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Abstract 

Chitosan-based copolymers (CH-GL1:6, CH-GL1:1, CH-GL1:0.5, and CH-GL1:0.25) were 

prepared at variable weight ratios of chitosan (CH) to glutaraldehyde (GL). Physiochemical 

properties of cross-linked copolymers were characterized using FTIR (Fourier Transform 

Infrared) spectroscopy, PXRD (Powder X-ray Diffraction), CHN analysis, and 

thermogravimetric analysis (TGA). The swelling behaviour of the polymers along with chitosan 

was investigated. The sorption properties of copolymers with arsenate oxoanions were 

investigated at various pH using 10 mM phosphate buffer systems and also in aqueous solution 

without buffer. The Sips sorption model describes the best fit parameters for adsorption. The 

relative monolayer sorption capacities Qm (mg/g) of the adsorbents are given in parentheses in 

the following order: CH-GL1:1(14.4) > CH-GL1:0.5(12.0) > CH-GL1:0.25(10.3) > CH-

GL1:6(2.24). In general, the sorption capacities are listed in descending order as follow: un-

buffered > buffered (pH 5.0) > buffered (pH 8.5). The removal efficiencies for 20 mg of 

polymers over a variable concentration range ( 1-200 mg/L) of arsenate in aqueous solution 

without buffer are as follow: CH-GL-1:1(20-95%), CH-GL1:0.5(14-97%), CH-GL1:0.25(10-

98%), CH-GL1:6(2.0-56%), and CH (0.007-3.9%). The sorption properties of the adsorbents 

were also determined in bicarbonate buffer to evaluate the competitive effect of phosphate buffer 

on adsorption of arsenate oxoanions. X-ray absorption spectroscopy (XAS) of chitosan and CH-

GL1:1 was performed after adsorption at different pH conditions using two buffer systems to 

evaluate the chemical environment around the arsenate species. In addition, sorptive properties 

of phenolic adsorbate (i.e. PNP) were estimated with CH-GL copolymers at various pH 

conditions. The estimated sorptive capacities (Qm; mmol/g) for PNP are in the range 0.07-

0.21(mmol/g) while removal efficiencies for PNP are greater at lower pH conditions.  
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   INTRODUCTION Chapter 1

1.  Aims and Objectives 

Water is one of the major resources essential for sustaining and developing life on this 

planet. In addition, water is a basic component for personal survival and continuation of life 

since good quality and safe drinking water is essential for good human health and biodiversity. 

The purity of water has been questioned owing to contamination by pollutants because the 

quality of water has been affected by various industrial, agricultural and domestic activities of 

humans. Numerous toxic inorganic or organic pollutants are accumulated in various forms such 

as dyes, solvents, detergents, insecticides, pesticides, and other wastes.  

Relative mobility, carcinogenic properties, and increase concentration of these 

contaminants from certain specific levels cause drastic effects on ecosystems, human health, and 

animal life. Thus, it is essential to remove the pollutants from water as identified by the United 

Nations Environment Program (UNEP) who posits the importance of safe clean drinking water 

for improving the quality of life and economic development, among one of the eight millennium 

goals [1].  

A number of methods for pollution control are available but sometimes the cost and 

practical feasibility are major obstacles for their implementation. Thus, there is an imperative 

need to search for strategies to remove pollutants from wastewater and development of cost-

effective and efficient technology for reuse of adsorbent materials. 

Chitosan is an amino polysaccharide biomaterial comprised of randomly distributed D-

glucosamine and N-acetyl-D-glucosamine monomers linked with β-(1-4) glycosidic bond to be  

discussed later in this Chapter. Chitosan has been recognized as “nature’s most versatile 
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biomaterial” [2]. Chitosan displays high chemical reactivity and possesses a relatively large 

number of functional groups (i.e. hydroxyl, amine, acetyl) which contribute to its utility as an 

adsorbent material of heavy metals and some anions, especially arsenic [3, 4-8-11]. Chitosan 

possesses very good properties such as high cationic charge density and long flexible polymer 

chains, which allow for bridging of aggregates and precipitation which enable efficient coagulant 

and flocculant behaviour for the removal of dissolved contaminants from aqueous solutions [12]. 

  There are limited studies that report on the mechanism of the cross-linking of chitosan 

and glutaraldehyde [13, 14]. Also, the most reported studies use crossed-linked chitosan 

adsorbents for the adsorption studies under specific conditions to analyze, isolate, and collect 

metal ions at ppm levels but never studied the adsorption at ppb or sub ppb levels. Further, there 

are limited studies on the effect of other anions on the sorption of arsenate species by chitosan 

based sorbents. 

It is also known that surface area of the adsorbent affect the adsorption properties of the 

material since high surface area often correlates with high adsorption [4]. Based on this 

hypothesis, the synthesis of chitosan based copolymers have been reported elsewhere [4]. 

However, it was not clear the extent of the cross-linking and what were the effects of pH on 

sorption properties (singly or doubly charged arsenate anions), including the effect of other 

anions like sulphate, carbonate, and phosphate were not studied. These knowledge gaps can be 

addressed by studying adsorption at low concentration levels and the presence of other ions to 

see the effect of the counter ions on adsorption properties. 

The aim of this project was to synthesize chitosan-glutaraldehyde copolymers at 

controlled cross-linking ratios to get evaluate such structural factors on the sorption properties of 

such synthetic copolymers. The Schiff base reaction mechanism of glutaraldehyde with chitosan 
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allows to develop an understanding of the sorption process according to the structure of the 

cross-linked materials [13]. The synthesis of chitosan-glutaraldehyde cross-linked copolymers is 

based on the assumption that two monomers of chitosan react with one monomer of 

glutaraldehyde to form a cross-linked product (Modified scheme 3.1 for reaction is shown in 

Chapter 3). 

A greater understanding of arsenate sorption in aqueous solution with chitosan-based 

copolymers (with controlled cross-linking ratios) is the overall aim of this study. To fulfill these 

objectives, some conventional synthesis is done since the reaction displays sol-gel behavior [13, 

139,150]. The reagents are added rapidly to overcome mass transfer limitations prior to gel 

formation [13, 14, 17 ]. The copolymers were characterized using spectroscopic and other 

material characterization techniques. 

The equilibrium sorption capacity or properties of polymers are investigated through 

analyses of the unbound adsorbate species (inorganic arsenate) and isotherms for mono and di-

anions are obtained with chitosan and four different copolymers at pH 5.0 and 8.5 in the absence 

of buffer. The sorptive process and spectroscopic characterization of sorbent/arsenate complex 

are carried out using multi-instrumental methods. 

The chemical environment of both sorbents and arsenic species in the solution can be 

studied using synchrotron-based X-ray absorption spectroscopy methods with the beamlines 

available at Stanford Synchrotron Radiations Lightsource (SSRL). Detailed structural 

information of copolymers were determined from the extended X-ray absorption fine structure 

(EXAFS) which enabled an assessment of the local coordination environment of the arsenate 

bound to the copolymer in the presence of two types of  buffer systems (phosphate and 

bicarbonate).  
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This chapter describes the need for the development of suitable adsorbents for removal of 

various pollutants from aqueous solutions specifically arsenic oxoanions. Chapter 2 will focus on 

the experiment aspects of synthesis of (low, medium, and highly cross-linked) copolymers with 

the variable amount of glutaraldehyde and their physiochemical characterization, including their 

adsorption properties in aqueous solution. Subsequent chapters will describe the sorption 

properties of arsenate anions and p-nitrophenol in buffered and un-buffered solutions and also 

the use of synchrotron techniques and other spectroscopic techniques (i.e. IR, Raman) for 

characterization of the sorbents before and after sorption. 

1.1 Arsenic 

1.1.1 Physical Characterization of Arsenic 

The word, “Arsenic” is derived from Greek name “arsenikon” meaning yellow pigment or 

orpiment [18-20]. The ancient Egyptians, Greek, and Chinese were familiar with arsenic in the 

form of minerals and some gilding metals or art crafts; during 1200 A.D, arsenic was first 

isolated by Albertus Magnus. Arsenic is the 20
th

 most abundant naturally occurring element and 

is widely distributed in the earth’s crust (2 mg/Kg) [18-20]. Arsenic belongs to the Group VA, 

also referred to as the Nitrogen group of the Periodic Table. The elemental form of arsenic has 

atomic number 33 with an electronic configuration [Ar] 3d
10 

4s
2 

4p
3 

and relative atomic mass 

74.92 amu. Pure elemental arsenic has three allotropic forms: white, black and gray and it 

sublimes at 613
°
C and has a low vapor pressure of 1 mmHg at 373

°
 C and specific gravity 5.73. 

The naturally occurring forms of elemental arsenic (sometimes referred to as metallic arsenic) is 

a silver-gray, brittle, crystalline metalloid solid with no apparent smell or special taste[18-22].  
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1.1.2 Arsenic Compounds and their Occurrence 

Arsenic is an elusive element which can be found in many chemical forms. Occasionally, 

arsenic is associated with various sedimentary rocks especially as sulfides in complex minerals 

and other ores containing copper, lead, iron, nickel, cobalt, and other metals. Elemental arsenic 

does not evaporate but when materials containing arsenic are burned, it can make an entry into 

environmental cycle as an oxide since many arsenic oxides are soluble in water. This element is 

also present in compounds with other elements like oxygen, hydrogen, carbon, chlorine, and 

sulfur.  These compounds can frequently be found in rocks, soil, water, air, in plants, and animal 

tissues [18-22]. On thermal decomposition, many arsenic compounds emit toxic fumes [18-22]. 

Some arsenic compounds occur in crystalline, powder, and amorphous or vitreous forms [18-22]. 

Elemental arsenic is insoluble while some other forms such as calcium arsenate and arsenite are 

readily soluble. Various calcium, potassium, lead, sodium arsenate, and arsenite salts along with 

other arsenicals are also soluble in ethanol and various acids.  

1.1.3 Applications of Arsenic Compounds 

The Renaissance period pioneered the use of arsenic compounds in medicine [23-25]. 

During 1975, worldwide annual productivity of arsenic or arsenic compounds was “approx.60, 

000 tons/year” [26-29]. Organic arsenic is one component of antibiotics for the treatment of 

spirochetal and protozoal diseases [25]. Inorganic arsenic compounds have applications in the 

treatment of leukaemia, psoriasis, and chronic bronchial asthma [25]. During the period 1800 to 

1900, many arsenic compounds were used as herbicides, insecticides, cotton desiccants, 

defoliants, soil sterilants, pesticides, dyes, and paints. Some had applications in wood 

preservation, fertilizers, and production of glass. Metallic arsenic was used in the manufacture of 
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metallic alloys of lead and copper [24, 30, 31]. Sometimes, gallium arsenide or arsine is used in 

semiconducting devices, light-emitting diodes, high power microwave [24, 31, 32].  

1.1.4 Arsenic in the Environment 

Arsenic becomes mobile after changing its chemical form and by reacting with other 

molecules present in the air, water, and soil or by various bacteria. Upon dissolving in rain or 

snow, arsenic also get into lakes, rivers, and underground water. About “one-third of the 

estimated atmospheric arsenic flux is of natural origin” [18-22]. Volcanic eruption followed by 

low-temperature volatilization or erosion results in the release of the arsenic in the environment 

[18-22]. Various human activities like coal-fired power generation, gasoline production, and also 

incineration processes release arsenic to the environment [18-22].  

In general, reduction of arsenic trioxide with charcoal produces elemental arsenic while, 

arsenic trioxide is a by-product of metal smelting operations. Arsenic is associated with many 

metallic ores, such as copper or lead, may enters the environment during natural weathering. 

Mining and smelting of non-ferrous metals and burning of fossil fuels also contribute to the 

arsenic contamination of the environment. Small amounts of the arsenic may be released during 

manufacturing of many chemicals like pesticides, herbicides, crop desiccant or wood 

preservatives. Large areas of agricultural land have been contaminated because of the use of 

arsenic contaminated pesticides [18-22]. Arsenic compounds also undergo biotransformation and 

bioaccumulation during redox reduction or biosynthesis of various organic arsenic compounds 

[33, 34]. Most of the arsenic compounds are notorious poisons [26-30]. The oxidation state of 

arsenic effects its toxicity; arsenite is (approximately 60 to 100 times) more toxic than its 

oxidised form (arsenate) and related organoarsenical compounds [29]. Similarly, lead and 

calcium arsenate containing insecticides are highly toxic [27-30].  
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In remote and rural areas, the total arsenic concentration in air ranges from 0.02-4 ng/m
3
. 

On the other hand, in urban areas the total arsenic concentration ranges from 3 to 200 ng/m
3
.The 

concentration of arsenic in ocean seawater is 1-2 µg/L and typical arsenic concentrations in 

rivers and lakes are < 10 µg/L. Groundwater contains higher levels of arsenic than surface water, 

where arsenic concentration lies in range 1-10 µg/L [35]. Marine organisms contain residues of 

organic arsenic greater than 100 mg/Kg [35]. The maximum acceptable level of arsenic 

concentration in water established by the World Health Organisation (WHO) is 10 µg/L [35].  

1.1.4.1      Environmental Arsenic Impacts on the Human Health 

    Human population can be effected by arsenic contamination through ingesting 

drinking water or crops which contain high levels of arsenic from natural or industrial sources. 

For example, a large population in Taiwan has been affected by the arsenic trivalent species 

present in well water [36] was evidenced by hyperpigmentation, keratosis, and cancer of lung, 

skin or prostrate in various patients [36]. In some parts of Vietnam potential risk to public health 

are greater because of the large concentration (3050 µg/L) of arsenic in groundwater supplies 

[37]. The uncontrolled release of arsenic in aquatic bodies engendered a serious threat to global 

water security as indicated by the “cancer belt” regions of China [38, 39], Bangladesh [40], and 

India [41]. Accordingly, the arsenic levels of some regions exceed the EPA guidelines at 100-

900mg/L [38]. By comparison, several areas in Canada are identified as arsenic “hotspots” with 

elevated levels (>10 µg/L) of both arsenic species in ground and drinking water [1, 42, 43]. 

Human beings are exposed to arsenic by food, drinking water or air. It has also been 

documented that about 40%-60% ingested arsenic can be retained by human body after changing 

chemical form [44] while the remainder can be excreted by the human body through the renal 

system. In addition, it has been reported that pulmonary exposure for a smoker is ~10 µg per day 
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and is greater than a non-smoker. Food is a major contributor to daily intake of arsenic; the 

primary dietary sources of arsenic are meat, poultry, seafood, rice, cereal, and mushrooms which 

contain high levels of arsenic. Approximately, 25% of the arsenic in food exists as inorganic 

form and these levels depend on the nature of the food. Some fish or shellfish also accumulate 

arsenic in an organic form called arsenobetaine (known as fish arsenic).  

Elevated levels of arsenic in water cause dermatitis, anaemia, nerve condition 

abnormalities, hyperpigmentation, keratosis, and possible circulatory disorder or complications 

[45]. Inorganic arsenic compounds are carcinogenic for skin and lungs. High risk of lung cancer 

in the population near emission sources of inorganic arsenic has been documented [30, 44, 45]. 

Vomiting, oesophageal and abdominal pain, diarrhea melanosis, leuco-melanosis, dorsum, warts, 

and gangrene of the skin, are the result of short-term chronic or/and drinking water exposure to 

arsenic. Long-term exposure via drinking water can also cause the cancer of the urinary bladder, 

muscular weakness, loss of appetite, kidney cancer, and other skin disorders such as 

hyperkeratosis [28]. 

Roxarsone (3-nitro-4-hydroxyphenylarsonic acid) is one of the organic arsenic 

compounds with an aromatic ring. Roxarsone (ROX) has been used extensively as a feed 

additive for broiler chicken. The potential use of this food additive is to control intestinal 

parasitic diseases, enhancing feed efficiency, and also to promote growth [46, 47]. It also helps 

in pigmentation, high egg production, and better feathering of chickens. After microbial 

biodegradation, roxarsone converts into inorganic forms which are mostly soluble in water and 

then cause transportation from application sites. 3-amino-4-hydroxyphenylarsonic acid, 

methylarsines, and AsO4
3-

 are important biodegradation products of roxarsone under aerobic 

conditions and these are toxic species. Photodegradation of roxarsone is a slow process which is 
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pH dependent. Arsenic concentration levels in roxarsone fed poultry waste products ranged from 

14 to 76 mg Kg
-1

 while surface soils contain arsenic levels between 12 to 15 mg Kg
-1

 [47].  

Poultry feathers (a by-product of the poultry industry) are the major part of the raw 

material for the render industry for the production of feather meal. Residual arsenic present in 

“feather meal” may be harmful to human and animal health [48-51]. Characterization of arsenic 

species and concentration levels in poultry feather meal has been evaluated [48]. The adsorption 

of roxarsone on carbon nanotubes was studied and it was indicated that ionic strength and pH of 

the solution has the great effect on the adsorption properties [49]. In another study, manganese 

green sand (MGS) was used to remove organic arsenic (MMA and DMA) from water samples. 

Furthermore, iron oxide-coated sand resin was also used in the same study [50, 51].  

1.1.4.2 WHO Guidelines for Arsenic 

The WHO reported that more than 200 million people are drinking arsenic contaminated 

water. The WHO provided various norms or guidelines for drinking water quality. The main aim 

and goal of the WHO’ Guidelines for Drinking Water Quality (GDWQ) is to provide clean,  safe, 

and quality drinking water to address public health. During the year of 1958, the WHO 

documented specific standards for arsenic concentration in drinking-water. According to those 

norms, the allowable concentration for arsenic in drinking water is 0.20 mg/L [1, 18-22, 25, 33-

35].  

 The international standards for drinking-water were reduced to 0.05 mg/L in 1963 and 

these standards became national targets for many countries as described in WHO’s “Guideline 

Value” in 1984. In the last edition of GDWQ published in 1993, provisional guideline value for 

arsenic in drinking water was set at 0.01 mg/L. In the year 2000, a grant of 2.5 million was 

approved by United Nations Foundation to address this public problem [52, 53] in Bangladesh. 
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The goal of that project was to provide clean drinking water to various affected regions in 

Bangladesh [52-53].  Similarly, EPA has passed an ACT called, “Safe Drinking Water Act” in 

1974 and revised during 2002. EPA set maximum contaminated level (MCL) at 0.010 mg/L or 

10 ppb for arsenic [25, 33, 34, 38, 52, and 53].  

1.1.4.3  Aqueous Speciation of Arsenic 

 Arsenic is present in two environmentally common primary forms; organic and 

inorganic such as arsenites, arsenates, methylarsenic acid (MMA), dimethylarsenic acid (DMA) 

[26, 554, and 5]. In general, the organic forms are less harmful than inorganic [18-22]. Inorganic 

arsenic can occur in several valence states; 0, -3, +3, +5 [35, 54, 55]. In general the trivalent 

form is much more toxic form than pentavalent and zero-valent arsenic [18-22]. Inorganic forms 

of arsenic, e.g., arsenite and arsenate preferentially exist in water supplies. Arsenates are present 

as H3AsO4, H2AsO4
-
, HAsO4

-2
, and AsO4

-3
, depending upon the pH (Fig.1.1). Arsenite likewise 

can exist as H3AsO3, or As (OH) 3, H2AsO3
-
, HAsO3

-2
, and AsO3

-3
. In natural waters, trivalent 

arsenic oxoanion exists as As(OH)3 with pKa ~9.2, which  show very less adsorption on most 

mineral surfaces compared with negatively charged pentavalent arsenic oxoanions (pKa ~ 2.22, 

6.98, 11.53)[34]. 

Under strong reducing or waterlogged conditions, elemental arsenic and/or arsine are 

dominant species. Under oxygenated environments and aerated conditions, arsenate (V) is the 

more thermodynamically stable oxidation state. In general, the rate of conversion is dependent 

on the redox potential and pH, as well as on various physical, chemical, and biological factors 

[35].  
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Figure 1.1: Arsenic speciation in aqueous solution at various pH [Modified from refs 35 and 56]. 

 

According to the speciation diagram in Fig. 1.1, the predominant of arsenic species [35] in an 

aqueous system under reducing condition or at less than pH 9.2 are uncharged arsenite species 

H3AsO3. By comparison, while under oxidising conditions or at pH 6.9, H2AsO4
-
 is the more 

stable species (Fig.1.1). At extreme acidic and alkaline conditions H3AsO4 and AsO4
3-

 are 

dominant species respectively [35]. Environmental conditions play an important role for 

speciation, mobility, and transport of the arsenic in air, water, and soil. Also, the chemical form, 

valence state of arsenic, and the solubility of arsenic species are key factors for bioavailability 

and toxic assessment of the arsenic [35].  

1.1.5 Phenolic Compounds (Para-nitrophenol) 

Phenol, also called phenic acid, was first isolated from coal tar by German chemist Runge 

in 1834. He gave it a name of “Carbolic acid” or coal oil acid. In general, phenols are aromatic 

compounds containing a hydroxyl group (-OH) substituent on the benzene ring. Owing to the 

hydroxyl group they can undergo hydrogen bonding, which results in variable solubility of 
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phenols in water. Sometimes, intramolecular hydrogen bonding is prominent which make 

phenols more insoluble in water; solubility of o-nitrophenol is 0.2g/100ml of water and p-

nitrophenol is 1.69/100ml of water. Phenols are polar and acidic in nature. 4-nitro-phenol also 

known as p-nitrophenol (PNP) is an important member of nitrophenols family [57,58].  

This nitroaromatic compound is chromogenic and is very stable. Para-nitrophenol is a 

synthetic compound, colorless to light yellow crystalline solid with light odor, and moderately 

soluble in cold water. PNP is a relatively small molecule and polar in nature and a weak acid 

with a pKa value of 7.14 at 25° C and can exist as neutral or anionic form (Fig.1.2 and Fig.1.3) 

[57]. In the presence of metals, PNP can be easily reduced by NaHB4 [57, 58].  

This nitroaromatic dye shows strong absorption at 400 nm and molar absorptivity in 

range of 18-20 ×10
3
 Lmol

-1
cm

-1
 [59-61]. Para and ortho-nitrophenols are a “high-production-

volume chemicals” of the nitrophenol family [59-61] and products of the same reaction in 

variable proportions.  

Ortho substituted phenol has stronger intramolecular hydrogen bonding which is 

responsible for less solubility (0.2 g/100 ml water) and high volatility as compare to p-

nitrophenol. They have similarities in physical characteristics, chemical reactivity, and 

applications [59-61]. 
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Figure 1.2: PNP speciation in aqueous solution at various pH conditions, red color indicates protonated 

(non-ionized) form while blue indicates deprotonated (anionic) form. 

1.1.5.1 Applications of Phenolic Compounds 

Phenolic compounds have many applications in the synthesis of various synthetic 

compounds such as paints, lubricants, plastics and resins [59-61]. Because of the presence of 

phenolic functional group in the structure, phenols have relatively low bond dissociation 

enthalpy; they can be used as antioxidants to reduce the rate of oxidative degradation in living 

organisms and many synthetic organic materials [62]. They have applications as food additives 

in food technology, petrochemicals, and textile manufacturing [59-61].  

Many phenolic compounds are used to suppress lipid peroxidation or some are used as 

pesticides (e.g., parathion) and insecticides (e.g., fenitrothion). PNP is also a by-product during 

the synthesis of many insecticides, herbicides, and synthetic dyes. PNP is a major component of 

many drugs and is also used in manufacturing analgesics (e.g., acetaminophen). PNP has 

extensive uses in synthesis of fungicides, explosives, and dyes. Furthermore, it can be used by 

the leather industry to darken leather [57-62].  
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Figure 1.3: Acidic and basic form of PNP under different pH condition. Note here [PNP] is neutral form 

while [PNP]
-
  is anionic form. 

1.1.5.2       Phenolic Compounds, their occurrence, Source, and Impacts 

      When chromogenic dyes and pigment containing compounds are present in elevated 

concentration levels they are harmful and toxic. Nitrophenols are released by industries as 

effluent during manufacturing and production processes [57-61]. As phenolic compounds have a 

specific odor and color so, phenolic discharge has a carbolic smell and distinct color which 

impact toxic effects on aquatic life, plants, and animals [57-61]. PNP is known to cause skin and 

eye irritation after long exposure and it is also causes blood disorder, anaemia, liver and kidney 

failure. PNP enters into the aquatic and terrestrial environment from effluents of many industries 

such as petroleum refineries or insecticides or herbicides industries. It is a by-product of many 

toxic organophosphate pesticides [57-61]. By hydrolytic decomposition or bacterial 

biodegradability of PNP [63], it can enter the soil and surrounding waters (ground water, streams 

or rivers) because of its high solubility. PNP is carcinogenic, mutagenic, cytotoxic, and shows 

toxicity to mammalian embryos. The WHO has recommended the 0.001 mg/L of phenolic 
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concentration in waters [64]. According to Central Bureau of Water Pollution Control, the 

maximum concentration of phenolic compounds in industrial effluents is 1-5 mg/L [64]. 

1.2 Methods for the Removal of Waterborne Contaminants 

A number of cost-effective and efficient methods have been developed for the removal of 

pollutants from water system; where the removal of waterborne contaminants such as PNP, 

arsenic, and various other organic compounds can be achieved through various physical and 

chemical processes.  

1.21 General Removal Methods for PNP 

The presence of this chromogenic dye (PNP) at low concentration is visible, undesirable 

and potentially a hazard for terrestrial ecology. Various common methods used for removal of 

PNP from industrial effluent are; catalytic wet air oxidation, ion exchange, biodegradation, 

solvent extraction, UV-oxidation, and adsorption [64-67]. Sometimes biological processes are 

also used to remove phenolic compounds from wastewater.  

Coagulation or flocculation is also an efficient method to remove large concentration of 

phenolic compounds from waste water [68, 69]. Adsorbents containing β-cyclodextrin modified 

with magnetic chitosan nanoparticles have high surface area and show high reactivity for 

recovery of various phenols (1.75 mmol/g) from aqueous solutions [70-72]. Activated carbon 

[73] is one of the efficient adsorbent for removal of many dyes from water and it has the great 

role in dephenolation (removal of phenols from wastewater). Its use as an adsorbent is limited 

because of its high cost and preparation or regeneration problems [64-66].  

During the history, activated carbon had been used for removal of many phenolic dyes 

from aqueous solutions [65,66]. Adsorption of phenolic compounds on activated carbon depends 
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on the physical nature, ash contents, and pKa of phenolic compounds, pH, solution 

concentration, and ionic strength. The various soils such as primary clay minerals or bentonites 

have potential use for removal of phenol from water solution [74]. Some other low cost 

adsorbent are saw dust, fly ash [75], and various kind of wood [76]. Recently, a number of 

unique adsorption methods have been developed to remove PNP from water. Ngah et al. 

evaluated the adsorption efficiency of chitosan glutaraldehyde cross-linked beads and chitosan 

flakes for p-nitrophenol [77]. Chitosan cross-linked beads had higher removal capacity (2.48 

mg/g) as compare to chitosan flakes (0.63 mg/g) [77]. 

1.2.2 General Removal Methods for Arsenate  

            Coagulation is a traditional treatment process for the removal of various particles like 

insoluble metal hydroxide particles. Among various coagulants, alum, ferric chloride, calcium 

salts, and ferric sulfate are efficient coagulants for removal of arsenate species than arsenite [78, 

79]. Some other organic and inorganic coagulant include aluminum sulphate, polyaluminium 

chloride, polyaluminosilicate sulphate, and many others polyelectrolytes [80]. However, the 

presence of other inorganic ions like sulphate and calcium can decrease or enhance the removal 

uptake accordingly [81]. The pH of the solution plays an important role on removal efficiency 

such as ferric sulfate can remove 40-60 percent of arsenite as compared to alum in the pH range 

of 5.0-8.5 [81]. In another study, the effect of solubility and stability of metal hydroxide on 

removal efficiency has also been studied [82]. 

Coagulation/Coprecipitation and electrocoagulation are low-cost and simple operational 

processes which are effective over a wide pH range [38, 82]. However, these methods have low 

removal efficiency and can produce some toxic sludge during operation [38]. Coagulation 

assisted with microfiltration is also a fairly efficient method for removing arsenic at very low 
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concentration levels [83]. Moreover, oxidation of iron or manganese is a useful method for 

removal of arsenic from groundwater [79]. In a different experiment 99% of the arsenic was 

removed using ferric chloride, hydrated lime, sodium sulfide, and alum [84]. 

Sometimes, water treatment residuals can be used for removal of arsenate and phosphate 

[38]. The iron based residual solids can show arsenic adsorption up to 2230 mg/Kg of solid mass. 

Furthermore, surfactant-modified zeolites are effective sorbents for the removal of pentavalent 

arsenic from aqueous solution [85]. Clinoptilolite is an easily most abundant natural zeolite 

which shows greater affinity towards positively charged exchangeable ions [86]. 

1.2.1 Analytical Techniques for determination of Arsenic 

Identification and quantitative determination of arsenic species (organic and inorganic) at 

low concentration is not an easy task and there are very few developed methods for identification 

of arsenic in the environment. In a modified method As (V) in drinking water was determined by 

a rapid colorimetric method [60]. Arsenate (V)
 
forms a complex with reduced molybdate, which 

show absorption in the infrared region while As (III) does not form any complex [87].  Similarly, 

hydride generation atomic absorption spectrometry (HGAAS) is a very accurate technique for 

determination of volatile hydride-forming elements such as selenium or arsenic at very low 

levels. Various arsenic species can be determined using atomic absorption spectrophotometry; 

however the use of HGAAS involves the conversion of the pentavalent forms of arsenic and 

antimony to the trivalent form with a reducing agent, e.g., potassium iodide or L-cysteine. Flow 

injection analysis coupled with inductively coupled plasma mass spectrometry (FI-ICP-MS) has 

been used to determine various metals along with arsenic in the steel containing solutions [88]. 

The analysis and speciation of various arsenic organic and inorganic compounds in 

environmental samples using selective-reduction-HG-AAs has been reported [89]. Similarly, 
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direct determination of the As (V) and As (III) was done using flow injection hydride generation 

atomic absorption spectrometry (FI-HG-AAS) [91], where analysis without pre-reduction of 

arsenate was reported by Coelho et al. [90]. During 2003, hydride generation atomic absorption 

spectrometry was used to determine the total arsenic contents of various food items from Spain 

[92]. In another study, high concentration levels of arsenic were determined in various seafood; 

using the standard addition method [90]. 

ICP-OES is the analytical technique used for the determination of trace elements in 

samples [93]. ICP/OES provides a high atomization temperature, inert environment and very low 

detection limits for determination of the elements present in a substance. Multi-element detection 

or identification and determination can be performed simultaneously in many biological or 

environmental samples [93]. ICP (Inductively Coupled Plasma) is an efficient and reproducible  

analytical atomic excitation ( or emission) source, which vaporizes, desolvates, atomizes, excites, 

and ionises a wide range of elements in various samples [93]. 

X-ray Absorption Spectroscopy (XAS) is an elemental-specific synchrotron probe 

potentially used to investigate the local atomic geometric and electronic structure of the metal 

species in various samples. X-ray absorption spectroscopy measures the absorbance of X-rays as 

a function of the incident X-ray energy since the absorption spectra can be divided into two 

important regions. The near-edge spectrum measurements are used to determine the oxidation 

state and chemical speciation of various metal species. This spectrum is “fingerprint” of each 

chemical species, containing some feature sensitive to different chemical type present. This 

fingerprint can also be used to quantitatively measure the fraction of the element present as a 

chemical type in the mixture of species. 
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Extended X-ray absorption fine structure (EXAFS) is a quantitative structural tool which 

comprises the structure above the absorption edge in the region 50-1500 eV. The structural 

features of the EXAFS region indicate the promotion of core electrons to bound states. Therefore 

EXAFS spectra provide precise electronic structural information around the central absorbing 

atom and also provide bond length or interatomic distance of the neighbouring atoms of the X-

ray absorber.  

Various studies have been done on the determination of arsenic species in different 

environmental samples using XAS [94-96]. Farquhar et al. elucidated the mechanism how 

arsenic interacts with the surface of goethite, lepidocrocite, meckinawite, and pyrite [95]. 

Arsenic oxidation states in the xylem sap of cucumber was determined by doing XANES 

measurements coupled with Synchrotron Radiation induced Total reflection X-Ray Fluorescence 

(SR-TXRF) at the K-edge of the arsenic in fluorescence mode [96].  

1.3 Adsorption 

The accumulation of specific arsenic species from aqueous media using solid phase 

adsorbents of biological origins is the most recent development because of relative ease, 

availability, and eco-friendly nature of these materials. However, there is clear need to further 

develop synthetically modified materials which are cost effective and also display improved 

physicochemical properties.  

In past, wood charcoal has been used as a good adsorbent for filtration of water [97]. The ancient 

Hindus used charcoal for the filtration of drinking water and Egyptians used carbonated wood as 

a medical adsorbent and purifying agent during 1500 B.C [97].  
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1.3.1 Adsorption Methods 

Adsorption is a broad term that involves physical, biological, and chemical processes. 

Adsorption is a “surface phenomenon” resulting from intermolecular attractive forces on 

surfaces or phase boundaries and is employer in the treatment of wastewater,  pollution control, 

and chemical processing” [98-100]. The adsorption process involves two main constituents; one 

is the adsorbent and other one is the adsorbate. The adsorbate species is adsorbed onto the 

surface of the adsorbent [98-100] via range of intermolecular forces such as van der Waal’s, H-

bonding, and dipolar interactions.  

Adsorption is dependent on the nature of adsorbent or adsorbate, especially the surface 

area of adsorbent and various experimental conditions such as temperature, concentration or/and 

time in the case of nonequilibrium processes.  Physical sorption or physisorption, involve van der 

Waals interaction (dispersion) and electrostatic interactions between the adsorbate and adsorbent 

since there is no covalent bond formation. Physisorption is a reversible process where the heat of 

condensation is in the range of 20-40 kJ mol
-1

. The thermodynamics of physisorption depends 

upon temperature, pressure (or concentration) of adsorbate, and the nature of the adsorbent 

material [97-100].  

In chemical sorption or chemisorption, the adsorbate forms a chemical bond with the 

surface of the adsorbent. Chemical specificity and the heat of desorption for chemisorption is 

higher (> 100 kJ/mol), compared with physisorption. Chemisorption may be slow as compare to 

physisorption with high heat of adsorption in range of 40-400 kJ mol
-1

.  Chemisorption indicates 

presence of activation energy. Chemisorption is often limited to the formation of a monolayer 

whereas physisorption can be monolayer or multilayer in nature. Both processes  are temperature 
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dependent and chemisorption is favoured at high temperature while physisorption prevails at low 

temperature according to the thermodynamic parameters  [97-100]. 

1.3.2 Adsorption Isotherm Models and Equations 

Adsorption process consists of removal of the adsorbate from the gas phase or/and 

solution and its concentration on the surface of adsorbent varies until equilibrium is attained 

between the amounts of solute remaining in gas or solution phase with at the adsorbent surface. 

In case of solid-solution equilibria, Qe (the amount of adsorbate per unit weight of adsorbent) is a 

function of concentration and can be measured by equation (1.1) 

    
(      )  

 
                              (1.1) 

Qe (mmol/g) is the amount of adsorbate adsorbed at equilibrium, Ce (mmol/L) is the 

concentration of the unbound adsorbate remaining in the solution of volume V at equilibrium, Co 

(mmol/L) is the initial concentration of the adsorbate, V is the volume of the solution (L) and m 

is the mass of the adsorbent (g) [98-104].   

Adsorption isotherms are a graphical representation of the adsorption process that occurs 

at gaseous or liquid surfaces at constant temperature. Adsorption isotherms give important 

information about the adsorption equilibria and aide in the prediction of the level of adsorbate 

uptake by a solid phase adsorbent. Thermodynamic parameters such as equilibrium constants, 

enthalpic or entropic parameters provide an understanding of the adsorption process.  

The Langmuir adsorption model developed by Irving Langmuir provides a simple 

equilibrium expression for the adsorption of a monolayer process. It was developed to describe 

gas-solid-phase adsorption onto activated carbon. Subsequent development provided a 

description of adsorption behavior of solutes in a solid-solution system [101-103]. The Langmuir 
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model describes the monolayer adsorption of an infinite number of localized identical and 

equivalent sites.  

A graphical representation of the Langmuir isotherm is a hyperbolic function which has a 

characteristics plateau indicating the equilibrium saturation point, characteristics of adsorption of 

gas on homogeneous surface [101-103].  

       
    

(      )
                            (1.2) 

Qmax (mmol/g or mg/g) is the maximum monolayer adsorbate uptake by the adsorbent under the 

given conditions, Ks is the equilibrium constant of the adsorption process representing the 

binding affinity of the adsorbate towards adsorption sites, and Ce is the equilibrium concentration 

of adsorbate. 

The Freundlich model explains the exponential relationship between the adsorbent and 

adsorbate in the low to intermediate concentration range while Langmuir isotherms show better 

fitting of data at higher concentration. This model also assumes monolayer coverage of adsorbate 

on adsorbent surface. The Freundlich model represents adsorption of adsorbate per unit mass of 

adsorbent under pressure. 

        
(
 

 
)
                              (1.3) 

Where; Kf and n are Freundlich constants, since “n” represents surface heterogeneity and is 

dimensionless. The Brunauer-Emmett-Teller (BET) model represents an extended form of the 

Langmuir equation by accounting for multilayer surface coverage where, the van der Waals 

interaction on the surface of the adsorbent is more favorable [101-103].  
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The Sips model [105] is a modified Freundlich isotherm applicable for solution phase 

adsorption and also assumes monolayer coverage. However it can also predict heterogeneous 

adsorption as presented as equation 1.4.  

       
    

 

      
                                (1.4) 

Qe is maximum sorption capacity of the adsorbent, Ce is concentration of adsorbate after 

equilibrium and Ks is equilibrium constant indicating the affinity of the adsorbate towards sites 

of adsorbent. The n parameter denotes the surface heterogeneity, where n=1 represents a uniform 

surface, according to the Langmuir isotherm. The monolayer capacity (Qm) is shown in   

equation 1.4, and this model converges to Freundlich model at dilute concentration conditions.  

1.3.3 Types of Sorption Isotherms 

There are several types of adsorption isotherms, which can be explained as Type I 

(reversible) adsorption isotherm which describes monolayer adsorption resulting from 

microporous structures at relatively low pressure (<0.1). This kind of limited uptake behaviour is 

observed by solids having relative limited surface area such as activated carbon, zeolite and 

porous oxides [97, 100-102]. The Type II isotherm describes adsorption behaviour of 

macroporous adsorbents representing monolayer to multilayer adsorption [cf. Fig 1.4].  

Type III and V isotherms involve multilayer adsorption and heterogeneous interactions 

between the adsorbent and adsorbate. The Type III isotherm shows very strong adsorbate-

adsorbate interactions. However Type V is an uncommon type of isotherm because of the weak 

interactions between the adsorbent and adsorbate. Type IV has a characteristic hysteresis loop 

evidenced by various mesoporous adsorbents since capillary condensation may also occur [cf. 

Fig.1.4].  
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However, Type II, IV, and VI isotherms describe the occurrence of stronger interactions 

adsorbate with adsorbent [97, 100-102] whereas; while in Type VI isotherm multilayer 

adsorption is dependent on the energy difference between the adsorption sites. 

 

 

 

 

 

 

 

 

 

 

 

1.3.4  Types of Adsorbent Materials 

Nowadays adsorbents containing natural polymers or various waste products from 

agriculture biomass are widely used as adsorbents to potentially remove arsenic species or other 

heavy metals from aqueous environments.  

 Figure 1.4: Various types of adsorption isotherms [refs.97,100-102]. 
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Activated alumina (Al2O3, aluminum oxide), is an efficient mineral for the removal of 

arsenic from water. It has a large surface area with good distribution of macro and micropores 

but the level of removal depends upon the grade of alumina. For example, when using granular 

alumina the uptake capacity is usually lower than other kinds of alumina under the same 

conditions [106]. Moreover, activated alumina can remove As (III) and As (V) at optimal levels 

at pH 6.1 and 5.2, respectively. Regeneration of alumina is very difficult and tends to show low 

affinity towards As (III)
 
[106].  

Activated Carbon (AC) is one of the most extensively used adsorbent materials for the 

removal of many organic pollutants from water. It is an efficient sorbent for arsenic removal in 

drinking water. On the other hand, the slow sorption kinetics, effect of variation in pH during 

reaction, and regeneration methods decreases its affinity towards arsenic as confirmed by Gupta 

and co-workers [107]. Commercial activated carbon has a high sorption capacity (mg/g) [108] 

and it can be modified to increase the arsenic uptake using impregnation methods that employed 

metallic silver, copper, or iron to achieve high arsenic uptake [88]. Impregnated AC has limited 

adsorption capacity for As (III)
 
as compared with As (V). It is an expensive adsorbent with 

limited availability and has little potential for As (III) [109].  Scattered research has been 

reported for a wide variety of natural sorbent materials for the treatment of contaminated 

wastewater. Such types of natural “sorbent materials” are relatively low cost and inexpensive to 

regenerate and various reviews have determined the sorption capacity and efficiency of such 

materials [109, 110]. Low-cost adsorbents include bark/tannin-rich materials, lignin, 

chitin/chitosan, dead biomass (e.g., hair), seaweed or algae, clay, zeolites, fly ash [111], iron-

oxide coated sand [112], rice and modified wool [113], and/or cotton [114]. However the major 

problem with this kind of adsorbent (and some other industrial waste materials) is discoloration 
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which can be overcome by some chemical pretreatments, acids, bases, or acidified formaldehyde. 

Literature studies also show the use of red fire sawdust as an adsorbent for uptake of copper and 

hexavalent chromium. Dead biomass also has potential applications for the adsorption of various 

heavy metals [114]. Bark, has been used as an ion exchange adsorbent because of its high tannin 

content. Randall et al. reported that some tannin rich materials like bark can be used as cation 

exchange materials [115]. However, discoloration of the water from the soluble phenol has its 

limited potential use [115,116].   

Other waste products such as sawdust and lignins are also reported as sorbents [117]. 

Clay and zeolites also show considerable adsorption capabilities but required some chemical and 

physical modifications to maintain high sorption affinity [118]. Large surface area of clay (up to 

800 m
2
/g) helps to attract and bond the heavy metallic species [119]. However, these sorbents 

have very low sorption capacity (~0.1-0.2 mmol/g) [120]. Cellulose-carbonated hydroxyapatite 

nanocomposites possess high surface area and functional groups which enable this adsorbent to 

remove As (V)
 
with a good removal efficiency of 65-71% [121]. Another naturally abundant 

sorbent is chitin, found in the exoskeleton of crabs or other arthropods and along with waste by-

products of various industries [121].  

1.4 Chitosan 

1.4.1 Origin of Chitosan 

Chitosan can be produced by the partial deacetylation of chitin which is reported as 

“naturally abundant biopolymer”. Chitin is found in nature in the cell walls of some fungi. Chitin 

and chitosan can be extracted from crustacean shells of prawn, squid, lobster, crab, shrimps, and 
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beetles [3]. Deacetylated derivatives of chitin such as chitosan display adsorption properties for 

removal of various kinds of pollutants from water [116, 121].  

Chitosan is a relatively inexpensive adsorbent suitable for heavy metals. Chitosan and chitin 

have similar molecular structures with reactive hydroxyl and amino groups. Chitosan has greater 

crystallinity than chitin and also shows high solubility in many acids [2, 3,122].  

1.4.2 Extraction and Production of Chitosan 

Many aquatic organisms and supporting materials of various microorganisms are 

composed of chitosan and chitin [123]. On a commercial scale, chitin or chitosan can be isolated 

and produced from aquatic crustaceans. Chitin and chitosan can be extracted from the cuticle of 

insects and mushrooms by demineralization, deproteination, decolorization and deacetylation 

[124]. Isolation of chitosan from aquatic fungi Zygomycetes has significant and potential 

applications in industrial processing. However this extraction is temperature dependent since 

highly purified product can be obtained using various extraction strategies [125].  Extraction of 

chitosan from fungal mycelia was also reported [122]. 

1.4.3 Applications of Chitosan  

Chitosan is a modified biomaterial and has potential commercial uses in biomedical 

engineering, dentistry, chemistry, food industry, sewage treatment, ophthalmology, 

biotechnology, cosmetics, and textile [13, 126]. Chitosan can be used as an insecticide or 

fungicide. It can be used as an adhesive or strength additives for paper and as preservative 

coating for many glass fibers. This versatile material also has potential applications in water and 

wastewater treatment as a flocculating agent and/or chelating agent [13, 126].  
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In waste water treatments, chitosan is suitable for absorbing harmful radioisotopes from 

industrial wastes and can be used to potentially recover uranium from sea water and fresh water 

[127]. Chitosan has many useful features like hydrophilicity, biocompatibility, and antibacterial 

properties. It has a potential use as a gene carrier since it possesses functional groups which can 

bind with nucleic acids and also shows nonallergenicity properties [128].  

Chitosan has application in the manufacturer of many surgical and optical tools [129]. 

Chitosan is non-toxic material, non-corrosive, and biodegradable material [130]. Chitosan has no 

harmful effect on animals and plants and does not show any apparent negative effects on the 

environment [131]. 

1.4.4 Functional Characteristics 

The main characteristics and properties of chitosan depend on its molecular weight (MW) 

and degree of deacetylation (DD) [3, 4]. Hong et al. performed a thermogravimetric analysis of 

chitosan to analyze the effect of heating rate on the degradation temperature of chitosan and they 

observed that the degradation of chitosan is a single-step process where the degradation 

temperature increases with heating rate [132]. The free primary amino groups (cf. Fig.1.5] of 

chitosan enable it to behave as a positively charged polycation in neutral or acidic solution as its 

pKa is 6.2, where pH values below  pH 6.0 result in protonation of the amine group (–NH2 –

NH3
+ 

)
 
[133].  

Chitosan is insoluble in pure water (pH~7) and other neutral aqueous media, whereas;  

ionized forms such as salts and complexes are generally more water soluble. Depending on the 

molecular weight distribution of a particular chitosan sample and its degree of deacetylation, 

chitosan can be dissolved to form viscous solutions and gels [134,135]. 
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                      Chitosan, a linear polymer is an effective ion exchanger for heavy metals because 

of its free amino groups [cf. Fig. 1.5] which are involved in intra- or inter-molecular H-bonding 

which contribute to its ability to make a complex with transition metal ions. Greater metal 

chelation occurs due to the presence of amino groups of chitosan relative to either chitin or 

cellulose (i.e. no amino group). Different morphologies of chitosan materials such as 

membranes, films, gels, beads, fibers, and microspheres have variable ratios of surface 

area/mass, resulting in variable adsorption capacity [3, 4-6]. Flakes and powders have fairly low 

surface area and limited porosity that are not considered suitable for sorption. Chitosan gels can 

be modified chemically to adsorb the selective ions at various pH conditions [136]. Mesoporous 

chitosan-based aerogels have also been studied as adsorbent materials [7]. 

Figure 1.5: Structure of two chitosan monomers, where R1 is indicating amine (NH2 -) and R2  is N-

acetamide (CH3CONH -) groups on the polymer chain depending on the degree of acetylation. 
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1.4.5 Chitosan Based Materials: Synthesis and Applications 

Chitosan can be used as the coagulant for negatively charged contaminants in its 

protonated state. For the treatment of mineral and organic suspension, chitosan can be used as a 

flocculent above the pKa of ionizable macromolecules [12]. The research conducted in 1984 by 

Yang and Zal, summarized that chitosan chelates five to six times more metal than chitin due to 

the free amino groups exposed during deacetylation [137].  

Improvements in the availability of internal sorption sites and enhanced diffusion 

mechanism can be achieved by conversion of chitosan flakes into gel or beads. Chitosan beads 

have poor chemical resistance and mechanical strength with some material limitations [138]. 

Experimental results by Masri et al. compared chitosan adsorption properties with bark, activated 

sludge, clay and other materials and revealed that chitosan  possesses exceptional binding 

capacity (i.e. ≥ 1 mmol metal ion/g sorbent for most metal cations) [139]. Also the greater 

adsorption capabilities than polyaminostyrene (a relatively expensive form of the ionic zeolite 

resin) was reported for chitosan [139].  

Chitosan (N-deacetylated product of chitin) can be chemically and physically modified 

into its derivatives to attain greater accessibility to active sites and sorption capacity for arsenate 

anions or other pollutants. Hsien and Rorrer determined that the surface area of N-acetylated 

chitosan beads is greater (223.6 m
2
/g) than N-acetylated beads (192.4 m

2
/g) without cross-linking 

vs. N-acetylated cross-linked beads (42.6 m
2
/g) [140]. Sometimes chemical modifications are 

required to attain increased porosity and reduced crystallinity [141]. Some resins containing 

copper (II)-complexed with chitosan show high selective adsorption for trivalent metal ions over 

divalent zinc ion. Copper is used to protect adsorption sites from cross-linking agents during 

synthesis of such resin materials [142]. 
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A common method for the modification or tailoring of the physical and chemical properties of 

chitosan is cross-linking [143]. Cross-linking enhances the desirable functionality such as the 

resistance of chitosan against acids and it increases the sorptive uptake properties of chitosan. 

Generally, cross-linking is surface modifies the surface of various materials such as nucleic 

acids, protein and various drugs. Cross-linking is sometime used to determine the surface 

relationship between the ligands and surface receptors of various proteins and peptides. 

Chemical specificity and reactivity of particular functional groups are characteristic of the type 

of cross-linker employed. It is worth mentioning that chemical modification of chitosan was 

extensively studied and many chemical reagents have been used for cross-linking. Koyama et al. 

used chloromethyloxyrane as a cross linking reagent [144].  

Several bi or poly-functional cross-linking agents can be used such as glutaraldehyde 

(GL), ethylene glycol diglycidyl ether (EGDE), glyoxal, and epichlorohydrin (EPI) [145]. Oshita 

et al. observed that chitosan cross-linked with ethylene glycol diglycidyl ether has good 

efficiency for the removal of mercury and other metallic ions at ultra-trace amounts under acidic 

conditions [146]. Muzzarelli et al. reported the chelating properties of the chitosan for transition 

metal ions in aqueous solution (pH~7) [143]. However, as indicated above, chitosan is 

characterized by its solubility in aqueous acidic media (acetic acid, hydrochloric acid or nitric 

acid) which hinder its practical applications for removal of metallic ions at low pH [142, 145].    

Glutaraldehyde is a low-cost, highly reactive cross-linker since this linear dialdehyde (Fig.1.6a) 

has the ability to react with amine groups of carbohydrates to generate more stable cross-links. 

Glutaraldehyde has applications as an enzyme immobilization reagent. This 5-carbon oily liquid 

has a complex reactivity and a controversial behavior in aqueous solution (Fig.1.6) [144, 147]. 

The glutaraldehyde is also referred to as a traditional cross-linker since the main reaction site for 
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an incoming carbonyl group of glutaraldehyde is the amine groups of chitosan [14, 15]. During 

cross-linking reaction, a Schiff base reaction occurs and there may be several types of reaction. 

One of the aldehyde groups of glutaraldehyde will be free along with the formation of one Schiff 

base or two monomers of chitosan will react with one glutaraldehyde to give a highly cross-

linked product. Another possibility is the self-polymerization of glutaraldehyde resulting in 

highly crossed-linked homopolymer [13, 14].  Moreover, aqueous solutions of glutaraldehyde 

have been reported to contain at least 13 different forms of glutaraldehyde at equilibrium (cf. 

Fig.1.6) [13, 14].  There is also a clear evidence of spontaneous polymerization in aqueous 

solution at ambient temperature even in the absence of the catalyst. Various tetrameric, 

pentameric [Fig.1.6c] forms, ring structure with α, β-unsaturated aldehyde [13,14] and some 

hydrated forms [13,14] have been reported in aqueous solution.  

Chitosan and glutaraldehyde cross-linked polymers are used for recovery of various 

metals, cadmium, molybdenum, vanadium, and also for palladium sorption [148-150]. Chitosan 

flakes show relatively high sorption capacity ~ 1.8-2.2 mmol/g for positively charged copper 

ions [151]. 
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Figure 1.6: Various molecular forms of the glutaraldehyde in aqueous solution [14] where a linear form 

of glutaraldehyde, b and c are dehydrate, d and e are cyclic cis and trans isomers, and f one of the 

polymeric form. 

 

1.4.6 Removal of Arsenic using Chitosan/Chitosan Based Materials 

Raw chitosan shows limited arsenic uptake (ca. 0.052 mg/g) [11] whereas;  modified 

chitosan materials are effectively used as sorbents to extract arsenic species from water. It is also 

reported in the literature that protonation of the primary amino group of chitosan enables it to 

behave as a cationic adsorbent for anionic dyes [152] and metal anions such as hexavalent 

chromium [153] species in acidic media, whereas; the role of the amino groups as a binding site 

for metal ions is also recognized [154]. In addition, chitosan/chitin mixtures have been used for 
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removal of various anions along with arsenate [154]. In general, cross-linking enhances 

adsorption capacity and stability under various pH conditions [146].  

The efficiency of chitosan based semi-interpenetrating polymer network (semi-IPN) 

hydrogel composites were investigated for the uptake of anionic and cationic dyes [155]. 

Similarly, chitosan cross-linked with glutaraldehyde can be used to remove arsenic from water 

[4]. Chitosan impregnated with various metals like iron, molybdenum can be used selectively for 

arsenic removal in water systems [4]. Chen and Chung studied chitosan beads and the effect of 

pH and temperature on the adsorption of arsenic [6]. They observed that optimal pH for removal 

of As (V) and As (III) was 5.0 and there was little effect of other ions present at concentration 

lower than 50 mg/L [6]. 
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   EXPERIMENTAL WORK Chapter 2

2.1  Material and Methods 

2.1.1 Materials 

Sodium hydroxide, potassium phosphate monobasic, para-nitrophenol (PNP), disodium 

hydrogen arsenate heptahydrate (Na2HAsO4.7H2O) [Caution: Arsenic compounds are 

carcinogenic, highly toxic via inhalation, and skin contact], low molecular weight chitosan ( 85% 

deacetylated, molecular weight range: 50,000-190,000 kDa), glacial acetic acid and 50 wt.% 

glutaraldehyde in water were obtained from Sigma-Aldrich Canada Ltd and were of the best 

quality available. Various HPLC grade solvents such as acetone, methanol were product of 

Sigma-Aldrich Canada Ltd. The dried reagents were stored in a desiccator containing activated 

molecular sieves as the desiccant until required and all other reagents were used as received 

unless specified otherwise. All stocks solutions were freshly prepared using 18 MΩ-cm Millipore 

water and pH of the various solutions was adjusted with 0.01 M NaOH. Unless otherwise 

mentioned, all experiments were carried out at room temperature 22±1
°
C.  

2.2 Spectroscopic Techniques 

2.2.1 Ultraviolet-Visible (UV-Vis) Spectroscopy  

UV-Vis spectroscopy and with the Beer-Lambert law were used to quantitatively 

determine the concentration of the absorbing species in the given solution. All sorption analysis 

for PNP were obtained on a Cary 100 scan UV-Vis spectrometer at pH 8.5 and 5.0 at room 

temperature (295 K). Absorbance values of PNP using a quartz cuvette, were recorded at λ= 400 

nm for pH 8.5 nm to determine the unbound PNP concentration (Ce) of species of interest [156]. 
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The molar absorptivity (ɛ) of PNP estimated using the Beer-Lambert law was 18,030 and 10,252 

L mol
-1

 cm
-1

 at pH 8.5 and 5.0 in 10 mM potassium phosphate buffer respectively, in agreement 

with previous reports [35, 156]. 

2.2.2 Inductive Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) 

ICP-OES was used to measure the concentration of arsenic species in aqueous solution. 

During the analysis, sample is introduced into a radiofrequency (RF) induce argon plasma 

though a concentric nebulizer (Fig. 2.1) with an axial plasma configuration into a glass chamber 

(Fig. 2.2) where it is converted to aerosol. Because of high temperature at the core of inductively 

coupled plasma, this aerosol undergoes desolvation, evaporation, dissociation at high 

temperature. Analyte element undergoes the ionization by collision, excitations, and/or by aid of 

high energy. Upon relaxation these atomic or ionic state species emit photons of specific energy 

[158].  

The wavelength of emitted photons is characteristics of a specific element and can help to 

identify the element while the intensity of photons emitted is directly proportion to the 

concentration of a specific element in the sample [93]. Then particular element is detected by 

atomic emission spectrometry detector. The concentration of unbound arsenate in the solution 

was estimated using ICP-OES (Fig. 2.1). 
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Figure 2.1: ICP-OES(Inductive coupled Plasma-Optical Emission Spectrometry) instrument showing 

glass spray chamber (refer to blue arrow).  

The instrument was calibrated at concentration of the arsenate oxoanions, flush pump rate was 

100 L/min and analysis pump rate was 40 L/min with 5 sec stabilization time. RF power used 

was 1150 W with auxiliary gas flow rate at 0.5 L/min and nebulizer gas flow was 0.50 L/min 

(Table.2.1). 
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Table 2. 1: Optimized parameters used for ICP-OES Analysis. 

Element Arsenic(As) 

Wavelength 189 nm 

Auxiliary gas flow 0.50  (L/min) 

Nebulizer gas flow 0.50 ( L/min) 

Flush pump rate 100 (L/min) 

Analysis stabilization time 5 sec 

Analysis pump rate 40 (L/min) 

RF power 1150 Watts 

Calibration Linear Calculated Intercept 

Plasma View Axial 
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2.3 Synthesis of Chitosan-Glutaraldehyde (CH-GL) Copolymer 

Chitosan glutaraldehyde crossed-linked polymers (CH-GL) were synthesized with 

variable amounts of glutaraldehyde where the amount of chitosan was fixed chitosan mass as 

reported elsewhere [4, 165, 157]. The aqueous chitosan solution (2%) was prepared by 

dissolving 2 g of chitosan in 200 mL of 2% (v/v) acetic acid solution. The resulting viscous 

solution was stirred for ~12 h to complete dissolution at room temperature since the pH of the 

solution was 3.94. An aqueous solution of 0.01 M sodium hydroxide was added drop-wise to the 

acidic chitosan solution to raise the pH to 5.6. At pH 5.6 and room temperature, the desired 

amount of 50% glutaraldehyde was added to achieve various weight ratios of 

chitosan/glutaraldehyde polymers (CH-GL1:6, 1:1, 1:0.50, and 1:0.25, respectively). The degree 

of gelation and cross-linking depend on the relative mass ratio (CH-GL1:6, 1:1, 1:0.50, and 

1:0.25).  

The gel formed immediately while stirring and color of transparent gel became dark 

yellow over a one hour period. Then gel was left overnight to complete gelation. Thereafter, a 2 

M aqueous solution of NaOH was allowed to react (~3-4 h) with gel network until a dark brown 

suspension was produced since final pH of the solution was ~7.0. 

The precipitated products were vacuum filtered with Whatman filter paper and 

subsequently washed with several portions of Millipore water (500 mL) and cold HPLC grade 

acetone (50-100 mL). The material was then crushed after partial air-drying. Then product was 

allowed to dry in the oven~ 30-40
° 

C, along with regular gentle grinding to get a darker brown 

homogeneous powdered material. The product was washed in a Soxhlet reflux extractor using 

HPLC grade methanol solvent for 48 h at 60
°
 C followed by drying in the vacuum oven at 60

° 
C 

under reduced pressure. The final product was ground in a mortar and pestle and then passed 
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through a 40-mesh sieve to ensure a maximum upper size limit on the particles. Thereafter, the 

products were  stored in a desiccator until further use. 

 

Figure 2.2: ICP-OES instrument showing carrier tube towards glowing plasma (refer to blue arrow). 

2.4 Characterization of Chitosan-Glutaraldehyde Copolymers 

2.4.1 FTIR Spectroscopy 

DRIFT (Diffuse Reflectance Infra-red Fourier Transform) spectroscopy was used to 

measure the vibrational spectral signatures of the CH-GL copolymers. Solid chitosan copolymers 

were analyzed using a Bio-RAD FTS-40 Spectrometer in reflectance mode and the intensity was 

expressed as Kubelka-Munk units, since signals are related to the sample concentration and 

reflectance intensity [158-160].  

 Samples were prepared by mixing 2.00±0.01 mg of CH-GL copolymers (1:6, 1:1, 1:0.50, 

and 1:0.25) with spectroscopic grade KBr (20.00±0.01 mg) and grinding in a mortar and pestle. 

Spectra were obtained over a range of 4000-400 cm
-1

 by recording 16 scans with correction 
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against KBr as a background. While FTIR spectra of glutaraldehyde in liquid phase, was taken 

using CaF2 window as the cell and the background. 

2.4.2 Thermal Gravimetric Analysis 

Thermal Gravimetric Analysis (TGA) of samples was measured with a TGA Q50. 

During the measurement of the TGA profile samples were heated in open aluminum pans to 30
°
 

C in an optical Evolved Gas Analyzer (EGA) furnace under controlled conditions and allowed to 

equilibrate for 5 min before further heating to 500
°
 C at a scan rate of 5

°
 C per min. Nitrogen gas 

was used for cooling and purging of the samples compartment [161]. 

2.4.3 Swelling Behaviour of the Copolymers 

The swellability of the CH-GL copolymers in water was determined using a gravimetric 

approach. 20± 0.01mg of each copolymer was added to clean, lidless 6 dram vials and then 10.00 

mL of deionized water was added to the vials. Then materials were shaken for 24 h at room 

temperature at 165 rpm.  The materials were filtered using pre-weighed filter paper and then the 

weights of dried copolymers were determined.  

Then filter papers and vials were weighed after 12 hours air drying after achieving 

constant weight. The weight of hydrated copolymer was calculated using weight of dry super 

absorbent and swollen samples in equation2.1. Where, ms is weight of hydrated sample and md is 

weight of dry absorbent. 

      ((             ))                     (2.1) 

2.4.4 CHN Analysis 

Carbon, Hydrogen, and Nitrogen (CHN) elemental analysis of chitosan and all polymers 

were obtained using a Perkin Elmer 2400 Elemental Analyzer. A mixture of pure oxygen and 
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helium gas was used to purge the instrument where the temperature of combustion oven was 

over 925˚ C while 640˚ C was elevated temperature in reduction oven. 

2.4.5 Powder X-Ray Diffraction 

Structural differences of the chitosan and chitosan polymers were studied using powder 

X-ray diffraction (PXRD). All spectra were obtained using PANalytical Empyrean powder X-ray 

diffractometer using monochromatic Cu-Kα1 radiation. The applied voltage and current were set 

to 45 kV and 40 mA, respectively. The samples were mounted as evaporated hexane film in a 

vertical configuration. PXRD patterns were measured in a continuous mode over a 2θ range of 5-

45° with a scan rate of 5°/min. 

2.5 Equilibrium Sorption Studies 

2.5.1 Preparation of Buffer Solutions 

2.5.1.1 Potassium Phosphate Buffer Solution 

A.  Preparation of Buffer at pH 8.5 

An aqueous 10 mM KH2PO4 solution was prepared using 2.70±0.01 g of salt in 2 L 

Millipore water. Then solution was stirred and pH of the solution was adjusted with a 2 N NaOH 

solution up to pH 8.5. Thereafter, this buffer solution was stirred for one hour. 

B. Preparation of Buffer at pH 5.0 

10 mM KH2PO4 solution had been prepared using 2.70±0.01 g of salt in 2L Millipore 

water. This aqueous solution was stirred and pH was adjusted with a 2 N NaOH solution to raise 

the pH up to 5.0 and then stirred for one hour. 
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2.5.1.2 Bicarbonate Buffer solution 

An aqueous solution of 0.1 mM sodium bicarbonate was prepared by dissolving 

16.8±0.01 g of salt in 2 L Millipore water. Solution was then stirred and pH was adjusted to 8.5 

using a 2 N NaOH aqueous solution and then stirred for one hour. 

2.5.2 PNP Adsorption Studies at Equilibrium 

Each powdered copolymer used was passed through 40 mesh sieve to get a homogeneous 

particle size. The concentration range of PNP was 0.10-20 mM in potassium phosphate 

monobasic buffer at pH 8.5 and 5.0 adjusted using 0.01 M NaOH. Nearly constant weights (0.02 

± 0.01 g) of the copolymer were mixed with 10 mL of PNP solution using 4 dram vials. Samples 

were equilibrated at room temperature on a horizontal shaker table (165 rpm) for 24 h to ensure 

that the sorbent is fully mixed with an aqueous adsorbate solution as described in another study 

[118]. In addition several vials containing only PNP solutions designated as blanks (i.e. no 

sorbent) were also placed on the shaker and used to determine the initial concentrations (Co).  

After 24 h, vials were removed from the shaker table and then the supernatant was 

transferred into clean vials and centrifuged at room temperature for 1 hour. The concentration of 

the unbound PNP (Ce) in the solution after sorption was determined using UV-Vis absorbance 

from the spectrum of the dye using a λmax = 400 nm at pH 8.5 and 317 nm at pH 5.0. Uptake of 

the adsorbate was determined from the difference between the initial blank (Co) and residual 

PNP (Ce) concentration in the solution using equation 2.2. 

2.5.3 Arsenate Adsorption Studies at Equilibrium 

2.5.3.1 Preparation of Arsenate Stock Solution in Buffer  

A 1000 ppm stock solution of arsenate oxoanion was prepared by dissolving 2.2459 g 

sodium arsenate in 1000 mL phosphate or bicarbonate buffer solution at pH 8.5 or 5.0 
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accordingly. This solution was stirred for homogenous dissolution. Then arsenate working 

solutions were prepared in a concentration range from 1 ppm to 200 ppm using above stock 

solution by appropriate dilution. 

2.5.3.2 Preparation of Un-buffered Arsenate Stock Solution 

A 1000 ppm stock solution of arsenate was prepared by dissolving 2.2459 g sodium 

arsenate in 1000 mL deionized distilled water. This solution was stirred for homogenous 

dissolution. Then arsenate working solutions were prepared in the concentration range from 1 

ppm to 200 ppm using above stock solution by appropriate dilution. 

2.5.3.3 Arsenate Sorption Experiment  

Chitosan and all copolymers were dried in the vacuum oven for 24 h, ground, and sieved 

through a 40 mesh sieve before weighing. A fixed amount ~20.0±0.01 mg of each polymer was 

mixed with 10 mL aqueous adsorbate solution (0.1-200 ppm at pH 8.5 and 5.0) in 4 dram vials 

and sealed with para film liner and capped. The samples were put on the shaker at room 

temperature for 24 h at 165 rpm. After 24 h, the vials were removed from the shaker and then the 

supernatant was transferred into other vials and centrifuged for 1 h followed by filtration through 

0.45µm nylon syringe filter into glass vials for subsequent analysis using ICP-OES at SIAST 

(Saskatchewan Institute of Applied Science and Technology). 
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2.6 Equilibrium Sorption Models and Equations 

2.6.1 Sorption Isotherms 

            The adsorption isotherm represents the equilibrium distribution of an adsorbate in the 

adsorbent phase relative to the equilibrium adsorbate in the aqueous phase at constant 

temperature. The equilibrium uptake of the adsorbate by the sorbent phase is expressed relative 

to the mass of the sorbent (Qe: mmol/g or mg/g). The quantity Qe is the amount of the adsorbate 

in the adsorbent phase at equilibrium, and can be defined by equation (1.1) where, Co is the 

initial (before sorption) and Ce is the equilibrium concentration (after sorption), m is the mass of 

the adsorbent used and V is the volume of adsorbate containing solution in contact with the 

adsorbent. 

2.6.2 Error Analysis 

Differential error analysis was done to calculate the error in experimental Qe values [4, 

156, 157]. This error is contributed by uncertainties in mass (m) of adsorbent and concentration 

(Δ C0 and Δ Ce) of adsorbate. 

        |
(      )   

       |      (2.2) 

 

        |
   

 
       |                  (2.3) 

 

      |
 

 
       |                   (2.4) 
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Where ΔCo, ΔCe, and Δm are “standard errors” associated with each measurement. The overall 

total ΔQe is sum of three standards error given in equations ( 2.2-2.4) and can be  measured as an 

absolute value because there is a positive and negative error for each data point [4, 156]. The 

standard error Δ Co and Δ Ce is coming from the uncertainty in absorbance, which can be 

calculated from the Beer’s Law and uncertainty in mass (Δ m) is contributed by the uncertainty 

in weighing on an electric balance [4, 156].  

2.6.3 Removal Efficiency 

The percent removal of PNP from the aqueous solution was calculated using equation 

(2.5), where Co is the initial concentration and Ce is the equilibrium liquid adsorbate 

concentration, as described above. 

    (
     

  
)                                (2.5) 

 

2.7 Synchrotron Methods 

 

2.7.1 Sample Preparation 

2.7.1.1 Phosphate Buffer System 

A fixed amount (~20±0.01 mg) of chitosan and polymer CH-GL1:1 was mixed with 10 

mL adsorbate (45 and 115 ppm) in 4 dram vial and then covered with the para film and sealed. 

These vials were put on the shaker at room temperature for 24 h at 165 rpm. After equilibration, 

the vials were removed from the shaker and gravity filtered. Both the residue on the filter paper 

and the adsorbate solution without polymers were analyzed. Liquid samples were loaded into 2 

mm × 3 mm× 25 mm cuvettes and then immediately frozen in liquid nitrogen. Solid samples 

were loaded onto Teflon powder plates of 2 mm thickness (Fig.2.3). Experiment was performed 
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at the Stanford Synchrotron Radiation Lightsource (SSRL, Menlo Park, CA, USA) with the 

storage ring operating at a 3 GeV and 500 mA in top-up mode. Spectra were collected on 

beamline 7-3 using a Si (220) double crystal monochromator. An upstream Rh-coated mirror 

provided both the pre-collimation of the incident beam and also rejection of harmonic 

component. As K-edge XANES and EXAFS measurements of arsenic samples were obtained in 

fluorescence mode using a Canberra 30-element germanium detector. During measurements 

samples were held at 10 K in a liquid helium flow cryostat. Nitrogen-filled gas ionization 

detectors were used to monitor the incident and transmitted X-ray intensities and an arsenic 

metal foil was placed after the sample for internal energy calibration, energy of which was 

assumed to be 11867.0 eV. 

 

Figure 2.3: Solid samples (CH: S1, S2, S3, S4 CH-GL1:1: S5, S6, S7, S8) mounted in a small Teflon 

holder, with the sample occupying a small slot in the center, a small hold at each corner is for mounting 

screws. 
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2.7.1.2  Bicarbonate Buffer 

A separate analysis was done using bicarbonate buffer at pH 8.5 to elucidate the effect of 

the phosphate buffer. A fixed amount of same polymer CH-GL1:1 ( 20±0.01 mg) was mixed 

with 10 mL of arsenate solution (45 ppm) in bicarbonate buffer in 4 dram screw vial and then 

covered with the para film and sealed. After equilibration, the vials were removed from the 

shaker and gravity filtered. The residue on the filter paper and adsorbate solution without 

polymers was analyzed. Liquid samples were loaded into 2 mm × 3 mm× 25 mm cuvettes and 

then immediately frozen in liquid nitrogen. However, solid sample were packed at room 

temperature in powder form. 

EXAFSPAK program was used for data reduction. The pre-edge subtraction was done to 

remove the effects of background and other absorption edges. Then spline function was fitted to 

extract EXAFS. Near-edge spectra were also normalized to get an edge jump of unity. EXAFS 

was Fourier transformed and amplitude and phase shift functions were calculated after getting an 

initial “best- fit”. Final phase and amplitude shift function were calculated from ab initio code 

feff [200]. The sum of the squares of the differences between experimental and calculated 

EXAFS was minimized by adjusting the structural parameters [199,200]. 

 

 

 

 

 



49 
 

    RESULTS AND DISCUSSION: COPOLYMER SYNTHESIS Chapter 3

AND CHARACTERIZATION  

 3.1 Synthetic Yield 

The overall yield of chitosan-glutaraldehyde cross-linked polymers ranged from 84-88%, 

in agreement with previous reported values [4, 156, 157]. The potential loss of small particle 

sizes product occurred during the filtration and grinding of products. The percentage yields of 

each copolymer (CH-GL1:1, 1:0.50, and 1:0.25) are given in Table 3.1. The CH-GL1:1 

copolymer displayed the greatest yield. The experimental yield calculation was based on the 

assumption that two monomers of the chitosan can react with one monomer of glutaraldehyde as 

reported previously [14,162].  

The above assumption was based on the concept to ignore the self-polymerization of the 

glutaraldehyde and to control the level of cross-linking. Although, the self-polymerization of 

glutaraldehyde was indicated elsewhere [14,162], the stoichiometry obeys equation (3.1) where 

the ratios are indicative of the number of glutaraldehyde monomers for cross-linking.  

                                          (        )              (3.1) 

One chitosan monomer has an average molar mass of 161 g/mol and the molar mass of 

glutaraldehyde is 100.101 g/mol. According to the first step of scheme (Scheme 3.1) two 

chitosan monomers react with one glutaraldehyde monomer and it is also assumed that both 

carbonyl groups of the glutaraldehyde are involved in the cross-linking since two molecules of 

water are lost. The percentage yields of the each copolymer (CH-GL1:1, CH-GL1:0.50, CH-

GL1:0.25, and CH-GL1:6) are given in Table 3.1. 
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Table3.1: The experimental yield (%) of various chitosan-glutaraldehyde (CH-GL) 

copolymers. 

Crossed-linked copolymer 

 

Weight 

CH (g) 

Volume* 

GL(mL) 

Yield % 

CH-GL(1:1) 2.00 2.7±0.1 88 

 

CH-GL(1:0.50) 

 

2.00 

 

1.4±0.1 84 

CH-GL(1:0.25) 

 

2.00 0.7±0.1 85 

CH-GL(1:6) 2.00 13±0.1 N/D 

 

*The density of the glutaraldehyde solution (50% aqueous solution, w/v) was 1.106 g/L.  

   N/D: Not determined 
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Scheme 3.1: Cross-linking reaction between the chitosan and glutaraldehyde via the amine groups 

of chitosan, where n represents the number of chitosan glucosamine monomers n×1/2. 

3.2 Cross-linking Reactions and Synthesis Approach 

Pristine chitosan gives hydrophilic hydrogels that swell under particular acidic 

conditions. This irreversible gel formation processes can be enhanced using any crosslinking 

agent or some organic solvent [162]. A schematic approach for the synthesis of copolymers is 

based on the following observations previously mentioned in the literature, that the –NH2 groups 

present at position C2 and sometimes the  hydroxyl groups at C4 and C6 play important roles in 

the modification of chitosan during various reactions [162]. Generally during the gelation 

process, glutaraldehyde undergoes an aldol condensation depending on pH and temperature [4, 

14, 162, 163] since the carbonyl group of the aldehyde reacts with primary amino group of the 

chitosan to generate imine or Schiff base adducts. The synthetic conditions under discussion 

represent a specific type of reductive amination [4, 164]. The mild acidic solution of chitosan is 
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viscous due to a polyelectrolyte affect [162] or protonation of the glucosamine units (Fig.3.3) 

and the viscosity of solution decreases with increasing solution pH [133,162]. 

 

Figure 3.1: Various forms of chitosan in aqueous solution under different pH conditions, low pH ˂ 6, and 

High pH ˃ 6.5 (Modified from ref [133,135]). 

In general, imine or Schiff base adducts generated from the reaction of the carbonyl 

groups of the aldehyde and primary amino groups of chitosan contain a carbon-nitrogen double 

bond. However, cross-linking of glutaraldehyde with primary amino group of chitosan follows a 

complex mechanism which can produce various oligomer products due to aldol condensation, 

where further polymerization results in gel formation [14,162]. The kinetics of the chitosan 

glutaraldehyde cross-linking reaction is affected by pH, temperature, and stirring rate of the 

reaction [14, 162-165].  

Insight regarding the reaction mechanism starts from the first step of synthesis starting 

with the preparation of 2% solution of chitosan in acetic acid. At that stage the pH of the solution 

is in the range of 3.5-4.5 and only 10% of amino groups are available for nucleophilic addition to 

the carbonyl group of glutaraldehyde.  At this pH, addition of NaOH solution increases the 

number of deprotonated amino groups without precipitation of chitosan and enables 50% of 

amino groups to take part in aldol condensation reaction [14, 162,163]. 
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Scheme 3.2: Open chain glutaraldehyde (GL) is attacked by amine group of chitosan (Chi-N) 

under acidic conditions; self-polymerization of glutaraldehyde was not taken under consideration 

and N-acetyl group is also involved in the second step of the reaction (modified from ref [166]).                        

                   The role of the acetamide groups of chitosan at this pH is unknown. On the other 

side, glutaraldehyde is present in various isomeric forms such as monomer, bicyclic, and α, β-

unsaturated polymerized forms (refer to Chapter 1, section 1.4.5) which undergo hydration 

because of conjugation stability of the carbonyl forms [14,162,163]. The reactivity of 

glutaraldehyde towards amino groups of chitosan is greater than hydroxyl groups [167-168]. A 

previous study indicated that ethylenic double bonds of glutaraldehyde are involved in the aldol 

condensation reaction but these types of addition reactions are more favourable when excess 

amino groups are available [163]. The pH condition of this cross-linking reaction ranged from 



54 
 

acidic to neutral based on the fact that glutaraldehyde exists in two major forms free aldehyde 

and hemiacetal structure [14,169]. These two forms undergo the aldol condensation reaction and 

form products as shown in the reaction Scheme 3.2 and 3.3. However reaction via hemiacetal 

and amino group of chitosan was previously observed [170]. During gel formation, the Schiff 

base adduct is the major product which is unstable under acidic condition. A stable product is 

obtained at greater pH of the solution by the addition of NaOH [14,169]. 

 

Scheme3.3: Cyclic form of glutaraldehyde (GL) is attacked by amine nucleophile of chitosan 

(Chi-N) under acidic or neutral conditions, glutaraldehyde underwent self-polymerization and N-

acetyl group is also involved in the reaction.  Self-polymerization of glutaraldehyde was not 

taken under consideration and acetyl group is also involved in the second step of the reaction 
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 3.3 Physical Appearance 

The synthesis of chitosan-glutaraldehyde copolymers was carried out according to 

previously reported methods [4, 156] with some modification, i.e. pH adjustment, reactant ratios 

followed by stirring, drying, and grinding of products. Commercial chitosan is available as high, 

medium, and low molecular weight; where the water solubility of low molecular weight chitosan 

is greatest [4, 156]. Chitosan (CH) can be cross-linked with glutaraldehyde (GL) at various mole 

ratios, and it has been reported that cross-linking affects the physicochemical properties such as 

the sorption capacity [4]. This can be understood according to the illustration of the copolymer 

product shown in Scheme 3.1.  To test this hypothesis, the synthesis of copolymer materials was 

carried out at four weight ratios of chitosan and glutaraldehyde [4, 156, 171]. The pH of the 

solution was monitored at regular time interval before and after addition of glutaraldehyde. 

 

Figure 3.2: Color variation of chitosan and its CH-GL copolymers (From left to right CH, CH-GL1:1, 1: 

0.50, and 1:0.25). 

In addition to stirring and drying, the occasional grinding of the sample was required to 

achieve efficient drying of product. Overall, light brown CH-GL copolymers were collected after 

grinding (Fig.3.2). Darker colored products were obtained with color intensity varying according 

to increased levels of glutaraldehyde with other reaction conditions held constant. Previously, it 

was observed that increased in the darker color confirmed the presence of chromophore group 
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i.e., -C=N- [165]. Previous results [4, 156,171] indicate that the color intensity of the products 

increased according to the level of glutaraldehyde employed.  

 

 

 

 

 

 

 

 

 

 

3.4 Elemental Analysis 

The composition of the CH-GL copolymers was estimated using CHN analysis. The 

percent deacetylation, and average molecular weight of the chitosan monomer units was applied 

(as used previously) to find the nitrogen content in 1 monomer unit of chitosan [4, 162]. The 

empirical formula was determine from the CHN data and then the total carbon contents of 

polymers were estimated as contributed from chitosan and glutaraldehyde while nitrogen 

contents were fixed. It was supported from compositions of copolymers that 1 mole of 

Figure 3.3: Chitosan-glutaraldehyde copolymer (CH-GL1:1) after vacuum filtration. 

Color of the same product after drying in oven (CH-GL1:1 in Fig. 3.2). 
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glutaraldehyde react with 2 glucosamine monomers of chitosan. The error in the calculated value 

was determined by considering the volumetric errors (±0.1 ml) of dispensing glutaraldehyde.  

 

Table 3.2: The CHN Elemental Analysis and experimental estimates of CH-GL copolymers. 

Polymer Experimental Calculated
 

%C %H %N %C %H %N 

Chitosan 

 

 

41.8 6.70 7.47 41.9 6.47 7.47 

CH-GL(1:0.25) 

 

 

46.1 6.39 6.43 45.5 6.56 6.43 

CH-GL(1:0.50) 

 

 

48.17 6.68 5.50 48.1 6.79 5.56 

CH-GL(1:1) 

 

 

51.5 5.83 4.63 51.4 6.17 4.72 

 

3.5 Solubility and Swelling Behavior of the copolymers 

It has been reported in the literature that crystallinity of chitosan and its derivatives can 

be estimated from the percentage of swelling [59]. Cross-linking can alter the crystalline 

behaviour of polymers by changing the number of “crystalline domains of the polymer chain” 

[59] as anticipated by changing in the degree of intermolecular H-bonding for such 

polysaccharides. The swelling results for CH and CH-GL copolymers are shown in Fig.3.4. The 

degree of swelling was determined in distilled water and 10 mM potassium phosphate buffer at 

room temperature. There is decrease in the percentage of swelling with the increase of the 



58 
 

glutaraldehyde content as shown in Fig.3.4.  The degree of the swelling for each polymer is 

greater in distilled water than buffered solution. These results are in agreement with previous 

reported results [59] where Chitosan-GLA beads with lower degree of swelling show greater 

adsorption. Chitosan is showing percentage lower degree of swelling in both phosphate buffer 

and distilled water. 

CH CH-GL1:6 CH-GL1:1 CH-GL1:0.50 CH-GL1:0.25
0

1000
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Figure 3.4: Swelling data for chitosan and glutaraldehyde copolymers in distilled water (D.W) and 

10 mM potassium phosphate buffered solution (Buff) at room temperature. 

 

3.6 Powder X-ray Diffraction 

The effect of crosslinking on the crystallinity of CH-GL copolymers was determined. 

PXRD spectra of chitosan and polymers (CH-GL1:1, CH-GL-1:0.50, CH-GL1:0.25, and CH-

GL1:6) are shown in Fig. 3.5. As shown in Fig. 3.5, chitosan diffractogram has two characteristic 
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reflections occurring at 2θ =11 and 20°. These two reflection indicate the crystal forms I, and II 

respectively as also observed by Lazaridis et al. during the year 2007 [165]. Chitosan cross-

linked polymers have only one broad peak at 2θ= 21°. Okuyama et al. explained the 

orthorhombic unit cell of the “tendon chitosan” where chains of chitosan twofold helix have a 

repeat period of 10.34 Å. In the “zigzag” structure, there are two chains stabilized by hydrogen 

bonding with packing in an antiparallel pattern [172]. This is supported since cross-linking alters 

the hydrogen bonding network between the hydroxyl and amino group of chitosan framework. 

This is understood because of the steric hindrance coming from the GL side chain as observed by 

Lazaridis et al. [165]. One polymer CH-GL 1:6, contains the highest content of glutaraldehyde 

shows very different behavior as compared to other copolymers (Fig. 3.5) but the precise reason 

is unknown. Diffraction results were reported by Silva et al. for chitosan glutaraldehyde cross-

linked membranes, where 2-D WAXS (Wide-Angle X-ray Scattering) results for highly cross-

linked chitosan membrane show highly amorphous structure [173]. 
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Figure 3.5: PXRD diffraction pattern for chitosan-glutaraldehyde polymers (CH, CH-GL1:1, CH-GL-

1:0.50, CH-GL1:0.25, CH-GL1:6). 

 

3.7 Thermal Gravimetric Analysis 

             The first derivative plots vs. temperature for chitosan and each copolymer material are 

given in Fig. 3.6.  Generally chitosan has only one major peak of thermal degradation with 

increase heating rate [132, 162]. The results of thermogravimetric analysis of chitosan and 

chitosan copolymers (CH, CH-GL1:1, CH-GL-1:0.50, CH-GL1:0.25, CH-GL1:6) in nitrogen 

show two different decomposition stages. The major peak indicates the thermal degradation of 

chitosan at ~300
°
 C, while weight loss at less than 100

°
 C is attributed to loss of adsorbed or 

bound water or some solvents loss [162].  

It can be inferred that chitosan degradation in nitrogen is one step process. The 

decomposition temperature at 225-275
°
 C and 425

° 
C is related to effect and  the level of cross-
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linking. The bands at 425
°
C are indicative of the amount of cross-linking in CH-GL copolymers, 

and it can be seen in Fig. 3.6 that the peak area increases with an increase of GL content [132, 

162]. It is noted that there is a shift in temperature with an increasing content of GL since the 

CH-GL 1:6 copolymer has a high content of glutaraldehyde which results in shift towards lower 

temperature in the thermogram [132]. 

The lower temperature event observed for the copolymers relative to the secondary degradation 

temperature of the chitosan indicated that copolymers are less thermally stable on the basis that 

copolymers contain less primary amino groups [162]. The reduced availability of the H-bond 

donor/acceptor sites due to cross-linking may result in materials that are more amorphous with 

reduced temperature stability [162]. 
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Figure 3.6: The first derivative TGA plots of chitosan and copolymers (CH, CH-GL1:1, CH-GL-1:0.50, 

CH-GL1:0.25, CH-GL1:6). CH-GL1:6 copolymer has high content of glutaraldehyde shift towards lower 

temperature. TGA results for  GL is not shown here. 

 

3.8 Fourier Transform-Infrared Spectroscopy 

FTIR spectra of chitosan, glutaraldehyde and CH-GL copolymers are shown in Fig. 3.7, 

3.8, and 3.9. There is a clear difference between the FTIR profile of chitosan, GL and each 

respective CH-GL copolymer material. The broad band from 3000 cm
-1

 to 3500 cm
-1

 is attributed 

to the stretching vibration of O-H and N-H of chitosan (Fig. 3.8). Some characteristics IR bands 

for pure chitosan occur at 1155, 1070, 824cm
-1 

(Fig. 3.7, 3.8, and 3.9) and correspond to the 

stretching vibration of the glucosidic bridge of the polysaccharide. The stretching vibrations of 
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the amide I band appear in the 1604-1655 cm
-1

 range (Fig. 3.9). Asymmetric and symmetric C-H 

stretching occurs at 2879 cm
-1

 (Fig. 3.6, 3.9) [174]. 

The FTIR spectra of glutaraldehyde has characteristics bands at 1720 cm
-1 

(refer to 

expanded region of Fig. 3.9) which indicates the presence of free carbonyl groups of 

glutaraldehyde before the reaction. However this signature is evident for CH-GL1:6 which 

suggests self-polymerization of glutaraldehyde. The intensity band at 1075 cm
-1

 shows evidence 

of an ether group corresponding to a cyclic form of glutaraldehyde ( cf.  Scheme3.2 and 3.3) [59, 

175, and 178].  
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Figure 3.7: The FTIR spectra of chitosan and glutaraldehyde copolymers (CH, GL, CH-GL1:1, CH-GL-

1:0.50, CH-GL1:0.25, CH-GL1:6). 

 

The IR bands provide support that the linear form of glutaraldehyde is reacting with the chitosan 

monomer units. Structural differences exist between the chitosan and its cross-linked copolymers 

since the IR band at 1660 cm
-1

 indicates cross-linking between the amino group of CH and GL, 

including the disappearance of  the N-H2 bending (1579 cm
-1

 ) signature, which provides further 

evidence of cross-linking between the chitosan and glutaraldehyde [184]. The range of values 

from 1324 cm
-1

 to 1380 cm
-1

  are attributed to the stretching vibration of the C-N band (amide) 

and the C-H bending modes of methylene [4, 156, 171].  
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Figure 3.8: The FTIR spectra of chitosan and glutaraldehyde copolymers (CH, GL, CH-GL1:6, CH-

GL1:1, CH-GL1:0.50, and CH-GL1:0.25). 

 

The emergence of the new IR signature at 1720 cm
-1

 indicates stretching vibrations of C=N of a 

Schiff base adduct, in agreement with the presence of cross-linking between glutaraldehyde and 

chitosan ( refer to arrow  in Fig.3.9).   
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Table 3.3: The FTIR bands and frequencies for chitosan-glutaraldehyde 

copolymers  

 

Polymers Frequency (cm
-1

) 

Vibrational 

mode 

 

CH GL
† 

CH-GL(1:6) CH-GL(1:1) CH-GL(1:0.50) 

 

CH-GL(1:0.25) 

 

νas (C=N) 

 

N/D N/D
 

1680 1660 1654 1658 

C=C 

 

1540 N/D 1560 1565 1542 N/A 

νs(CH2) 

 

2878 2840 2841 2839 2838 NA 

ν(O-H) 

 

2970 N/D 3300 3280 3246 3168 

C=O 

 

N/D 1720 N/D N/D N/D N/D 

δ (CH2) 

 

1035 1198 1084 1079 1077 1077 

N/D Not determined 

†Analyzed as liquid film using CaF2 window as the cell and the background. 

ν and δ denote the bands involved the stretching, bending, or deformation of bonds, respectively. 
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Figure 3.9: Expansion for 1000-1500 cm
-1

 region of the FTIR spectra of chitosan and glutaraldehyde 

copolymers (CH, GL, CH-GL1:1, CH-GL-1:0.50, CH-GL1:0.25, and CH-GL1:6). 

Vibrational bands at 1664 cm
-1 

and 1660 cm
-1

 reveal that chitosan is cross-linked with 

glutaraldehyde [59, 157,166]. Thus, FTIR bands shifts help to support the Schiff base 

mechanism for cross-linking between the chitosan and glutaraldehyde [14,157,177]. The doublet 

in the range of 2800 cm
-1 

to 2900 cm
-1

 can be
 
attributed for the symmetric stretching and 

asymmetric stretching of the methylene groups. The bands between the region 3200 cm
-1

 to 3400 

cm
-1

 show the hydrogen bonded of O-H groups [162]. 
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    RESULTS AND DISCUSSION: EQUILIBRIUM SORPTION Chapter 4

STUDIES 

4.1 PNP Equilibrium Sorption Results 

PNP can exists as neutral or anion (p-nitrophenoxide or p-nitrophenolate, PNP
-
) species 

depending upon the pH conditions. PNP absorbs at 317 nm in acidic solution and absorbs 

strongly at 400 nm when pH of the solution is more alkaline (pH > 7). This shift in absorbance 

depends on the amount of PNP species (neutral or anion) in the solution as the pKa value of PNP 

is 7.14 [162]. The effect can be observed by change in intensity of the yellow color, as shown in 

Fig. 4.1 and Fig. 4.2 [178]. 

 

Figure 4.1: Comparison of color intensity of 10mM of PNP and PNP
-
 at  pH 5.0 and 8.5, in 10 mM 

phosphate buffer. 
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Figure 4.2: UV-Vis absorbance spectra of 10 mM [PNP] and [PNP]
-
 at pH 5.0 and 8.5.(refer to 

Figure 1.3 for the molecular structure of PNP) 

 The adsorption of various dyes using chitosan based materials was reported in the 

literature [171,175,179]. As mentioned in Chapter 1, many chitosan based sorbents were 

used for the removal of PNP from water [70-72]. The sorption of PNP was carried out at 

different pH (5.0 and 8.5) conditions and room temperature (295 K) using a fixed amount (~ 

20.0± 0.01) mg of each polymer in 10 mL of PNP adsorbate in 10 mM potassium phosphate 

buffer. The results were plotted by measuring concentration of the unbounded PNP using a 

double beam spectrophotometer (Varian Cary 100).  

4.1.1 Adsorption of PNP at pH 8.5 

The molar absorptivity (ɛ) of PNP (18,030 and 10,252 L mol
-1

 cm
-1

) was estimated using 

the Beer-Lambert law at pH 8.5 and 5.0 in 10 mM potassium phosphate buffer, respectively,. 

The results are in agreement with previous studies [4, 71-72]. The sorption isotherms of the 

chitosan-glutaraldehyde (CH-GL) polymers at pH 8.5 are illustrated in Fig.4.3 and Fig.4.4. 
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In general, the polymer with high content of glutaraldehyde (CH-GL1:1) show high adsorption. 

The adsorption capacities; Qe (mmol/g) at pH 8.5 for all polymers are listed in the following 

order: CH-GL1:1>CH-GL1:0.50>CH-GL1:0.25. Table 4.1 summarizes the best fit parameters 

using the Sips model at pH 8.5. The sorption capacity is highest for CH-GL (1:1) and lowest for 

CH-GL (1:0.25). The value of ns is greater than unity for each of the polymer which indicates 

that the adsorption deviates from the monolayer adsorption behavior and that the possibility of   

interaction between the anions of PNP. The removal efficiency for each of the copolymers: CH-

GL1:1(4.8-17%), CH-GL1:0.50(3.2-16%), CH-GL1:0.25(1.8-170%) and for CH (0.8-10.1%). 

By comparison, the removal efficiencies at pH (5.0) are greater compared to the values of 

obtained at pH 8.5.  
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Figure 4.3: Adsorption isotherm results of PNP using CH-GL polymers (CH, CH-GL1:1, CH-

GL1:0.50, CH-and GL1:0.25) at pH 8.5 and 295 K. 
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Figure 4.4: Sorption isotherms for PNP using CH-GL(~ 20 ±0.01mg) polymers at 8.5 pH and 295K in 10 

mM potassium phosphate buffer (a) CH-GL1:1, (b) CH-GL1:0.5, and (c) CH-GL1:0.25. The solid lines 

represent the best-fit by the Sips model where the isotherm data is the same as shown in Figure 4.3. The 

error estimates associated with these best-fits are not shown here because of apparent scatter of the data. 
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Table 4.1: Sorption isotherm results of PNP with CH-GL copolymers (20.0±0.01 mg) at pH 

8.5 (295 K) in 10 mM potassium phosphate. These parameters were calculated from Sips 

Isotherm Model (Data from Fig. 4.3). 

Polymer 

 

Q
m 

(mmol/g) K
s 
(L/mmol) R

2

 n
s
 

CH-GL(1:1) 

 

0.218 0.452 0.97 1.5 

CH-GL(1:0.5) 

 

0.159 0.854 0.93 1.3 

CH-GL(1:0.25) 

 

0.077 0.048 0.92 0.66 

CH 

 

N/D N/D N/D N/D 

*N/D: Not determined due to the limit concentration dependence of Qe. 

4.1.2 Adsorption of PNP at pH 5.0 

In this study, greater adsorption capacities of PNP are noted with decreasing pH of the 

solution (Fig. 4.5). However, it was difficult to fit all isotherms with the Sips model (results are 

not shown here). The change in sorption capacity with the change of pH of solution can be 

attributed to the surface charges of both PNP and chitosan. It is known that amino groups of 

chitosan are positively charged near its pKa value and chitosan polymer shows an attraction for 

PNP. Thus, adsorptive uptake is greater at lower pH (5.0) values, as expected for surface with 

lower surface charge. Poon has also reported the high adsorption capacities (0.0095-0.066 

mmol/g) at low pH rather than high pH and greater adsorption with increasing GL content for 

chitosan and its polymers cross-linked polymers [4, 162].  Ngah et al. also reported the removal 

of PNP with chitosan beads [59]. However opposite results were reported since increasing pH 
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values of the solution resulted in an increase in the adsorption of PNP [165]. At greater pH 

values, the deprotonation of amino groups of chitosan results in higher adsorption of PNP [165].  
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Figure 4.5: Sorption results of PNP using CH-GL polymers (CH-GL1:1, CH-GL1:0.50, CH-GL1:0.25, 

CH-GL1:6) at pH 5.0 and 295 K. 

4.1.3 Adsorption of PNP at pH 8.5 (Bicarbonate Buffer) 

Adsorption of PNP in bicarbonate was studied at pH 8.5. Sorption isotherm results show 

that the adsorption of PNP increased with bicarbonate buffer, as shown in Fig. 4.7. In a separate 

study [180], the sorption properties of similar sorbent materials with roxarsone were investigated 

by Poon et al. [180]. Roxarsone (ROX) is an organic arsenical a phenyl and arsenate functional 

groups (cf. Section 1.1.4.1). Roxarsone has three pKa values (3.49, 5.74, 9.13) [54,56, 180, 181] 

and AsO4
-3

 is one of the degradation by-products of ROX. The adsorption properties of ROX 

were investigated with chitosan-glutaraldehyde cross-linked polymers (CG) at various pH 
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conditions, since a comparative study using commercial granular activated carbon (GAC) and 

two phenolic dyes was also done as shown in Fig. 4.6 [180].  The effect of salt concentration, salt 

type, and various adsorbates was determined along with the effect of cross-linking density [180]. 

Single point sorption using 1 mM ROX was done at neutral and acidic conditions. Poon reported 

greater sorptive uptake occurs with CG polymers and relatively high uptake was obtained by 

GAC [180]. The results of that study support the effect of phosphate on adsorption of ROX with 

various adsorbent (CH, GAC, and CG) materials. 

 

Figure 4.6: Single-point sorption of ROX at various pH and salt concentration for various sorbent 

systems [obtained from ref. 180]. 
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It was inferred that ROX and phosphate compete for adsorption sites when the pH of the solution 

is acidic (pH < 5.0) and the phosphate concentration increases from 10 to 100 mM. A decrease in 

the adsorption of ROX adsorption was observed at high phosphate concentration (at 100 mM) 

and pH 7.0, as shown in Fig 4.6 [180]. Opposing effects were observed using bicarbonate buffer  

where sorption increased as the salt concentration increased from 10 mM to 100 mM at pH 10.5 

(Fig. 4.6). The trend was attributed to “salting out” effects which occur when the precipitation of 

hydrophilic polymers occur due to an increased salt concentration [180].  
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Figure 4.7: Sorption of PNP using CH-GL polymers at 8.5 pH and 295K in10 mM potassium phosphate 

buffer and  bicarbonate buffer. 

 

4.2 Arsenate Equilibrium Sorption Results 

A fixed amount ~ 20.00 ± 0.01 mg of each polymer was mixed with 10 mL of adsorbate 

(arsenate oxoanion) in concentration range 0.1 to 200 ppm to obtain arsenate adsorption 

isotherms. After 24 h of equilibration at room temperature, each solution was filtered and the 

equilibrium concentration of arsenate was determined using ICP-OES. The sorption experiments 



76 
 

were studied without buffer and in 10 mM potassium phosphate at pH 5.0 and 8.5.  The sorption 

isotherms were presented by plotting the levels of adsorbed arsenate (Qe) vs the unbound 

equilibrium concentration (Ce), as shown in Fig. 4.8. 

4.2.1 Adsorption of Arsenate in Un-buffered Solutions 

The adsorption of arsenate anions by pristine chitosan is relatively low (ca. 0.41 mg/g), in 

agreement with the literature [180]. Therefore, the best fit results are not shown for chitosan with 

arsenate due to the low level of uptake. The low uptake for chitosan is related to the reduced 

accessibility of chitosan active sites (amino groups) while reduced stability of chitosan may  also 

occur under acidic conditions [141]. It is also known that adsorption by unmodified chitosan 

depends on temperature and composition of the solution [141].  

The surface charge of chitosan and its derivatives depends on the properties of 

surrounding solution such as pH. Chitosan and its cross-linked polymers (CH-GL) show variable 

surface charge with the protonation of the amino groups or deprotonation of hydroxyl groups 

under different pH conditions. These surface charges are electrostatic “sites” for adsorption of 

the adsorbate species (arsenate species or other anionic or neutral species present in the solution).  

Electrostatic interactions are often spontaneous processes and may occur via the adsorption of 

ion species on the surface of the chitosan [171]. Adsorption (chemisorption) may also involve 

irreversible binding as a result of covalent bonding [171]. Amino groups of chitosan show 

affinity toward positive cations under basic pH. Adsorption of anion species from the solution is 

favored when chitosan is protonated in the case of acidic conditions (pH ~5.0 < pKa) or in a 

neutral protolytic form as seen in this thesis research.  

The adsorption capacity (Qm: mg/g) of chitosan copolymers for arsenate are listed in the 

following order: CH-GL1:1 > CH-GL1:0.50 > CH-GL1:0.25 > CH-GL1:6 for solution without 
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buffer as illustrated by Fig.4.8. The value of Qm for each polymer is listed in descending order: 

CH-GL1:1(14.5), CH-GL1:0.50 (12.0), CH-GL1:0.25(10.3), CH-GL1:6(2.24). 
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Figure 4.8: Adsorption isotherm data of arsenate anion sorption using CH-GL polymers (CH-GL1:1, CH-

GL1:0.50, CH-GL1:0.25, CH-GL1:6) at 295 K in un-buffered solutions. The solid lines represent the best 

fit using the Sips isotherm model. 
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Figure 4.9: Sorption results of arsenate anions using CH-GL polymers (CH-GL1:1, CH-GL1:0.50, CH-

GL1:0.25, CH-GL1:6) at 295 K in un-buffered solutions. 

The increase in the adsorption capacity addresses the hypothesis related to the effect of 

glutaraldehyde content on the cross-linking ratios during synthesis. By contrast, Pratt et al. 

reported that the adsorption capacities were “inversely related to the contents of glutaraldehyde” 

at pH 8.5 in 10 mM potassium phosphate buffer [4,156]. Pratt reported the adsorption capacities 

as: 228mg/g for copolymers (CPL-1) with the lowest cross-linking; whereas, a lower value 
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(39.9mg/g) was obtained for a highly cross-linked polymer(CPL-3). Greater arsenate adsorption 

capacity (ca. 96.4 mg/g) was reported by Boddu et al. [182].  

Table 4.2:   Sips isotherm sorption parameters for arsenate (10 mL of adsorbate) with CH-GL 

copolymers (20.0±0.01mg) at 295 K in aqueous solution without buffer solution. 

Polymer 

 

Qm (mg/g) ns Ks (L/mol) 

 

CH-GL(1:6) 

 

2.24 1.23 3.16x10
4
 

CH-GL(1:1) 

 

14.4 1.04 7.70x10
4
 

CH-GL(1:0.50) 

 

12.0 0.743 1.35x10
5
 

CH-GL(1:0.25) 

 

10.3 0.619 1.17x10
5
 

CH 

 

N/D N/D N/D 

        N/D: Not determined due to low concentration dependence of Qe. 

A comparison of the sorption capacity and best fit parameters for the polymers is shown 

in Table 4.2. Likewise, a comparison of adsorption capacities according to the Langmuir and 

Sips models is shown in Table 4.3. According to the Langmuir model, a better fitting is observed 

with increasing GL content. There is a decrease in the values of the equilibrium constant KL 

(L/mol) which relates to the strength of the sorptive interaction between the adsorbate and the 

surface of the adsorbent. The decreased value of KL for CH-GL (1:1) indicates that weak 

adsorption occurs for this polymer, while stronger adsorption occurs for CH-GL (1:0.25) [183]. 

The removal efficiency (Fig. 4.10) of the CH-GL copolymers (CH-GL1:1 > CH-GL1:0.50 > CH-

GL1:0.25) in un-buffered solutions was in the range of 10-98%.  
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Table 4.3: Comparison of the best fits parameters of Sips and Langmuir Models for the 

adsorption of arsenate oxoanions with CH-GL (20.0±0.01 mg, 10 mL of adsorbate, and ambient 

temperature 295 K) in aqueous solution without buffer. 

Langmuir parameters 

 

Sips parameters 

Polymer 

 

 

Qm 

(mg/g) 

KL 

(L/mg) 

Ks 

(L/mol) 

R
2 

Qm(mg/

g) 

Ks 

(L/mol) 

n R
2 

CH-GL(1:6) 

 

2.04 0.00309 430 0.866 2.24 3.16x10
4
 1.23 0.866 

CH-GL(1:1) 

 

14.5 0.576 8.00x10
4
 0.987 14.4 7.70x10

4
 1.04 0.997 

CH-GL(1:0.50) 

 

11.5 1.07 1.49x10
5
 0.987 12.0 1.35x10

5
 0.743 0.994 

CH-GL(1:0.25) 

 

10.2 1.25 1.75x10
5
 0.995 10.3 1.17x10

5
 0.619 0.984 

CH 

 

N/D N/D N/D N/D N/D N/D N/D N/D 

*N/D: Not determined due to the low concentration dependence of Qe. 
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Figure 4.10: Removal Efficiencies (%) for a fixed mass of (~20 mg) of the CH-GL copolymers (CH, CH-

GL1:1, CH-GL1:0.50, CH-GL1:0.25 and CH-GL1:6) for arsenate in un-buffered solution at 295K. 

 

4.2.2 Adsorption of Arsenate in Potassium Phosphate Buffer  

4.2.2.1 Adsorption of Arsenate at 8.5 pH (Potassium Phosphate Buffer) 

Figure 4.11 illustrates the adsorption isotherms of arsenate in 10 mM potassium 

phosphate buffer at pH 8.5. By comparison, the removal efficiency of pristine chitosan was in the 

range 0.007-3.0 % and CH-GL1:6 had a 2-57% removal efficiency as shown in Table 4.4.There 

is clear evidence that removal efficiency is a function of equilibrium concentration (Ce) which 

decrease for each polymer at higher values of Ce.  
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Figure 4.11: Sorption results of arsenate oxoanion using CH-GL polymers (CH-GL1:1, CH-GL1:0.50, 

CH-GL1:0.25, and CH-GL1:6) at 295K in 10 mM potassium phosphate buffer at pH 8.5. 

 

4.2.2.2 Adsorption of Arsenate at 5.0 pH (Potassium Phosphate Buffer) 

Adsorption of arsenate was increased with decreasing pH of the solution (Fig. 4.12). This 

pronounced increase in the adsorption capacity is related to the nature of arsenate species in the 

solution. As indicated in Chapter 1, arsenic species have pH dependent speciation in aqueous 

solution. Figure 1.1 indicates that arsenate species are present in the form of H2AsO4
-
 and 

H2AsO4 
-2

 at different pH conditions [119].  
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Figure 4.12: Isotherm adsorption data of arsenate oxoanion using CH-GL polymers (CH-GL1:1, CH-

GL1:0.50, CH-GL1:0.25, and CH-GL1:6) at 295 K in 10 mM potassium phosphate buffer at pH 5.0. 

 

The CH-GL polymers show relatively higher value of ɛR% in un-buffered solution, as 

compared to phosphate buffer at higher concentration. Overall, the removal efficiencies for the 

polymers (Table 4.4.) are listed in the following order: un-buffered > buffered (pH. 5.0) > 

buffered (pH. 8.5). The overall uptake of arsenate (14-8 mg/g) in un-buffered aqueous solution 

exceeds buffered solution, where phosphate ions are present as the buffer media. There is a 

significant decrease in the values of Qm by a factor of 20% for aqueous solutions containing 

potassium phosphate buffer compared to the un-buffered solutions. An increased adsorption 

capacity for arsenate (V) was reported for acid-washed crab shells by Niu et al. [184]. Niu 

reported an increase in the arsenate uptake with a decreased solution pH where arsenate uptake at 
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pH 2.51±0.02 was 1.5-7 As/g absorbent because of arsenate adsorbed by amide groups of acid-

washed crab shells. 

Tofan-Lazar et al. studied the effect of arsenate on phosphate adsorption on surface of Fe 

(oxyhydr) oxide film in presence of arsenate and dimethylarsenic acid (DMA). However, the 

rapid kinetics study was done under neutral pH conditions [185]. Similarly, a significant 

decrease (ca. 90 %) in As (V) uptake was reported [186]. 

Table4.4: Removal Efficiencies (ɛR %) at variable pH for a fixed mass (20±0.01 mg) of the 

CH-GL copolymers in aqueous solution without buffer over a concentration range of 0.1-200 

ppm. 

pH condition Un-buffered 8.5 5.0 

 Polymer 

CH-GL(1:6) 

 

2.0-56% N/D 8-13% 

CH-GL(1:1) 

 

20-95% 3-35% 17-53% 

CH-GL(1:0.50) 

 

14-97% 5-50% 21-23% 

CH-GL(1:0.25) 

 

10-98% 0.4-5.8% 15-22% 

CH 

 

0.007-3.9% 0.4-2.0% 10-18% 

       N/D: Not determined 

4.2.3 Adsorption of Arsenate at 8.5 pH (Bicarbonate Buffer) 

It has been concluded so far (based on the adsorption experiments) that phosphate ion has 

significant effect on adsorption of arsenate by CH-GL polymers.  Similarly effect of phosphate 

anion on the adsorption of arsenate was determined by So et al. [187]. The adsorption properties 

of phosphate and arsenate on calcite were evaluated [187]. A competitive adsorption study 
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revealed that arsenate adsorption on calcite was reduced due to the presence of phosphate anions 

in the solution [187]. Both arsenate and phosphate compete for binding sites because of their 

comparable tetrahedral structure and physicochemical properties such as pKa values (7.0 for 

arsenate and 7.2 for phosphate). Based on the above details, it was concluded that phosphate ions 

are competing with the arsenate anions for adsorption. To demonstrate this effect, the adsorption 

properties of CH and CH-GL (1:1) were determined in bicarbonate buffer system where it was 

observed that the adsorption capacities increased in bicarbonate buffer (Fig.4.13). However, the 

increase was modest and the results were in agreement with an independent study [187]. 

Competitive adsorption occurs between phosphate and arsenate with goethite under pH [188]. 

Carabante et al. reported the reduction in adsorption capacities of arsenate on synthetic 

ferrihydrite in presence of phosphate [189]. This study was done at various phosphate and 

arsenate concentration levels where D2O was used as the solvent to evaluate ATR-FTIR spectra 

on iron oxide surfaces [189]. Tofan-Lazar et al. reported kinetics of adsorption of phosphate on 

iron (oxyhydr) oxides [185] and the effect of various arsenic species (inorganic and organic) on 

the adsorption of phosphate.  It was concluded that the rate of phosphate adsorption was a 

dependent on the arsenate coverage of the iron oxide surface [185]. 
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Figure 4.13: Isotherm adsorption data of arsenate oxoanion using CH-GL polymers (CH, CH-

GL1:1) in 10 mM potassium phosphate buffer and   bicarbonate buffer at pH 8.5. 
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    RESULTS AND DISCUSSION: SYNCHROTRON STUDIES Chapter 5

5.1 Synchrotron XAS Results 

In the past, after identification of arsenic as a toxic element, total arsenic levels were 

determined using various traditional spectroscopic methods. With the passage of time, it was 

revealed that actual toxicity levels of arsenic is a function of its chemical speciation in water 

under various pH conditions and it was also identified that inorganic form of arsenic is more 

toxic than organic form; although it is also well known that arsenite As(III ) is more toxic than 

arsenate As (V).  

Various methods were developed by other researchers to measured specific level of 

arsenic species in given water sample or other compounds. However these were time consuming 

or indirect methods and required some pre-treatment of samples (solvent extraction or acid 

digestion), and also there were possibilities for the change in chemical form or features of arsenic 

originally present in the sample.  Elemental speciation of arsenic has been done using various 

analytical techniques such as electrochemical, atomic absorption spectroscopy [190], graphite 

furnace atomic absorption spectroscopy [24], atomic emission spectroscopy, and inductively 

coupled plasma spectroscopy. ICP-AES, and ICP-MS coupled with HPLC [191] were used to 

determine and characterize various forms of arsenic [24, 190-194-196].   

X-ray absorption spectroscopy (XAS) provides very feasible experimental conditions for 

analysis of any biological sample. One of major advantage is to use sample in any form: liquid, 

solid, frozen liquids, dry powder or a slurry[197]. Recently XAS was used for detection and 

characterization of arsenic species in various environmental samples [198-200] such as plant sap 

[201] or plant [94] roots and minerals [95]. XAS, in this project was used to examine the arsenic 

speciation and its coordination environment in liquid samples and sorbed samples. 
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5.1.1 Near-edge Spectra of Arsenic Species in Various Samples 

X-ray absorption spectroscopy at the arsenic K-edge was used for the liquid and solid 

phase speciation of arsenic. The solid sorbed residue (after adsorption) was collected after 

gravity filtration of adsorption solution at variable pH; 5.0 and 8.5 in two buffer systems.  

5.1.1.1 Adsorption of Arsenate in Potassium Phosphate Buffer  

  Generally, a typical XAS scan of arsenate solid residue (CH-GL1:1) as shown in Fig. 5.1, 

shows three main regions; pre-edge region indicates insufficient X-ray energy to eject 1s core-

electrons, whereas, near-edge indicates the K edge absorption for arsenic that involves ejection 

of core-electron. Extended X-ray absorption fine structure is extended XAS region where 

oscillation in signal occurs because of backscattered photoelectrons of neighboring atoms. 

 

Figure 5.1: Typical background-subtracted and normalized X-ray absorption Arsenic K edge spectra 

showing various spectral regions. CH-GL sample was analyzed as a solid residue obtained from a solution 

at pH 5.0. 

 



89 
 

Arsenic K near-edge spectrum of arsenate shows one major peak at around 11876.3 eV, 

which is characteristic of a dipole-allowed transition from 1s to 4p of core electron and indicate 

the four coordinate  arsenate was  reported previously [94, 95, 191-198, 201]. Fig. 5.2 illustrates 

the edge spectra of liquid samples before and after filtration of 115 ppm arsenate solution in 10 

mM potassium phosphate buffer in comparison with the arsenate and arsenite standards at pH 8.0 

(all arsenate and arsenite standards were taken from a previous study by Andrahennadi et al.) 

[199,200]. 

As observed in Fig. 5.2 that arsenate peaks for the sample have been split and this 

splitting is consistent in both liquid and solid samples before and after adsorption in Fig. 5.3. 

However, the edge scans are more similar to the arsenate standard than arsenite which further 

supports that no change in oxidation state occurred during the adsorption process.  

All arsenic K near-edge spectra in phosphate buffer (10 mM) show a splitting of the 

major peak, which is not  characteristic of the arsenate near-edge spectra measured previously 

[94, 199,200]. Arsenate has a single characteristic peak in the near-edge spectrum (as mentioned 

before). The possibility that phosphate anions form a complex with arsenate species in the 

solution (actual mechanism and reason in unknown) was hypothesized. In a previous study, 

synchrotron radiation X-ray absorption spectroscopy was used to determine the speciation of 

sulfur in situ. Figure 1 (ref. 202) illustrates that the splitting of the sulfate ester peak where 

oxygen is bridging to another atom ( i.e carbon, in case of ester) while sulfate shows a single 

peak. As sulfate is the tetrahedral analogue to arsenate or AsO4
-3

, it can be inferred that splitting 

of the arsenate peak may occur because the oxygen single bridge analogue to sulfate ester 

coordination. 
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Figure 5.2: Arsenic K-edge spectra of liquid samples in 10 mM phosphate buffer at pH 8.5 and 5.0. [(a) 

CH, 115 ppm arsenate solution before adsorption at pH 8.5 (b) CH, 115 ppm arsenate adsorption filtrate 

solution at pH 8.5 (c) CH, 115 ppm arsenate solution before adsorption at pH 5.0 (d) CH, 115 ppm 

arsenate adsorption filtrate solution at pH 5.0, (e) Arsenate standard at pH 8.0 (f) Arsenite standards at 8.0 

pH]. All spectra were normalized to get an edge jump of unity. 
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Figure 5.3: Arsenic K-edge spectra of three standards, one solid, and one liquid samples in 10 mM 

phosphate buffer at pH 8.5. [(a) Arsenate standard at pH 8.0 (b) Arsenite standard at 8.0 pH (c) Arsenate-

glycerol complex solution at pH 0, (d) CH, solid residue after adsorption at 8.5 pH, and  (e) CH, liquid 

sample before adsorption.] 

 

In Fig.5.3, sample (c) is an arsenate-glycerol complex in solution where the data was 

taken from a previously reported study [198]. The peak at 11876.3 eV corresponds to arsenate 

equilibrated with glycerol at pH ~0, indicating that the “aliphatic” dihydroxyl groups reside on 

the “vicinal hydrocarbon” [198]. It was recently reported that arsenic was coordinated in an 

octahedral (6-coordinate) environment with oxygen instead of the 4-coordinated environment 

expected for arsenate. Arsenic K-edge spectra of samples in phosphate buffer show similar 

spectra as compared to arsenate standard samples at pH 9.0. The results indicate that arsenate is 

coordinated with 4 oxygen atoms. 
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5.1.1.2 Adsorption of Arsenate in Bicarbonate Buffer  

In a separate experiment bicarbonate buffer was used at pH 8.5. The solid residue was 

collected from filter paper after adsorption (refer to Chapter 2, section 2.7.1.2). The As near-edge 

spectra in bicarbonate buffer show a single peak in Fig. 5.4 and 5.5.  Fig. 5.4 shows the As K 

edge spectra of CH-GL polymers in bicarbonate buffer solution. This comparison of spectra 

indicates that arsenate solution in bicarbonate buffer is not forming any complex. The 

absorbance is similar to an arsenate standard at pH 8.0, shown in Fig. 5.4(a) and is different from 

an arsenite standard at pH 8.0 and an arsenate glycerol mixture at  pH ~0. Fig. 5.5 illustrates the 

K edge spectra of arsenate in phosphate and bicarbonate buffer systems along with a comparison 

with three standards samples. 

 

 

Figure 5.4: Arsenic K-edge spectra of three standards (dashed lines), two solid, and two liquid samples in bicarbonate buffer at 

pH 8.5. All spectra were also normalized to get an edge jump of unity. [(a) Arsenate standard at pH 8.0 (b) Arsenite standard at 

pH 8.0 (c) Arsenate-glycerol complex solution at pH 0 (d) CH, liquid sample after adsorption at pH 8.5. (e) CH-GL1:1 liquid 

sample after adsorption (f) CH, solid residue after adsorption at pH 8.5. (g) CH-GL1:1 solid residue after adsorption.] 
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Figure 5.5: Arsenic K-edge X-ray absorption spectra of three standards (dashed lines), one adsorbed 

solid, and one liquid sample in 10 mM phosphate buffer and bicarbonate buffer at pH 8.5. (a) Arsenate 

standard at pH 8.0, (b) Arsenite standard at pH 8.0, (c) Arsenate-glycerol complex solution at pH 0. 

Bicarbonate buffer: (d) CH-GL1:1 liquid sample after adsorption, (e) CH-GL1:1 solid sample after 

adsorption. Phosphate buffer: (f) CHGL1:1 liquid sample after adsorption in phosphate buffer, and (g) 

CH-GL1:1 solid residue after adsorption in phosphate buffer. All spectra were also normalized to get an 

edge jump of unity. 

 

5.1.2 Extended X-ray Absorption Fine Structure (EXAFS) 

The EXAFS provide detailed structural information about electronic environment of a 

compound.  Herein, the aim was to explore the chemical environment of the arsenate species 

before and after adsorption on the CH-GL polymers. Fig. 5.6 shows the EXAFS of CH-GL1:1 

exposed to arsenate in phosphate buffer and bicarbonate buffer in comparison with the arsenate 

solution and arsenate-glycerol complex standard. 
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 The best fits of the EXAFS spectra in each case are shown as dashed lines. In Fig.5.7, 

the EXAFS Fourier transform spectra of the CH-GL1:1 in phosphate buffer and bicarbonate 

buffer are compared against an arsenate-glycerol solution at pH 0 and 9. The numerical results 

are shown in Table 5.1. In Fig. 5.7, all Fourier Transform spectra have a single peak which 

indicates the nature of the  first coordination shell. 

 

 

Figure 5.6:  k
3
-Weighted EXAFS of arsenic sorbed on the CH-GL polymers in phosphate buffer and 

bicarbonate buffer solution. Solid lines represent the data while the best fits are shown with dash lines. 

χ(k)is the magnitude of the Fourier transform signal as a function  of  R. (a) CH-GL1:1, phosphate buffer, 

(b) CH-GL1:1 bicarbonate buffer, (c) arsenate-glycerol at pH 0, and (d) arsenate at pH 9. The quality of 

data presented herein was not optimal because liquid samples had very low arsenic concentration and a 

very small volume was used for sample preparation. For bicarbonate buffer the lower signal to noise ratio 

was because of the lower concentration of the arsenic after adsorption [199,200]. 
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Figure 5.7: Fourier transforms, phase corrected for the first shell As-backscatterer pair. Solid lines 

represent the data while best fits are with dash lines: (a) CH-GL1:1, phosphate buffer, (b) CH-GL1:1, 

bicarbonate buffer, (c) arsenate-glycerol at pH 0, (d) arsenate at pH 9. (Data for c and d was taken from 

ref.203-204).        

 According to numerical results shown in Table 5.1 that arsenate in phosphate buffer has 

approximately ~4 oxygen atoms at a distance of 1.68 Å. The first shell of arsenic in bicarbonate 

buffer shows ~4 As-O at a distance of 1.68 Å. However, in a previous study, it was determined 

that arsenate-glycerol has six As-O at a mean distance of 1.833 Å [198]. 
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Table5.1: EXAFS curve-fitting results for As in phosphate buffer and bicarbonate buffer. 

Where X, means type of bonded atom. N, means coordination number. R is interatomic distance 

of bounded atom. σ
2
 is Debye-Waller factor. Numbers in parenthesis represents three times the 

estimated standard deviation in the last digit (some data was used from reference198, 199). 

Sample 

 

As-X N R (Å) σ
2
(Å

2
) Ref 

Arsenate, pH 9.0 

 

As-O 4.7(3) 1.688(2) 0.0036(5) 198,199 

 

 

Arsenate-glycerol, 

 pH 0 

As-O 

As-C 

5.1(6) 

4.5(2) 

1.81(3) 

2.73(2) 

0.0039(5) 

0.004(3) 

Data taken 

from ref.19,199 

 

 

Arsenate (Solid sorbed 

residue phosphate 

buffer) 

 

As-O 

 

3.9(3) 

 

1.68(3) 

 

0.0039(3) 

 

 

This study 

 

 

Arsenate (Solid sorbed 

residue bicarbonate 

buffer) 

 

As-O 

As-C 

5.5(6) 

2.1(2) 

1.68(6) 

2.74(2) 

0.0076(1) 

0.0019(3) 

This study 

 

 

 

It was observed from adsorption measurements (Chapter 4 section 4.2) that arsenate 

adsorption capacities in the phosphate buffer were much lower than in aqueous solution without 

buffer or/and bicarbonate buffer. Accordingly,  it was inferred that phosphate ion was competing 

with arsenate for the sites on adsorbent and there is less effect of counter ions in un-buffered 

solutions. However, from the XAS results, it was inferred that arsenate interacts directly with 

phosphate. Thus, phosphate buffer system is not an optimal choice for adsorption isotherm, 

whereas; bicarbonate may be better due to reduced interaction with arsenate. 
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    CONCLUSIONS AND FUTURE WORK Chapter 6

6.1 Conclusions 

In general, the aim of this project was to synthesize several chitosan-glutaraldehyde 

copolymers at controlled levels of cross-linking ratios and to evaluate such effects on the 

adsorption properties of the polymers relative to pristine chitosan. The polymer materials were 

characterized, and their sorption properties for arsenate oxoanions and p-nitrophenol at various 

pH conditions were evaluated. 

Cross-linking at various weight ratios of glutaraldehyde was carried out according to 

methods previously reported [4, 157, 162, 180]. The yield of cross-linked polymers was 84-88%. 

The solubility and swelling behaviour of the polymers indicate that the degree of swelling (%) 

increased with increasing glutaraldehyde content, in accordance with the previous reports [165, 

173]. TGA enabled estimates of the effect of crosslinking on the thermal stability of polymers. 

Further evidence of cross-linking was shown by FTIR results according to the disappearance of 

the glutaraldehyde signature and the presence of imine bond signatures due to cross-linking. 

Sorption experiments for PNP using CH-GL polymers showed that sorption capacities are a 

function of relative initial concentrations of adsorbate and pH of solution since sorption 

increased with increase in adsorbate concentration and has greater adsorption occurred at pH 5.0 

relative to 8.5. 

The sorption studies of CH-GL polymers in buffered systems indicated that sorption is 

pH dependent evidence by the greater uptake of arsenate oxoanions at pH 5.0. Greater adsorption 

(both in phosphate and bicarbonate buffer) was observed at pH 5 relative to pH 8.5.  

Sorption results for un-buffered solution show greater Qm values 14.5 mg/g and removal 

efficiency covered a range of values (20-95%) for 20 mg of adsorbent material. Adsorptive 
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uptake is also a function of adsorbate concentration. The CH-GL1:1 copolymer show highest 

adsorption capacity among the polymers studied where it can be inferred that a gradual increase 

in the cross-linking improves the sorption capacities of the CH-GL polymers. Such polymers are 

suitable uptake of arsenate and PNP, and may have wider applications in the removal of 

waterborne contaminants for environmental remediation. 

 6.2 New Insight in Adsorption of Arsenate 

A survey of the literature reveals a number of methods for the estimation and 

determination of arsenate (V) and As (III) using spectroscopic techniques and simultaneous 

determination of arsenate and phosphate and relative effect of phosphate on the adsorption 

behaviour of arsenate oxoanions. However, these methods indicate the effect of phosphate anion 

on adsorption of arsenate but there was no evidence of any interaction between arsenate species 

and phosphate anions [185,187, 188]. It was observed that arsenate was interacting with 

phosphate buffer system and potentially forming a complex (i.e. arseno-phosphate; reason is not 

known) due to the attenuation of unbound arsenate. As well, phosphate anions may compete for 

arsenate binding sites on the chitosan polymers. Evidence of peak splitting for the arsenate peak 

in the XAS results confirm that phosphate anions interfered with the arsenate sorption by directly 

interacting with arsenate before the adsorption process, according to experimental results.  
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6.3 Future Work 

Based on observations and results mention above, some future studies are proposed to 

better understand the adsorption properties between chitosan sorbents and arsenate oxoanions. 

 Improved CH-GL Copolymers 

One of the goals proposed was to evaluate the effect of weight ratios of cross-linkers with 

chitosan and their resulting sorption properties. Poon has described more about the gelation base 

synthesis of CH-GL copolymers, however; it may be helpful to do gelation based synthesis under 

specific pH conditions (5.6) to attain maximum cross-linking (cf. Chapter 3; section 3.2). To 

open the door for industrial applications, synthetic method modification such as high scale 

synthesis should be under considered. 

 Characterization of Adsorbents before and after Sorption 

To develop a better understanding of adsorption mechanism of adsorbate (arsenate 

oxoanions) with CH-GL polymers, FTIR analysis of the adsorbed material (solid residue) will 

establish if any spectral shifts (IR, XAS, etc) to characterize the nature of the adsorptive 

interactions.  

 Improvement in Adsorption Kinetics 

It was noticed that stirring time of stock solution in phosphate buffer has a significant 

effect on reduced adsorption of arsenate (results are not shown and reason is not known). A 

systematic approach towards an understanding of the adsorptive or complex formation between 

arsenate and phosphate can be achieved from systematic kinetic studies. A comparative and 

quantitative study can be done using different buffer systems such as bicarbonate and sulphate. 
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To minimize the interferences from particles and other ions, an improved isolation method can 

be achieved.  A good calibration can be achieved using arsenic concentrations in ppb levels to 

get a complete isotherm covering a wide range of concentration. 

 Some other Techniques for Arsenate Anion Analysis 

The mechanistic approach for the adsorption can be achieved using solid high field 
75

As 

NMR. This technique is not suitable for compounds containing structural H2O or protonated 

arsenate species [203].  As indicated above, phosphate anions may influence the sorption of 

arsenate oxoanions on chitosan based materials. ATR analysis can help to determine the 

quantitative effect [204]. Preliminary ATR measurements were carried out to determine the 

effect of phosphate anions using D2O as reference material but inconclusive results were 

obtained due to the solubility of CH-GL polymers film in D2O (results are not shown here).  The 

effect of phosphate and bicarbonate anions can be explored in detail by using some traditional 

colorimetric spectroscopic for arsenate kinetic uptake experiments. The interaction of phosphate 

with chitosan glutaraldehyde polymers or arsenate can be evaluated using potentiometric 

titrations [205]. 

 Sorption Properties of other Arsenic Species 

A comparative study can be done using an organic arsenical with suitable 

spectrophotometric properties as good reference to optimize the sorption protocols for greater 

accuracy. 

 Future Work for Synchrotron XAS 

Synchrotron XAS is a suitable technique for providing new insights into adsorption of 

arsenate. The adsorption properties of CH-GL copolymers have been evaluated in un-
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buffered solution since the XAS analysis of that system was not studied. XAS will help to 

study the comparative phosphate effect on the adsorption properties of these polymers. 

Similarly, the adsorption of roxarsone (ROX) has been studied using same polymers in a 

separate study [180]. Synchrotron XAS measurements may help to determine whether if 

inorganic anion species of ROX (AsO4
-3

) interact with phosphate buffer. 
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