2.81±0.76 59.8±3.7 87.7 226 

CP-1/Cu(II) 

(long) 
12.0±1.5 66.4±2.5 1.79±0.62 78.0±6.0 241 453 

Note: k1 and k2 have been scaled up by 10
2 
and 10

3
 respectively for presentation purpose. 

 

4.4 The sorption mechanism of urea on chitosan based polymers 

The proposed sorption mechanism of urea on chitosan based polymers is demonstrated in 

Scheme 4-2. The amine groups and imine groups of the Chi-glu copolymers likely provide 

favourable binding sites for urea. Moreover, the change in the surface area (SA) of 

copolymers makes more binding sites available to urea because the formation of cross-links 

disrupts the intramolecular and intermolecular H-bonding of chitosan. The enhancement of 

urea sorption is attributed to modification of both the morphology and the 

hydrophile-lipophile balance of the copolymers, along with the presence of Cu(II). According 

to the equilibrium and kinetic sorption results described in Chapter 4, urea can be considered 

as a Lewis base when describing the intermolecular interactions between urea and 

chitosan-based materials under diluted conditions. 
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Scheme 4-2. The scheme of the sorption mechanism of urea on chitosan based polymers. 

where R = -H or –COCH3, red dots = water molecules, black dots = urea molecules, and blue 

wavy lines = polymer chains. The terms m and n are integer values which depend on the 

degree of polymerization of the respective polysaccharide, where m and n are the same for 

chitosan from a common batch. 

 

 

 

 

 

 

 



 64 

CHAPTER 5: Conclusion and future work 

5.1 Conclusion 

One of the objectives of this research involved the preparation of chitosan-based 

copolymers and their Cu(II) complexes at variable cross-link density and to characterize the 

kinetic and equilibrium sorption properties with urea in aqueous solution at 295 K. Three 

types of chitosan–glutaraldehyde (Chi–glu) cross-linked copolymer materials were prepared 

at various Chi–glu weight ratios at variable reaction times. Copper imbibed copolymers were 

prepared from the corresponding Chi–glu copolymer materials. The morphology and 

structural characteristic of the copolymer materials described above were characterized using 

FT-IR spectroscopy, thermogravimetry analysis, water swelling properties, and SEM. 

According to these results, cross-linking was supported by all copolymers and longer reaction 

time could increase the cross-link density for copolymers with similar Chi-glu weight ratios. 

Moreover, the crystallinity of chitosan was reduced because the formation of cross-links 

disrupted the intramolecular and intermolecular H-bonding of chitosan and this was likely 

responsible for the change in the surface area (SA) of copolymers. The structure of 

copolymers was further modified by imbibing the copolymers with Cu(II). These differences 

led to materials with different urea sorption properties, as shown by both equilibrium and 

kinetic uptake studies. The materials studied are as follows: pristine chitosan, Chi–glu 

copolymers, and the copper imbibed copolymers. The uptake of urea with pristine chitosan 

was 4.7% w/w, whereas Chi–glu copolymers display greater sorption (Qm 10.6–17.1% w/w) 

with increasing glutaraldehyde content. Urea sorption is further enhanced (Qm 16.3–26.4% 

w/w) for copper imbibed materials. These results were compared with examples of studies 

from the literature (cf. Table 4-2). The kinetic results were fit with Pseudo-First-Order and 

Pseudo-Second-Order models. Based on Pseudo-First-Order model, the qt value for the 

copolymers agree with the value of Qe estimated by equilibrium studies at comparable initial 

urea concentration values.  

The second objective of this research was to synthesize and characterize chitosan and 

CM-chitosan-based microparticles with tunable stability at biologically relevant conditions 

(~300 mOsm/kg electrolytes, pH ~7.4) and to investigate the effect of the variation in 

microparticle composition, phosphate buffer level and the presence of urea on the 
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physicochemical properties and the colloidal stability of such microparticle systems. 

Composite microparticles which contain chitosan or modified (carboxymethyl) chitosan 

with polyanions such as alginate or tripolyphosphate were prepared in aqueous solutions. 

Various microparticles were prepared and their physicochemical properties were 

characterized by 
1
H/

31
P NMR spectroscopy, FT-IR spectroscopy, and dynamic light 

scattering (DLS). Phosphate anion species were used as a probe to study the change of the 

diffusion behaviour of microparticles with varying ionic strength and different composition 

of microparticles to understand how these conditions can affect the stability of 

microparticles. The results suggest that increasing levels of phosphate ion would lead to 

shape changes of microparticles. The average size and polydispersity index (in parentheses) 

are reported for the chitosan-based microparticles which vary over a range of values: 

243.0±1 nm (0.3) to 424±14 nm (0.3), according to DLS measurements at ambient 

conditions.  The stability of the microparticles is related to the composition of the system 

and the aqueous solution conditions. Variable changes in the ionic strength for certain 

microparticle systems resulted in good stability on the order of two weeks or more. The 

presence of additional negatively charged groups on chitosan was shown to be a suitable 

method for achieving good colloidal stability at biologically relevant conditions. The 

equilibrium urea adsorption data of the most stable microparticle systems were obtained at 

ambient conditions with the use of a dialysis tubing setup to allow separation of the solution 

containing microparticles from a bulk solution containing urea. The dialysis tubing provides 

a barrier to prevent small microparticles passing through the membrane pores and provides a 

better assessment of in-situ estimates of the unbound fraction of urea. In cases when filter 

paper serves as the barrier, the larger pores may allow passage of microparticles which 

affects the estimated concentration measurement of unbound urea. The size and stability 

changes of microparticles during the adsorption were monitored using DLS. Microparticle 

growth occurs as the increase of the concentration of urea increases and with increasing time. 

After 36 h, sedimentation of colloidal microparticles was observed. Microparticle systems 

display good urea uptake (Qe ~36% w/w), which is comparable to values obtained for 

chitosan based copolymers. Sub-micron size materials potentially have better urea 

adsorption than copolymers. The results suggest that the application of micropartilce 
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systems as drug carrier devices may be limited because of the potential sensitivity to 

variations in urea concentration. The latter is particularly true for patients with kidney 

disease where fluctuations in urea levels are anticipated. 

5.2 Future work 

Surface charge (in terms of point zero charge) for the chitosan-based copolymers should 

be measured in future studies.173 Surface charge can provide an understanding of the 

interactions between urea and chitosan-based copolymers, including aspects of the adsorption 

process. For example, X-ray photoelectron spectroscopy (XPS) could be applied to 

understand the role of Cu(II) in the urea sorption process. As well, XPS can provide insight 

regarding the nature of the intermolecular interactions that occur between urea and the 

sorbent surface.109, 174 Moreover, some further modification of sorbent materials could be done 

to achieve better sorption properties and better selectivity to urea. For example, imprinted 

materials are known to display good sorption properties toward urea as well, in addition to 

good molecular selectivity.17 The use of an improved urea measurement method with less 

standard error would provide more accurate determination of adsorption isotherms as well as 

kinetic adsorption studies, along with accompanying equilibrium and kinetic parameters. For 

example, Clark et al.175 introduced a high-performance liquid chromatography (HPLC) 

method for the determination of urea with the use of fluorescence detection. This 

fluorescence method has a low limit of detection (LOD=0.05 μM) and provides a reliable 

limit of quantification (LOQ=0.25 μM). It follows that improved LOD and LOQ contribute to 

a better estimation of adsorption and kinetic parameters. 

New types of microparticle formulations can be explored to achieve better colloidal 

stability at variable ionic strength. Improved formulations directed at microparticles with both 

negative surface charge and hydrophobic side chain on the surface is anticipated to yield 

microparticles with greater stability due to steric effects.116 For instance, a chitosan/pectin 

complex might be good choice because pectin carries negative charge and could be seen as 

hydrophobic side chain.176 The possibility of forming amide linkages is also possible for 

complexes between polyacids such as pectin with chitosan.66 CM-chitosan/pectin complex 

might fulfill the requirement for the new formulation. Further studies could be carried out 

using Isothermal titration calorimetry (ITC) to obtain enthalpic and entropic parameters for 
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the sorption of chitosan materials with urea.177-179  
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