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ABSTRACT 

This project provided a simple and fast method for the preparation of nanochitosan 

emulsions and studied the applications of nanochitosan emulsions. First, a novel 

ultrasound method was developed for the preparation of nanochitosan without any 

chemicals except water. The nanochitosan was characterized using laser scanning, 

FT-IR, 1H NMR, X-ray, SEM, TEM, and AFM.  

The prepared nanochitosan emulsion was then used for dye sorption studies and 

dyeability enhancement of nylon. The capacities of the nanochitosan as an adsorbent 

for 5 anionic dyes including Acid Orange 7, Acid Red 1, Acid Red 18, Direct Red 84, 

and Direct Red 80, were studied. The sorption behaviors of microchitosan were also 

studied for comparison. It was found that the nanochitosan had higher sorption 

capacities than those of the microchitosan, especially for the dyes with large 

molecular sizes. The sorption mechanism, sorption kinetics and equilibrium isotherm 

were also investigated.  

The nanochitosan was also applied to nylon fabrics and the corresponding dyeing 

properties were studied. The nanochitosan-treated and control nylon were dyed with 8 

anionic dyes. The results showed that the dyeing depths of the chitosan-treated fabrics 

were higher and the fastness was not affected.
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Chapter 1 Introduction 

1.1 Introduction of chitosan 

Chitosan is the deacetylated derivative of chitin that is the second most abundant 

polysaccharide next to cellulose on the earth. It is the N-deacetylated derivative of chitin, 

and most of its glucopyranose residues are 2-2-deoxy-β-d-glucopyranose. Figure 1.1 

shows the chemical structures of chitin and chitosan. 
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Figure 1.1 Chemical structures of chitin and chitosan  

Generally, chitosan is produced through the deacetylation reaction of chitin using a 

sodium hydroxide solution with a concentration over 40% [1]. The degree of 

deacetylation (DD) is the proportion of glucosamine monomer residues in chitin, and has 

a striking effect on the solubility and solution properties of chitosan. There are several 

methods for the measurement of DD, including infrared resonance spectroscopy (IR), 

UV-vis spectroscopy, circular dichroism, proton nuclear magnetic resonance (1H NMR) 

spectroscopy, solid-state NMR spectroscopy, elemental analysis, gel permeation 

chromatography, and titration methods [2]. 

Chitin is the main component in the shells of crustaceans such as shrimps, crabs, and 
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lobsters; it is also found in the exoskeletons of mollusks and insects and the cell walls of 

some fungi [1, 3-4]. Every year, an enormous quantity of crabs and shrimp shells is 

abandoned as wastes by seafood companies worldwide and the utilization of chitosan 

(chitin) in these renewable wastes has aroused considerable scientific and technological 

interests. In the past 30 years, a number of researchers have demonstrated that chitosan 

had a great potential for a wide range of uses due to its good biodegradability, high 

biocompatibility, effective antibacterial activity, low toxicity, and versatile chemical and 

physical properties [3]. The applications of chitosan cover a variety of fields, such as 

pharmaceutical and medical applications, paper productions, textiles, wastewater 

treatments, biotechnologies, cosmetics, food processing, and agriculture [5-6]. Figure 1.2 

summarizes its advantages and applications.  

 

Figure 1.2 Advantages and applications of chitosan  



Chapter 1 Introduction 

 3

1.2 Physical and chemical characters of chitosan 

Commercial chitosan for food or medicine is usually white powder with a DD higher than 

80%. In the solid state, chitosan is a semi-crystalline polymer. Single crystals of chitosan 

were obtained using fully deacetylated chitin of low molecular weights. The electron 

diffraction diagram can be indexed in an orthorhombic unit cell (P212121) with a=0.807 

nm, b=0.844 nm, c=1.034 nm; the unit cell contains two antiparallel chitosan chains and 

no water molecules [7-9].  

 

Figure 1.3 Workflow of chitosan production 

The molecular weight, crystallinity, solubility and DD of chitosan are affected by the 

conditions of production from chitin. The production process is illustrated in Figure 1.3. 

There is no widely agreed nomenclature on the DD defined between chitin and chitosan 

[10-11]. Among the physical and chemical properties of chitosan, its solubility and 

chemical activities are of the most concerns because they are the main factors affecting its 



Chapter 1 Introduction 

 4

applications.  

Both chitin and chitosan are insoluble in water at pH 7. Although many solvents have 

been developed, most of them are not applicable due to their toxic, corrosive, or 

mutagenic properties [5]. Chitosan is easier to control than chitin because it readily 

dissolves in dilute mineral or organic acids due to the protonation of free amino groups at 

low pH [1]. The solubilization occurs by protonation of the -NH2 function group on the 

C-2 position of the D-glucosamine repeat unit, whereby the polysaccharide is converted 

to a polyelectrolyte in acidic media. In fact, the solubility is a very difficult parameter to 

control: it is related to the DD, the ionic concentration, the pH, the nature of the acid used 

for protonation, and the distribution of acetyl groups along the chain, as well as the 

conditions of isolation and drying of the polysaccharide. Chitosan is the only 

pseudo-natural cationic polymer and thus, it finds many applications. 

 

Figure 1.4 Reactive groups of chitosan 

With three reactive groups, chitosan is more chemically active than chitin. The reactive 

groups are the primary and secondary hydroxyl groups in each repeat unit, and the amino 

group on each deacetylated unit, as shown in Figure 1.4. Positively charged amino groups 

can bind to other negatively charged materials, resulting in many different kinds of 

applications such as adsorption, antibacterial, and other applications which involve the 

protonated amino groups in chitosan [12-15]. 
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1.3 Applications of chitosan 

A wide variety of applications of chitosan covering many kinds of fields including 

biotechnologies [16-18], pharmaceutical and medical applications [19-29], wastewater 

treatments [12, 30-32], textiles [33-38], cosmetics [39-40], food processing [41-42], 

agriculture and solid-state batteries [5-6] have been reported over the last four decades. 

Nowadays as the development of nanotechnology which provides versatile tools to 

modify the properties of materials, chitosan in both nanofiber and nanoparticle forms are 

widely studied [15].  

1.3.1 Applications of chitosan in water treatment 

Due to its unique molecular structure, chitosan has an extremely high affinity to many 

classes of dyes, including disperse dyes, direct dyes, reactive dyes, acid dyes, vat dyes, 

sulfur and naphthol dyes. Chitosan also has a high affinity to metals and surfactants which 

are usually present in the dyeing of textiles. 

There are many published reports on the of adsorption performance of chitosan, 

especially on its adsorption capacity. Generally, the adsorption performance of 

chitosan-based materials depends on the following factors [31]: 

(i) the origin and nature of chitosan, such as its physical structure, chemical nature and 

functional groups; 

(ii) the activation conditions of the raw polymer, such as physical treatments and chemical 

modifications; 

(iii) the influence of process variables such as contact time, initial dye concentration, 

polymer dosage and stirring rate; 

(iv) the chemistry of the dye including its pKa, polarity, MW and functional groups etc.; 
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(v) the solution conditions, including its pH, ionic strength, temperature and presence of 

impurities. 

There were many reports on the preparation of chitosan nanoparticles which were used to 

improve the sorption ability of chitosan. Two methods have been commonly used. They 

are the ionotropic gelation method, and the water-oil-reversed-phase micro-emulsion 

method [43-48]. However, the chitosan prepared was not pure, while the surfactants are 

difficult to remove. 

1.3.2 Applications of chitosan in textile finishing 

Chitosan can easily adsorb anionic dyes, such as direct dyes, acid dyes and reactive dyes, 

by electrostatic attractions because of the cationic nature of chitosan in acidic media. As 

an environmentally friendly material, chitosan is used as a finishing agent for textiles to 

improve the dyeing ability and other functional properties such as antibacterial 

performance. A number of studies showed that the treatment of cotton and polyester with 

chitosan before dyeing significantly improved the color intensity and fastness properties; 

the capillary and sorption properties of the fabrics were also improved [33].  

It was postulated that the affinity of chitosan to cotton would be van der Waals forces. 

Another possibility for the bonding of chitosan to cellulose was a cross-link by the 

formation of the Schiff base between the reducing end (–CO–H) of cellulose and the 

amino group of chitosan. Hydrogen bonds also played an important role. It was reported 

that chitosan pretreatment increased the exhaustion of reactive dyes on cotton and the 

highest dye up-take was achieved using a pad-dry method [34]. Thus, the application of 

chitosan to cotton could reduce the amount of dye used and the residual dyes in 

wastewaters due to better dye exhaustion. In addition, the use of chitosan could decrease 
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the amount of salt required when using direct and reactive dyes by about 50% to produce 

a comparable shade to that of the untreated fabric [35]. 

Besides the improvement on dyeing ability of fabrics, chitosan is also used as an additive 

in spinning to provide antimicrobial properties for textiles [36-37]. Some studies also 

showed that chitosan could provide shrink-resist properties for the fabrics [38]. 

1.4 Scope of research 

The applications of chitosan in textiles were focused in this study. First, the preparation of 

nanochitosan was investigated. Second, the sorption behaviors of the nanoparticles and 

microparticles were studied and compared. Third, the nanoparticles were coated on the 

surface of nylon fabrics and their dyeing behaviors were investigated. 

1.4.1 Preparation and characterization of nanochitosan 

In this study, nanochitosan emulsions with different particle sizes were prepared using a 

novel sonolysis method. The emulsions had zeta potential values ranging from +25 mV to 

+40 mV at pH 6.5 and remained stable for a month. The optimal conditions for preparing 

the nanochitosan emulsions with uniform sizes were studied using a factorial design. 

Laser scanning, scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), and atomic force microscopy (AFM) analyses were performed on the samples to 

obtain the particle sizes and images. Generally, the particle size and molecule weight 

decreased with the ultrasonic duration. The DD of chitosan had no obvious change during 

the ultrasound treatment. The crystallinity of chitosan nanoparticles was investigated 

using X-ray diffraction.  
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1.4.2 Application of nanochitosan emulsion on dye sorption 

The effectiveness of the nanochitosan as an adsorbent for five selected anionic dyes 

including Acid Orange 7, Acid Red 1, Acid Red 18, Direct Red 84 (Sirius Brown 3RL) 

and Direct Red 80 (Sirius Red F3B) were thoroughly studied at temperatures from 30 oC 

to 90oC. The sorption behaviors of microchitosan were also studied for comparison. The 

sorption kinetics of the dyes onto nanochitosan and microchitosan were analyzed. The 

sorption of the dyes onto the nanochitosan fit the pseudo-second-order model. The 

Langmuir equilibrium isotherms were then used to analyze the equilibrium data. The 

sorption mechanisms were then discussed. The desorption and regeneration studies were 

also investigated and the desorption efficiency was the highest at pH 10, ranging from 

70%-88%. The recycled chitosan could be used repeatedly. 

1.4.3 Dyeability enhancement of nylon using nanochitosan emulsion 

The enhancement in dyeability of nylon fabrics with the nanochitosan emulsion was 

studied. The emulsions were applied on the nylon fabrics using a pad-dry-cure method. 

The surface of the treated nylon was studied by SEM. Both the nanochitosan-treated and 

control fabrics were then dyed with eight anionic dyes. The dyes were Acid Orange 7, 

Acid Red 1, Acid Red 18, Sirius Brown 3RL (Direct Red 84), Sirius Red F3B (Direct Red 

80), Telon Red M-BL, Telon Yellow M-4GL and Telon Blue M-RLW. The exhaustion 

data of dyeing were recorded and analyzed. The color evaluations of the dyed fabrics 

were performed using grey scales and VIS spectroscopic techniques. The durability of the 

treatment was assessed using color fastness to water (ISO 105 E01:1996) and color 

fastness to washing (ISO 105 C01:1989) methods.  
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1.5 Project significance and value 

The dyeing industry generates a large quantity of wastewaters in production. Pollution 

prevention is becoming important in both product design and manufacture. Using 

chitosan which is derived from wastes can help to reduce pollution and improve both the 

wastewater treatment and dyeing efficiencies. 

The objectives of this study are:  

a. To develop a new method to prepare nanochitosan emulsions; 

b. To optimize the preparation method for the nanochitosan emulsions; 

c. To study the sorption ability of the nanochitosan on selected anionic dyes; 

d. To improve the dyeing depths of nylon using the nanochitosans. 

Many reports were published on the preparation of chitosan nanoparticles by using 

organic solvents, supernatants or cross-linking agents. However, it was difficult to 

determine the particle contents in the emulsions and to avoid the effect of dissolving 

chitosan. The chemicals used in the preparation were generally difficult to remove from 

the system, and could cause negative effects on the end uses, eg, the organic solvents used 

could damage protein resulting in limited applications in the biological fields.  

In order to overcome the disadvantages of the existing preparation methods, we have 

developed a novel sonolysis method to prepare pure and stable emulsions containing only 

chitosan and water. It is envisage that the applications can be widened. 

Although the sorption of dyes using chitosan has been widely studied, however, the 

sorption behaviors of nanochitosan were rarely reported. We have investigated the dye 
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sorption of nanochitosan and compared the results with that of microchitosan. The 

nanochitosan has been found to have much higher sorption capacities than those of the 

microchitosan and the sorption equilibrium of dyes onto nanochitosan could be achieved 

at much shorter duration.  

The nanochitosan was then applied to nylon fabrics to improve their depths of dyeing. 

nylon has only a small number of dyesites (50 mmol/kg) when compared with wool (820 

mmol/kg). Deep dyeing is always a challenge to dyers. The vast number of dyesites in 

chitosan could increase the dyeing depths of the polymer. Also, more dyes could be 

exhausted by the fibres, thus the quantity of the dyes in the effluent could be reduced. 
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Chapter 2 Literature Review 

2.1 Introduction of chitosan 

Chitosan is a linear polysaccharide composed of randomly distributed β-(1-4)-linked 

D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit). Usually, 

chitosan is prepared by deacetylation of chitin with alkaline [10-11, 50]. Chitosan is more 

chemically versatile than cellulose and chitin due to the presence of free amino groups. 

The structures of cellulose, chitin and chitosan are shown in Figure 2.1.  

 

Cellulose 

 

Chitin 

 

Chitosan 

Figure 2.1 Structures of cellulose, chitin and chitosan 
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2.1.1 Solubility of chitosan 

The solution properties of chitosan depend not only on its average DD, but also on the 

distribution of the acetyl groups along the main chain in addition of the molecular weight 

[51-53]. The deacetylation, usually done in the solid state, gives an irregular structure due 

the semicrystalline character of the initial polymer. Examination of the role of the 

protonation of chitosan in the presence of acetic acid [54] and hydrochloric acid on 

solubility [55] showed that the degree of ionization depends on the pH and the pK of the 

acid. The solubility of chitosan is usually tested in acetic acid by dissolving it in 1% or 

0.1M acetic acid. It is demonstrated that the amount of acid needed depends on the 

quantity of chitosan to be dissolved [54]. The concentration of protons needed is at least 

equal to the concentration of -NH2 units involved. In fact, the solubility is a very difficult 

parameter to control: it is related to the DD, the ionic concentration, the pH, the nature of 

the acid used for protonation, and the distribution of acetyl groups along the chain, as 

well as the conditions of isolation and drying of the polysaccharide.  

Aqueous solubility of chitosan only exists in acidic solution because of its rigid 

crystalline structure and the deacetylation which limits its application to bioactive agents 

such as gene delivery carriers, peptide carriers, and drug carriers. Recently, the 

water-soluble form of chitosan at neutral pH was obtained by different researchers 

[56-60]. Stable solutions were obtained at pH 7–7.1 and room temperature, but a gel 

formed on heating to 40℃. The sol-gel transition was partially reversible and the gelation 

temperature depended on the experimental conditions. Water-soluble chitosan is easily 

soluble in neutral aqueous solutions. Its advantage is ease of modification and it is useful 

as gene or peptide drug carriers. Therefore, water-soluble chitosan and functional 

property has been developing for pharmaceutical uses. Tao et al. prepared water-soluble 
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chitosan nanoparticles varying from 500 nm to 800 nm by an ionic gelation method and a 

spray-drying technique. Their results showed that the nanoparticles reduced the blood 

lipids and plasma viscosity significantly and increased the serum superoxide dismutase 

(SOD) activities greatly. They suggested that the water-soluble chitosan nanoparticles 

could be used for the treatment of hypercholesterolemia [61]. They also prepared 

crosslinking nanoparticles composed of water-soluble chitosan and sodium 

tripolyphosphate (TPP) loaded with bovine serum albumin (BSA) by the same method. 

The size distribution was in the range of 200-400 nm and the nanoparticles were spherical 

[62]. 

2.1.2 Degree of deacetylation 

Chitosan is the fully or partially N-deacetylated derivative of chitin with a typical DD of 

more than 80%. To define this DD, many techniques including 1H NMR [63-66], 13C or 

15N solid-state NMR spectroscopy [67-72], IR [68, 73-79], NIR [80], UV [81-82], 

ninhydrin assay [83-84], colloidal titration [85], potentiometric titration [86-87], 

conductometric titration [88], enzymatic hydrolysis-colorimetry [89], and elemental 

analysis were used [90-92]. 

NMR spectroscopy is generally considered to be the most reliable technique for the DD 

determination. Figure 2.2 shows the 1H NMR spectrum of chitosan at 70℃ [66]. The DD 

of the sample was calculated using integrals of the peak of the protons in the deacetylated 

monomer (H1D) and the peak of the three protons of acetyl group (HAc): 

100



HAc/3H1D

H1D
DD(%)                                            (E 2.1) 

But 1H NMR technique is applicable for a limited range of the DD, where the polymer 
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samples are soluble in a solvent. 13C NMR and 15N NMR can be used for both soluble and 

non-soluble samples in entire range of the DD. The use of solid-state (13C or 15N) NMR 

technique provides a number of advantages such as easy sample preparation and no 

solvent required.  

The distribution of the acetyl groups along the chain (random or clockwise) may 

influence the inter-chain interactions due to H-bonds and the hydrophobic character of the 

acetyl group and also the solubility of the polymer. NMR spectroscopy also yields 

information on sequential distribution of the glucosamine and N-acetyl glucosamine 

residues [64, 93].  

 

Figure 2.2 1H NMR spectrum of chitosan at 70℃ [66] 
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IR spectroscopy is a relatively quick technique for the qualitative evaluation of the DD 

through the determination of absorption ratios. Several methods using different 

absorption ratios have already been proposed for the determination of DD. DD was 

typically determined by: (1) determination of the ratio of AM/AR: where AM is the 

intensity of a probe band, which is a measure of N-acetyl or amine content; and AR is the 

intensity of a reference band, having an intensity that does not change with DD. DD of 

unknown samples can be estimated by comparing the values of AM/AR with similar ratio 

of a few reference samples having a known DA; (2) creating a calibration curve by 

plotting the absorption ratio of chitosan samples of known DD versus their DD, where 

DD of the samples was determined by IR or a reference method such as 1H NMR 

spectroscopy. DD of unknown samples were then estimated from the calibration curve. 

IR spectra are generally recorded in the range of 1200-4000 cm-1. Several absorption band 

ratios have been proposed to determine DD. Figure 2.3 and Table 2.1 show the baselines 

and adsorption bands adopted by different researchers. 

 

Figure 2.3 IR spectrum of chitosan and representation of different baselines [78] 
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Table 2.1 Characteristics of methods to analyze infrared spectra of chitin or chitosan 

Baselines RBa 

(cm-1) 

PBb (cm-1) Range of 

DD(%) 

Method of calibration Natural 

Source 

Ref. 

For RBa For PBb 

b1 b3 3450 1655 59-100 Potentiometry and 13C 

CP/MAS solid state 

NMR 

Shrimp 

and krill 

[94] 

b7 b4 1070 1560 Mixture 

of 0-100 

1H NMR  [95-96]

b7 b4 1030 1560     

b7 b4 1070 1655+1630     

b7 b4 1030 1655+1630     

b7 b4 3450 1655+1630     

b2 b5 2878 1560 92-95 Elek and Harte method Shrimp [73] 

b2 b4 2877 1626 32-94 13C CP/MAS solid state 

NMR 

Crab [68] 

b2 b4 2877 1663+1626     

b7 b4 1074 1561     

b7 b4 1025 1561     

b2 b3 2865 1655 75-100 Colloidal titration Crab [75] 

b1 b5 3450 1655 17-76 Periodate oxidation cNR [20] 

b1 b5 3450 1655 28-86 Hydrobromide salt 

titration, residual 

salicylaldhehyde 

determination 

Prawn [76] 

b1 b3 3450 1655 45-100 Potentionmetry and dye 

absorption 

Scampi [77] 

b1 b5 3450 1655 70-90 Titrimetric method cNR [97] 

b8 b4 1430 1550 17-75 Chemical hydrolysis of 
acetyl groups  

Lobster [98] 

a RB corresponds to reference band. 
b PB corresponds to probe band of the N-acetylation. 
cNR: Not reported 
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2.1.3 Molecular weight of chitosan and distribution of acetyl groups 

Another important characteristic to consider for polymers is the molecular weight and the 

corresponding distribution. Molecular weights can ne determined by many different 

methods including dilute solution viscometry, light scattering, gel permeation 

chromatography (GPC). 

Dilute solution viscometry is a simple method for the determination of molecular weights. 

By measuring the intrinsic viscosity ( ][ ) of dilute polymer solutions, the molecule 

weights can be derived. The Mark-Houwink equation, can be presented as 

    VMK                                                         (E 2.2) 

where K and   are the Mark-Houwink constants. Some values of the Mark-Houwink 

constants for chitosan solutions are given in Table 2.2. 

Table 2.2 Mark–Houwink constants for chitosan in various solvents 

Solvent K / (mL/g)   T/℃ Ref. 

0.1M HAc/0.2M NaCl 1.8110-3 0.93 25 [99] 

0.1M HAc /0.02M NaCl 3.0410-3 1.26 25 [99] 

0.2M HAc /0.1M NaAc/4M urea 8.9310-2 0.71 25 [100] 

0.3M HAc /0.2M NaAc (DD=98%) 8.210-2 0.76 25 [101] 

0.3M HAc /0.2M NaAc (DD>97%) 7.910-2 0.796 25 [102] 

0.02M acetate buffer/0.1M NaCl 8.4310-2 0.92 25 [103] 

By using high-performance size exclusion chromatography (HPSEC), the molecular 

weight and distribution of chitosan can be preciously measured. Optimal conditions for 

using high-performance liquid chromatography in the size exclusion mode have been 

determined by many researchers [104-106]. The high-performance size exclusion 

chromatography is believed to be the most precious and effective method for the 
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measurement of molecular weight and distribution of chitosan. 

2.2 Preparation of chitosan-based nanoparticles 

Chitosan is widely explored as functional materials, because it has good properties such 

as biocompatibility, 100% biodegradability, and non-toxicity [5]. Chitosan has been used 

in many kinds of fields such as medicine, wastewater treatments, textiles, and agriculture. 

Being soluble in aqueous solutions, it is largely used in different applications as particles 

[107-109], solutions [110-111], gels [112], membranes [113-116], or films [117-119] and 

fibers [120]. Meanwhile, nanotechnology provides a versatile tool to modify the 

properties of chitosan materials. 

2.2.1 Methods for the preparation of chitosan nanoparticles 

Chitosan nanoparticles can be prepared using different methods. The first and mostly 

adopted method is the ionotropic gelation method, based on the reaction between the 

cationic amino groups of chitosan and additional anionic chemicals or cross-linking 

agents such as tripolyphosphate (TPP) or calcium salts [121-122]. The second is the 

water-oil-reversed-phase micro-emulsion method, in which organic solvents, emulsifiers, 

and cross-linking agents are used [123]. Using the reversed-phase micro-emulsion, a 

chitosan solution was mixed into an organic solvent to form a water-in-oil 

micro-emulsion. Then an aqueous solution of polyanions was added into the 

micro-emulsion under a high speed stirring. Nanoparticles were formed in the 

micro-droplet in the emulsion through the ionotropic gelation. In some cases, 

cross-linking agents were used instead of polyanions. 

The most popular method is the ionotropic gelation method which involves the mixture of 

two aqueous phases at room temperature. Calvo et al. [121] prepared chitosan 
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nanoparticles by inducing the gelation of chitosan solution with TPP (Figure 2.4). 

The relationship of nanoparticles with the concentrations of chitosan and TPP was studied. 

At different concentrations, three different systems were identified: a clear solution, an 

opalescent suspension and an aggregate. The zone of the opalescent suspension, 

responding to a suspension of very small particles, is illustrated in Figure 2.5, and the 

TEM photo of the chitosan nanoparticles is also shown in Figure 2.5. 

 

Figure 2.4 Preparation of chitosan nanoparticles with TPP [121] 

 

Figure 2.5 Zones of the nanoparticles (left) and their TEM micrograph (right) [121] 

Chang et al. [122] synthesized nanoscaled chitosan-poly(acrylic acid) particles by a 

dropping method based on the reaction between chitosan and poly(acrylic acid) (PAA). 

The PAA solution was used as a base material into which the chitosan solution was added. 

After incubation in the solution, the chitosan-PAA mixed solution was freeze-dried to 

Nanoparticles 
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obtain the nanoparticles. In their study, extremely fine chitosan-PAA particles with a size 

of 30 nm were synthesized.  

Banerjee et al. [123] described the preparation of cross-linked chitosan nanoparticles with 

a diameter size of less than 100 nm using reverse micelles as the media. The process is 

shown in Figure 2.6. Sodium bis(2-ethylhexyl) sulfosuccinate was used as a surfactant 

and glutaraldehyde was used as a cross-linking agent. 

  

Figure 2.6 Flow chart for the preparation of cross-linked chitosan nanoparticles [123] 

2.2.2 Core-shell nanoparticles based on chitosan 

Drug carrier systems are required to protect this drug from the gastrointestinal 

environment and from enzymatic degradation. Nanoparticles based on the chitosan have 

shown particularly promising results due to their intrinsic properties including 

biocompatibility, mucoadhesion and ability to transiently open the tight junctions of the 

intestinal barrier [124-130]. A widely-used approach for nanochitosan preparation in drug 

delivery is the forming of core-shell nanoparticles in which chitosan generally plays the 

role of shell materials.  
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Liu et al. prepared chitosan nanoparticles by a method in which TPP was used as a 

cross-linking agent [131]. TEM observation revealed a core-shell structure filled with 

ciprofloxacin for the chitosan nanoparticles. The influence of fabrication conditions on 

the physical properties and drug loading and release properties were also investigated. 

The study showed that the chitosan nanoparticles were rather stable and no cytotoxicity of 

the chitosan nanoparticles was found in an in vitro cell culture experiment. This is a 

typical method for preparing chitosan nanoparticles with drug loaded. 

5-Fluorouracil (5-FU) is one of the most widely used antineoplastics drugs in the 

treatment of cancer, but it metabolizes so fast that the half-life is only 5-10 min. Xing et 

al. [132] prepared stable 5-FU-loaded chitosan/alginate nanoparticles with poloxamer as a 

surfactant. The study showed that the accumulative release of 5-FU-loaded nanoparticles 

was less than 50% at 12 h. Yang et al. [133] also studied the application of chitosan 

nanoparticles loaded with 5-FU which were prepared by using TPP as a cross-linking 

agent on drug delivery. The investigation of the encapsulation efficiency of 5-FU-loaded 

chitosan nanoparticles suggests that they could be used as effective drug delivery 

systems.  

Chitosan nanoparticles loaded with many different drugs are extensively studied 

[132-139]. Bioadhesive chitosan nanoparticles loaded with drugs were usually obtained 

by ionic gelation between chitosan and TPP or other cross-linking agent agents. Many 

different properties of the nanoparticles were studied and the potential application as drug 

carriers was widely discussed. Ionic method is the most adopted approach for preparing 

chitosan nanoparticles and TPP is the very widely used cross-linking agent. 

Except TPP, some other surfactants or negatively charged salts are used during the 

preparation of chitosan shell nanoparticles. For instance, Xing et al. [132] prepared stable 

5-FU-loaded chitosan/alginate nanoparticles with poloxamer as a surfactant and Huang et 
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al. [136] prepared low-molecular-weight chitosan nanoparticles containing insulin by 

using Span 85 as surfactant. Grenha et al. [137] prepared chitosan/carrageenan (CRG) 

nanoparticles by ionic complexation, by means of an electrostatic interaction of chitosan 

with CRG anions, in which the positively charged amino groups of chitosan interact with 

the negatively charged sulfate groups of CRG. Avadi et al [138] prepared insulin 

nanoparticles by ionic gelation between positively charged chitosan and negatively 

charged Arabic gum. Various formulations were prepared using factorial designs to 

develop a system based on ionic gelation between chitosan and Arabic gum for loading of 

insulin. 

 

Figure 2.7 SEM micrographs of (a) chitosan particles (10,000×) and (b)-(d) AP loaded chitosan 

particles with different chitosan to AP weight ratios: (b) 1:1.00 (1000×), (c) 1:1.00 (10,000×) and (d) 

1:1.50 (10,000×) [139] 

Some researchers also prepared chitosan nanoparticles via modified ionic gelation method. 

In the study of Yoksana et al. [139], the encapsulation of ascorbyl palmitate (AP) in 

chitosan particles was carried out by droplet formation via an oil-in-water emulsion, 

followed by droplet solidification via ionic gelation using TPP as a cross-linking agent. 

The obtained AP-loaded chitosan particles were spherical in shape with an average 
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diameter of 30-100 nm as observed by SEM (Figure 2.7). 

Besides drug delivery, chitosan nanoparticles were also applied to many other fields, such 

as fabrics and textile, antibacterial property, sorption industry and many different chitosan 

based nanomaterials have been prepared [140-155]. 

2.3 Ultrasonic method for the preparation of nanomaterials 

Nanomaterials often exhibit properties which are distinct from their bulk counterparts, in 

part because the nanoparticles have electronic structures that have a high density of states, 

but not yet continuous bands. Nanostructured materials have been prepared by a variety 

of synthetic methods, including gas phase techniques, liquid phase methods, and mixed 

phase approaches [156]. Among a variety of approaches, the utilization of high intensity 

ultrasound offers a facile, versatile synthetic tool for preparation of nanomaterials. 

The utilization of ultrasound for materials synthesis is now positioned as one of the most 

powerful tools in nanostructured materials synthesis. Nowadays, there are two most 

successful ultrasound-assisted synthetic methods which are the sonochemical synthesis 

and ultrasonic spray pyrolysis. 

2.3.1 Sonochemical synthesis 

Chemical reactions require some form of energy (e.g., heat, light, radiation, electric 

potential) to proceed. Ultrasonic irradiation provides rather unusual reaction conditions (a 

short duration of extremely high temperatures and pressures in liquids) that cannot be 

realized by other methods. The chemical effects of ultrasound were explored for many 

years, nearly always in water [157–160]. Ultrasonic irradiation of aqueous liquids 

generates free radicals, and the formation of free radicals by sonolysis of water has been 
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particularly well-studied. Primary sonolysis products in water are hydrogen (H·) and 

hydroxyl (OH·) radicals [160]. These radicals can recombine to return to their original 

form or combine to produce H2 and H2O2. These strong oxidants and reductants are 

utilized for various sonochemical reactions in aqueous solutions. 

With a simple modification in reaction conditions, various forms of nanostructured 

materials can be synthesized by the sonochemical method, including metals, alloys, 

oxides, sulfides, carbides, carbons, polymers, and biomaterials.  

2.3.1.1 Nanostructured metals prepared by sonochemical synthesis 

Sonochemical syntheses of nanostructured noble metals have been explored by a number 

of groups [161-166]. Sonolysis of water accounts for these sonochemical reductions; 

more specifically, sonochemically generated H· radicals are considered to act as 

reductants, as shown in Figure 2.8.  

 

 

 

 

 

 

Figure 2.8 Reaction in the sonolysis of water 

Among the studies, Grieser and coworkers carried out a systematic study on 

sonochemical reduction to unveil the complex reduction mechanism and to understand 

the effect of each parameter (e.g., time, concentration, ultrasonic frequency, and different 
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organic additives) on particle size and shape [164, 167–170]. 

In general, sonochemical synthesis produces spherical metal nanoparticles. But it can also 

be used in preparing nanowires. Recently, Han and coworkers reported an intriguing 

result on shape control [161]. In their report, ultrasonic irradiation of an aqueous HAuCl4 

solution containing -D-glucose produced gold nanobelts having a width of 30–50 nm 

and a length of several micrometers (Figure 2.9). Mechanistic study revealed that 

ultrasonic irradiation dramatically enhanced the Ostwald ripening process via the 

ultrasound induced turbulence (e.g., microstreaming and shock waves). Thus, with 

-D-glucose as a structure-directing agent, nanobelts could be formed by merging gold 

nanoparticles produced at an early stage of sonication. 

 

Figure 2.9 Sonochemically prepared gold nanobelts [161] 

Another shape control method using ultrasound was reported by Liz-Marzán and 

coworkers [171-172]. They synthesized monodispersed gold nanodecahedra with high 

yield and noticeably increased reproducibility via ultrasound-induced reduction of 

HAuCl4 on pre-synthesized gold seeds in a N,N-dimethylformamide (DMF) solution. 
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2.3.1.2 Nanostructured metal oxides prepared by sonochemical synthesis 

The advantages of the sonochemical approach over the conventional methods in the 

synthesis of metal oxides, including more uniform size distribution, higher surface area, 

faster reaction time, and improved phase purity, have been recognized by many research 

groups. Examples of successful sonochemical syntheses include TiO2 [173], ZnO 

[174-176], CeO2 [177], MoO3 [178], V2O5 [179], In2O3 [180], ZnFe2O4 [181], PbWO4 

[182-183], BiPO4 [184], and ZnAl2O4 [185]. Yu and coworkers [173] revealed that 

sonochemically prepared titania nanoparticles were more photocatalytically active than 

commercial titania nanoparticles. Such enhancement was attributed to improved 

crystallinity of titania caused by a faster hydrolysis rate in the presence of ultrasound. 

 

Figure 2.10 Tilt-view SEM images of vertically aligned ZnO rods produced using 

sonochemical-induced anisotropic growth of ZnO along the (0001) [186] 

The utilization of ultrasound has been further developed for the alignment of 

nanostructured metal oxides. Recent work by Jeong and coworkers [186] described a 

robust and rapid synthetic route to prepare vertically aligned ZnO nanorods on a substrate, 

In their work (Figure 2.10), ultrasonic irradiation rapidly induced anisotropic growth of 
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ZnO along the (0001) direction on various substrates (e.g., Zn sheet, Si-wafer, glass, and 

polycarbonate). Compared to conventional approaches, such as a hydrothermal method, 

the growth rate of ZnO was increased more than tenfold, with an average growth rate of 

500 nm h−1. Because of the compatibility of this novel synthetic route with various 

substrates, patterning ZnO nanorods could be easily achieved when this sonochemical 

synthesis was combined with traditional photolithography processes to localize the initial 

seeding. 

2.3.1.3 Nanostructured carbons prepared by sonochemical synthesis 

Sonochemistry offers an alternative synthetic route to prepare various nanostructured 

carbon materials including carbon nanotubes, nano-onions, nanoscrolls, etc. While 

traditional synthetic methods for such carbon nanostructures require high temperature, 

high vacuum, high-voltage arc discharge, or high-energy electron beam, the newly 

developed sonochemical route can be carried out under room temperature and 

atmospheric pressure and sometimes even without the use of a metal catalyst [187].  

Teo and coworkers [187-188] synthesized hydrocarbon nanotubes and nano-onions by 

sonicating a suspension of HF-etched Si nanowires in common organic solvents such as 

CHCl3, CH2Cl2, CH3I, etc. Ultrasonic irradiation enhances the reactions between SiHx 

species and organic molecules, resulting in exotic carbon nanostructures. Park and 

colleagues [189] reported the sonochemical preparation of single-walled carbon 

nanotubes. The extreme conditions created by ultasound aid provided sufficient energy 

for the growth of high-purity carbon nanotubes from the Fe catalyst on the surface of 

silica powder. In addition to its ambient reaction conditions, this sonochemical process 

eliminated extra purification processes, opening the possibility of using this method for 

large-scale production of high-purity carbon nanotubes. 
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Figure 2.11 a) Schematic of the intercalation/exfoliation process. Graphite is intercalated with 

potassium metal and then exfoliated with ethanol to form a dispersion of carbon sheets. Sonication 

produces carbon nanoscrolls. TEM images of b) a thin plate of graphitic sheets in the process of 

scrolling, c) an isolated carbon nanoscroll with open ends, and d) a mass of scrolled material, 

representative of the bulk of the sample. The lighter web pattern in the background of each image is 

the lacey carbon TEM grid [190] 

Besides the direct synthesis of carbon nanostructures from a precursor, ultrasound can 

induce dramatic morphology changes in pre-synthesized carbon materials. Kaner and 

coworkers [190] discovered that sonicating a dispersion of exfoliated graphite in ethanol 

yields carbon nanoscrolls (Figure 2.11) with a high conversion efficiency of 80%.  

2.3.1.4 Protein and polymer nano and microstructures prepared by sonochemistry 

Applications of ultrasound to materials chemistry have been further developed for 

biomaterial synthesis, and continually extended to polymers as well [191]. Table 2.3 

summarized a few highlights for the preparation of protein and polymer nano and 

micromaterials. 
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Table 2.3 The preparation of protein and polymer nano and micromaterials by ultrasound 

Material Particle size Method Ref.

Proteinaceous microcapsule filled with 

n-dodecane 

3 μm Ultrasonic emulsification 192

Air-filled microbubble 5 μm Ultrasonic emulsification 193

Proteinaceous microspheres filled with nitroxides 2.5 μm Ultrasonic emulsification 195

Suspensions of albumin and haemoglobin 

microspheres 

1-3 μm (shell 30 

nm) 

Ultrasonic emulsification 196

Nitroxide and fatty acid mixture encapsulated 

proteinaceous microsphere 

2 μm Electron paramagnetic resonance 197

Arginine−glutamic acid−aspartic acid adhered 

proteinaceous microsphere 

3 μm (shell 100 

nm) 

Electrostatic adhesion approach 198

Polyglutamate/bovine serum albumin core-shell 

microsphere 

300 nm-1 μm Sonication 199

Polystyrene emulsion 50 nm Ultrasonic irradiation 200

Fluorescent and phosphorescent latex particle 60 nm Sonochemical 201

Polysilanes / Sonochemical synthesis 202

2.3.2 Ultrasonic spray pyrolysis (USP) 

In contrast with sonochemistry, where ultrasound directly induces chemical reactions, in 

utrasonic spray pyrolysis (USP), the ultrasound is not directly employed in chemical 

reactions, which are in fact thermally driven. Instead, the role of the ultrasound in USP is 

to provide the phase isolation of one microdroplet from another. While high intensity 

ultrasound with a low frequency (typically 20 kHz) is used in sonochemistry, USP 

generally utilizes lower intensity ultrasound with a higher frequency (e.g., 2 MHz). In 

USP, ultrasound nebulizes precursor solutions to produce micron-sized droplets that act 

as isolated, individual micron-sized chemical reactors. In USP, liquid droplets generated 
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by ultrasonic nebulization are heated in a gas flow, and subsequently solid-phase or 

sometimes liquid-phase (when precursors melt prior to decomposition or when high 

boiling point liquids are used) chemical reactions occur.  

2.3.2.1 Metal salt-based nanocomposites prepared by USP 

A wide variety of nanoparticles have been prepared by ultrasonic spray pyrolysis, 

including Ni, Ag–Pd, NiO, CeO2, ZnO, LiCoO2, Y2O3–ZrO2, (Ba1-xSrx)TiO3, CdS, and 

ZnS [203-208]. In addition to the versatility of this novel route, the molten salts served as 

an effective liquid flux to improve mass transport [204]. 

Zachariah and coworkers synthesized nanoporous metal oxides (e.g. Al2O3 and SiO2) via 

salt-assisted aerosol decomposition [204, 209]. They used intermediate concentrations of 

salts in the precursor solution, so the structural integrity of nanocrystallites in USP 

nanocomposite could remain after salt-removal. This strategy to generate porous 

structures has some real advantages: the in situ templating with salts is inexpensive and 

non-toxic; the salts can be used with good thermal stability at very high temperatures, and 

it is even possible to recycle the metal salts. 

The hollow interior formation via metal salt templating has also been reported. Brinker 

and Jiang synthesized mesoporous silica particles with NaCl cores via the aerosol-assisted 

self-assembly method [210]. In this synthesis, an aerosol process followed by calcination 

produces a nanocomposite with a cubic single crystal NaCl core surrounded by a 

mesoporous silica shell, and a subsequent washing procedure removes NaCl to create a 

hollow cubic cavity. Lu and coworkers employed ferric chloride (FeCl3) instead of NaCl 

to create hollow interiors [211]. In a similar manner, a nanocomposite with a ferric 

species-rich core surrounded by a silica-rich shell is produced. 
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2.3.2.2 Polymer-based nanocomposites prepared by USP 

Colloidal polymer particles have also been utilized as a template material in USP 

synthesis. Okuyama and coworkers synthesized ordered macroporous (i.e., pores with 

diameters of >50 nm) silica spheres by employing polystyrene latex particles as a 

template [212, 213]. In this approach, a dilute colloidal suspension of silica and 

polystyrene latex was ultrasonically nebulized, and the resulting droplets were carried 

though heating zones with a temperature gradient. The droplets first passed through a 

low-temperature zone where a silica/polystyrene nanocomposite was created after solvent 

evaporation, and in the subsequent high-temperature zone the polystyrene particles of the 

intermediate nanocomposite were pyrolyzed out as gases, leaving ordered macroporous 

silica spheres behind.  

Combining the macroporosity resulting from a polymer template and the mesoporosity 

achieved by a surfactant self-assembly was exploited for polymer-based nanocomposites 

preparation. Brinker and coworkers [214] exploited colloidal polystyrene particles and a 

surfactant as a structure-directing agent for macroporosity and mesoporosity, respectively. 

The combination of two different templates turned out to be very effective for creating 

multiple-sized pores in silica spheres, which were interconnected to each other, and even 

controlling the pore structures. 

The polymer templating strategy has been further developed by Suslick and Suh who 

utilized an in situ generated polymer template for the preparation of macroporous silica 

spheres [215]. While the polymer templating method originally developed by the 

Okuyama research group was robust and simple, it relied on the use of expensive polymer 

beads for the creation of macroporosity. In Suh's method, however, the polymerization of 

an organic monomer styrene in the nebulized droplets having silica nanoparticles took 
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place at the first heating zone held at a low temperature, creating a silica/polystyrene 

nanocomposite in situ. The nanocomposite was then carried into a second, hotter 

temperature zone where the in situ generated polymer was pyrolyzed out, producing 

macroporous silica spheres. The morphology and surface area of the porous silica spheres 

were also easily controllable by manipulating the ratios of styrene and silica. Furthermore, 

upon Co2(CO)8 addition to the precursor solutions, the resulting porous silica spheres 

could possess ferromagnetism, which originated from the Co2(CO)8 decomposition 

product encapsulated in the silica matrix (Co nanoparticles). Magnetic studies revealed 

that the porous silica matrix effectively shields the Co nanoparticles from oxidation, 

allowing the cobalt/silica composite to retain their initial magnetism more than 6 months. 

USP has now been successfully revived as a generalized synthetic route for the 

preparation of nanostructured materials. The synthesis of nanostructured materials via 

USP-produced nanocomposites is robust and efficient. 

2.3.3 Ultrasonic method for the preparation of nanochitosans 

Nanochitosan is mainly prepared using chemical reaction approaches, such as gelation 

and polymerization, assisted by other chemical additives. It is difficult to determine the 

particle content in the emulsion and avoid the effect of dissolved chitosan as only part of 

chitosan in the solution. In the water-in-oil method, emulsion-droplet method and 

core-shell system, these additional chemicals are difficult to remove from the system, and 

can cause negative effects to the applications. The damage of organic solvents to protein 

causes limited applications in the biochemical field. A number of spray drying processes 

were developed [216-219]. However, these preparation procedures were usually complex 

and the particle size was usually in the micron scale. 
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Some researchers have studied the ultrasonic method for preparation of nanochitosans. 

For example, Popa-Nita et al. [220] studied the mechanisms involved during the 

ultrasonically induced depolymerization of chitosan. Two mechanisms involved in the 

ultrasonically induced depolymerization of chitosan were proposed: The first induced a 

rapid and specific scission of polymer chains and a lowering of their polydispersity, the 

second independent process was responsible for obtaining short polymer chains and 

oligomers of high polydispersity. A mathematical equation predicting the effect of these 

mechanisms on the chitosan molecular weight was proposed.  

Tang et al. [221] also evaluated the effects of ultrasonication on chitosan molecules and 

nanoparticles. Molecular weight (Mv) of chitosan (Mv 146 kDa and 96% DD) decreased 

linearly with increasing duration and amplitude of ultrasonication. DD and FTIR 

absorption were unaffected. The X-ray diffraction (XRD) analysis suggested a greater 

disarray of chain alignment in the nanoparticle matrix. The chitosan nanoparticles had a 

mean diameter of 382 nm, polydispersity of 0.53 and zeta potential of 47 mV. 

Liu et al. [222] suggested that ultrasonic degradation changed the DD of chitosan with a 

lower DD (<90%), but not the DD of chitosan with a higher DD (>90%). Baxtera et al. 

[223] suggested that acetylated glucosamine residues was stable under acidic conditions 

in the presence and absence of ultrasound, but the influence of high-intensity ultrasound 

on the DD of chitosan in alkaline solutions may be profoundly different.  

2.4 Applications of chitosan on dye sorption 

2.4.1 Dye wastewaters 

Since 1856, when the first synthetic dye was reported, to this day, the use of dyes in 

industries and households has increased remarkably. There are more than 10,000 dyes 
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available commercially, and more than 7×105 tons of dyestuffs are produced annually 

[224]. The main consumers of dyes are the textile, tannery, paper and pulp, and 

electroplating industries. It is estimated that 5–10% of the dyes is lost in the effluent 

during the dyeing process [225], while in the case of reactive dyes, as much as 50% of the 

initial dye load is present in the dye bath effluent [226-227]. 

Wastewaters containing dyes are very difficult to treat, since the dyes are recalcitrant 

molecules, resistant to aerobic digestion, and are stable to oxidizing agents [228]. The 

treatment of wastewaters is much more difficult when the wastewaters containing low 

concentrations of dye molecules. In this case, common methods for removing dyes are 

either economically unfavorable and/or technically complicated. In practice, there is no 

single process capable of adequate treatment and a combination of different processes is 

often used to achieve the desired water quality in the most economical way. Thus, there is 

a need for developing new decolorization methods that are effective and acceptable in 

industrial use. 

Textile effluents are usually treated by physical or chemical treatment processes. They 

include flocculation combined with flotation, electroflocculation, membrane filtration, 

electrokinetic coagulation, electrochemical destruction, ion-exchange, irradiation, 

precipitation, ozonation, and katox treatment methods [229]. However, these technologies 

are generally ineffective in color removal, expensive and less adaptable to a wide range of 

dye wastewaters [229]. 

Adsorption has been considered to be an effective process for color removal from 

wastewater. The use of activated carbon has been found to be effective, but it is too 

expensive. Many studies have been undertaken to investigate the use of low-cost 

adsorbents such as peat, bentonite, steel-plant slag, fly ash, china clay, maize cob, wood 
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shavings, and silica for color removal [230-232]. However, these low-cost adsorbents 

have generally low adsorption capacities and require large amounts of adsorbents. 

Therefore, there is a need to find new, economical, easily available and highly effective 

adsorbents. 

Recently, a number of studies have focused on biomaterials that are capable of adsorbing 

dyes from wastewaters. Biological materials such as peat, chitosan, yeast, fungi and 

bacterial biomass, were used as biosorbents to concentrate and remove dyes. The 

variations in dye structure and their chemistries result in diverse interactions between dye 

and biosorbent [230, 233]. Adsorption of dyes was dependent on dye properties such as 

molecular structures and types, numbers and positions of substituents in the dye 

molecules [234]. There was limited information available on the interactions between 

biomaterials and dyes which can be explained by the fact that decolorization by 

biomaterials involved several complex mechanisms such as surface adsorption, 

ion-exchange, complexation (coordination), complexation chelation and 

micro-precipitation [230]. Biomaterials usually consisting mainly of polysaccharides, 

proteins and lipids offered many functional groups. The dyes could interact with these 

active groups on the material surface in a different manner. Adsorption was increased by 

the presence of hydroxyl, nitro and azo groups in the dye molecule but decreased by 

sulfonic acid groups [235]. It is now recognized that adsorption using low-cost 

biomaterial adsorbents is an effective and economical method for water decontamination. 

A large variety of non-conventional adsorbents materials have been proposed and studied 

for their ability to remove dyes [236]. 

Most textile effluents are produced at relatively high temperatures and hence the 

temperature will be an important factor in the real applications of biosorption. Arica and 
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Bayramoglu found that biosorption of dye increased with increasing temperature from 

5℃ to 35℃ [237]. Aksu and Cagatay [238] also observed an increase in uptake of dye 

with increasing temperature up to 45℃ for dried R. arrhizus cells showing endothermic 

character of sorption. Dyeing processes consume large amounts of salt and hence the dye 

wastewater contains a high salt concentration. For this reason, ionic strength is an 

important factor. Zhou and Banks [239-240] reported that a high ionic strength led to high 

biosorption of humic acid by R. arrhizus. However, adsorption capacities of Lentinus 

sajor-caju biomass showed no significant effect with increasing NaCl from 0 to 0.5 mol/L 

[237]. 

2.4.2 Overview of various adsorbents 

Adsorbents such as activated carbon, peat, pith, fuller’s earth wood hardwood pith, waste 

red mud, agricultural byproducts have been used to study their effectiveness in the dye 

sorption [232]. A desirable adsorbent for the adsorption processes should fulfill a few of 

criteria: applicable to wide range of colorants, achieving high adsorption capacity and 

having low toxicity, and being cost effective. 

2.4.2.1 Activated carbon and other low cost alternatives in dyes sorption 

Activated carbon is one of the most commonly studied adsorbents for adsorption. The 

principle involved in adsorption using activated carbon is physical adsorption. Moderate 

to high removal rates of cationic mordant, acid, basic, sulphur, dispersed, direct and 

reactive dyes by activated carbon have been reported [241]. Despite the high removal 

rates, activated carbon as an adsorbent has its drawbacks that a large capital is involved, 

the regeneration cost is high and undesirable odor would be generated during the process 

[242]. 
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Other low cost alternatives include bagasse pith and wood chips. The use of bagasse pith, 

a by-product from the sugarcane mills, is favorable to the environment as this enable the 

idea of utilizing waste to remove waste. The coulombic interaction in the adsorption 

process promoted good removal abilities of basic and direct dyes. A limitation for 

choosing bagasse was the problem of the post adsorption disposal. Wood chips were 

found to be very suitable for the pre-discharge treatment and it was able to adsorb mixed 

dyes. However, the hard nature of wood chips implies that longer time is required for 

adsorption. Widely available and cost effective materials such as Maize cob, china clay, 

refuse derived fuel, chromium waste sludges, coirpith, alum sludges, hyposludge, 

activated petroleum coke, neem leaf powder, bentonite and modified bentonite, and spent 

brewery grains have also been reported for commercial potential on color removal [246]. 

2.4.2.2 Chitosan in dye sorption 

The use of chitosan for dye removal has been studied extensively [244-260]. The 

adsorption capacity of chitosan depended on its physical structural parameters such as the 

crystallinity, surface area, porosity, particle type, particle size and water content [243]. 

Crystallinity is high for both chitin and fully deacetylated chitosan. Compared with 

conventional commercial adsorbents such as commercial activated carbons, adsorption 

using chitosan-based materials offered several advantages. In particular, three factors 

have specifically contributed to the growing recognition of chitosan as a suitable 

biomaterial for dye removal: 

First, chitosan-based polymers are low-cost materials obtained from natural resources and 

their uses as biosorbents are extremely cost-effective. In many countries, fishery wastes 

were used as excellent sources to produce chitosan. Since such wastes are abundantly 

available, chitosan may be produced at relatively low costs. The volume of the sorbent 
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used is also reduced when compared to conventional adsorbents since the former are 

more efficient. 

Second, citosan possess an outstanding capacity and a high rate of adsorption, and also 

high selectivity in detoxifying both very dilute and concentrated dye solutions. They also 

have an extremely high affinity for many varieties of dyes. 

Third, chitosan can be manufactured into films, membranes, fibers, sponges, gels, beads 

and nanoparticles, or supported on inert materials. The utilization of these materials 

presents many advantages in terms of applicability to a wide variety of process 

configurations. 

Acid dyes are commonly used in the dyeing of protein fibers like wool and silk and 

synthetic fibers such as nylon and modified acrylic fibers. The affinity is due to the 

anionic nature of the dyes. Therefore, chitosan would have high adsorption capacities for 

acid dyes because the polymers have a high number of amino groups. 

The effectiveness of chitin and chitosan to adsorb acid dye molecules has been 

extensively reported. Recent work on the topicis summarized in Table 2. 4. 

2.4.3 Sorption mechanisms of dyes onto chitosan 

There are various types of interactions between dyes and chitosan. They are the 

ion-exchange, van der Waals forces, physical adsorption, aggregation mechanisms, 

dye-dye interactions, etc. The following four steps are generally involved in the 

adsorption process: 

1. bulk diffusion: migration of dye from the bulk of the solution to the surface of the 

adsorbent; 

2. film diffusion: diffusion of dye through the boundary layer to the surface of the 

adsorbent;
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Table 2.4 Recent batch studies on sorption of various dyes onto chitosan 

Characteristic of chitosan Particle size Dye pH T/℃ Kinetic model 
Adsorption 
mechanism 

Equilibrium
model 

aqmax 

/(mmol/g) 
Ref. 

Crab shell, DD 53%  355-500 μm Acid Green 25 4 25 N/A Ionic bonding Langmuir 1.036 [232] 
Crab shell, DD 53%  355-500 μm Acid Orange 10 4 25 N/A and Langmuir 1.505 [232] 
Crab shell, DD 53%  355-500 μm Acid Orange 12 4 25 N/A hydrogen Langmuir 2.778 [232] 
Crab shell, DD 53%  355-500 μm Acid Red 18 4 25 N/A bonding Langmuir 1.147 [232] 
Crab shell, DD 53%  355-500 μm Acid Red 73 4 25 N/A  Langmuir 1.285 [232] 
Cross-linked beads, DD 85%&95%  2.3-2.5 mm Reactive Red 189 3 30 First-order and Diffusion Langmuir 2.089-2.133 [244] 
Cross-linked beads, DD 95.5%  2.3-2.5 mm Reactive Blue 15 4 30 second-order kinetic Diffusion Langmuir 0.56 [245] 
Cross-linked beads, DD 95.5% 2.3-2.5 mm Metanil Yellow 4 30  Diffusion Langmuir 3.56 [245] 

Powder, DD 85%  0.177-1.651 mm Remazol Back B 6.7-9.0 30-60
Pseudo-second-orde
r  

Diffusion Langmuir 0.131 [246] 

Shell of prawns, beads bSA: 0.3622 Acid Blue 25 2-12 25 Second-order kinetic Diffusion Langmuir 0.429 [247] 
Shell of prawns, beads bSA: 0.3622 Acid Red 37 2-12 25 Second-order kinetic Diffusion Langmuir 0.729 [247] 
Chitosan-glutaraldehyde beads bSA: 1.6413 Acid Blue 25 2-12 25 Second-order kinetic Diffusion Langmuir 0.305 [247] 
Chitosan-glutaraldehyde beads bSA: 1.6413 Acid Red 37 2-12 25 Second-order kinetic Diffusion Langmuir 0.32 [247] 
Chitosan-sulphuric acid beads bSA: 1.9847 Acid Blue 25 2-12 25 Second-order kinetic Diffusion Langmuir 0.246 [247] 
Chitosan-sulphuric acid beads bSA: 1.9847 Acid Red 37 2-12 25 Second-order kinetic Diffusion Langmuir 0.271 [247] 
Nanoparticles, DD 74%  180 nm Acid Green 27 4 25 N/A Electrostatic Langmuir 2.976 [248] 
Powder, protonation 2.3-2.5 mm Acid Green 25 3 N/A N/A N/A Langmuir 0.843 [249] 
Crab shell, cross-linked beads 2.3-2.5 mm Acid Orange 12 3 30 Second-order kinetic N/A Langmuir 5.57 [240] 
Crab shell, cross-linked beads 2.3-2.5 mm Acid Red 14  3 30 Second-order kinetic N/A Langmuir 5.86 [250] 
Crab shell, cross-linked beads 2.3-2.5 mm Acid Orange 7 4 30 Second-order kinetic N/A Langmuir 5.54 [250] 
Crab shell, cross-linked beads 2.3-2.5 mm Direct Red 81 3 30 Second-order kinetic N/A Langmuir 3.527 [250] 
Crab shell, cross-linked beads 2.3-2.5 mm Reactive Blue 2 3 30 Second-order kinetic N/A Langmuir 3.226 [250] 
Crab shell, cross-linked beads 2.3-2.5 mm Reactive Red 2 3 30 Second-order kinetic N/A Langmuir 3.936 [250] 
Crab shell, cross-linked beads 2.3-2.5 mm Reactive Yellow 2 4 30 Second-order kinetic N/A Langmuir 2.790 [250] 
Crab shell, cross-linked beads 2.3-2.5 mm Acid Yellow 86 3 30 Second-order kinetic N/A Langmuir 3.206 [250] 
Cross-linked beads 2.3-3.8 mm Reactive 189 3 30 Second-order kinetic N/A Langmuir 2.04-2.41 [251] 
Chitosan beads 2.3-3.8 mm Reactive 189 3 30 Second-order kinetic N/A Langmuir 1.48 [251] 
Wet bead N/A Acid Orange 51 N/A 30 Elocich Chemisorption Langmuir 0.762 [252] 
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Table 2.4 Continued 

         

Characteristic of chitosan Particle size Dye pH T/℃ Kinetic model 
Adsorption 
mechanism 

Equilibrium
model 

aqmax 

/(mmol/g) 
Ref. 

          
Dried bead N/A Acid Orange 51 N/A 30 Elocich Chemisorption Langmuir 0.574 [252] 
Crab Sell, powder, grafting N/A Basic Blue 3 3 25 Second-order kinetic Chemisorption Langmuir 0.463 [253] 
Powder N/A Direct Blue 6 26 First-order N/A Langmuir / [254] 
Powder 0.206 mm Direct Scarlet B 8.47 47.5 N/A N/A N/A 0.055 [255] 
Flake 6.15±0.13 μm Reactive Red 4  4 25 Second-order kinetic N/A Langmuir 0.173 [256] 
Beads, cross-linked 2.0 mm Reactive Black 5 6 25 N/A N/A Freundlich 1.28 [257] 
Beads 2.0 mm Reactive Black 5 6 25 N/A N/A Freundlich 0.8 [257] 
Beads 2.0 mm Reactive Black 5 4 25 N/A N/A Freundlich 2.4 [257] 
Flake 1-1.41 mm Reactive Blue 222 N/A 30 Second-order kinetic Chemisorption Langmuir 0.69 [258] 
Swollen beads 2.8 mm Reactive Blue 222 N/A 30 Second-order kinetic Chemisorption Langmuir 0.136 [258] 
Flake 1-1.41 mm Reac. Yellow 145 N/A 30 Second-order kinetic Chemisorption Langmuir 0.183 [258] 
Swollen beads 2.8 mm Reac. Yellow 145 N/A 30 Second-order kinetic Chemisorption Langmuir 0.862 [258] 
Nanoparticles 0.663-1.763 μm Acid Orange 10 4 25 N/A Electrostatic Langmuir 1.77 [259] 
Nanoparticles 0.663-1.763 μm Acid Orange 12 4 25 N/A Electrostatic Langmuir 4.33 [259] 
Nanoparticles 0.663-1.763 μm Acid Red 18 4 25 N/A Electrostatic Langmuir 1.37 [259] 
Nanoparticles 0.663-1.763 μm Acid Red 73 4 25 N/A Electrostatic Langmuir 2.13 [259] 
cCMCH-Conjugated Fe3O4 13.5 nm Acid Orange 12 3 25 Second-order kinetic N/A Langmuir 5.36 [260] 
cCMCH-Conjugated Fe3O4 13.5 nm Acid Green 25 3 25 Second-order kinetic N/A Langmuir 2.36 [260] 

a Adsorption capacities in mmol/g 
b Surface area in m2/g 
c Carboxymethylated Chitosan-Conjugated Fe3O4 
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3. pore diffusion or intraparticle diffusion: transport of the dye from the surface to 

within the pores of the particle; 

4. strong attraction: adsorption of dye at an active site on the surface of material via 

ion-exchange, complexation and/or chelation [262]. 

2.4.3.1 Electrostatic interactions 

It is recognized that when pH is the main factor influencing the adsorption of acid dye by 

chitosan, the mechanism is likely to be the ionic interactions of the colored dye ions with 

the amino groups on the chitosan as shown in Figure 2.12 [259-260]. 

 

Figure 2.12 Mechanism of anionic dye adsorption by chitosan in acidic condition [260] 

In an acidic medium, the amino groups in chitosan are protonated. The acid dye is 

dissolved and the sulfonate groups of the acid dye dissociate and are converted to anionic 

dye ions. Electrostatic attractions between the two oppositely charged ions proceeds. 

However, both chitin and chitosan were also effective at higher pH, in which the 

unprotonated form of the polysaccharide also had affinity for anionic dyes, suggesting 

that additional attraction forces of interaction were in operation  
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2.4.3.2 Physical surface adsorption 

Surface adsorption is another mechanism of dye molecules being bound to chitosan in 

which there is a surface reaction between chitosan and the dye molecules. In surface 

adsorption, the dye molecules are attracted by the charged chitosan surface without any 

exchange of ions or electrons. The surface adsorption of dye molecules by chitosan was 

reported to happen under alkaline conditions by physical interactions and chemisorption 

with Reactive Red 141 [263]. The adsorption of the dye molecule under acidic conditions, 

however, was only chemisorption. Uzun and Guzel reported that both physical surface 

adsorption happened on Acid Orange II and chitosan [264]. Gibbs et al. [249] reported the 

adsorption of Acid Green 25 had two main steps which were the rapid surface adsorption 

followed by the diffusion and chemisorptions of dye molecules on raw and 

pre-prontonated chitosan. 

2.4.3.3 Aggregation 

The aggregation mechanism is a strong type of interaction involved in the chitosan-dye 

binding. It depends on the pH and affects the diffusion ability of dye molecules to internal 

porous network by increasing their sizes. Also, the aggregation phenomenon is enhanced 

by the ionic strength as well as the presence of electrolyte. The quick aggregation of 

chitosan nanoparticles after interacting with dye molecules was suggested with the 

replacement of hydrogen bondings between polymer chains by electrostatic interactions 

between dye molecules and chitosan chains [248]. Gibb et al. [265] showed that there was 

a relationship between the dye concentration and aggregation. Increasing the dye 

concentration caused the aggregation of dye molecules, which varied the size of dye 

aggregates, thus affected the diffusivity to chitosan.  
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2.4.3.4 Hydrogen bonding 

The existence of hydrogen bonding between chitosan and dye was suggested by Wong et 

al. [232, 266-267] based on the fact that dyes having various chemical structures 

contributed to different degree of adsorption. They demonstrated the adsorption of dye 

molecules onto chitosan were attached to chitosan chains in a flat or layered manner, 

however, the dye molecules were expected to be more spatially oriented in electrostatic 

interactions between the amino groups in chitosan and the sulphonated groups in the dyes 

and thus proved that hydrogen bonding contributed to the adsorption. 

 

Figure 2.13 Main interactions between dyes and chitosan in an alkaline solution [268] 

Lzaridis et al. [268] studied both chitosan and its derivatives as sorbents for basic dyes. 

The interactions of dyes with chitosan at pH 10 and 12 were studied. The FTIR results 

showed that adsorption of the dye on chitosan incurred a clear shift of the broad hydroxyl 

band around 3400 cm-1 to a lower wavenumber, whereas the amide I band was shifted 

from 1665 to 1659 cm-1. This was a substantial evidence of hydrogen bond formations 

between the hydroxyl and amino groups of chitosan with the dye molecules (Figure 2.13). 

2.4.3.5 Hydrophilic and hydrophobic interactions 

Shimizu et al. showed the involvement of hydrophobic interactions between hydrophobic 

alkyl groups in dyes and hydrophobic functions in polymer network of crosslinked 
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chitosan through adsorption of Acid Red 138 [269]. Crini et al. [31, 253, 270] showed 

that dye adsorption on grafted chitosan was not only due to the ion exchange process but 

also the dye-dye hydrophobic interactions causing rejection of dye molecules from the 

dye solution. 

Other researchers have observed the adsorption of anionic dyes onto chitosan fitted both 

the Langmuir (adsorption at specific sites) and the Freundlich (no specific sites, 

possibility of formation of multi-molecular layers) isotherms [271-272]. It was suggested 

that adsorption of anionic dyes onto chitin and chitosan occurred through a combination 

of electrostatic forces, van der Waals interactions, and hydrogen bonding, with the 

electrostatic forces only having a significant effect at low pH [273]. 

2.4.4 Parameters affecting sorption 

Many studied showed that the adsorption performances of a chitosan-based material in 

liquid-phase were affected by the following parameters. 

2.4.4.1 Particle sizes 

The adsorption capacity was influenced by the particle size of chitosan. With decreasing 

particle sizes, the surface area of chitosan increases and the sorption capacity of adsorbent 

should increase. Piccin et al. [274] reported finer chitosan particles had a higher sorption 

capacity than larger sized particles. Annadurai et al. [246] observed that when the particle 

size decreased, the adsorption of acid dyes increased by 10-40%. 

2.4.4.2 Initial dye concentrations 

Chen et al. [275] reported that the adsorption of dyes increased with the increase in the 

initial dye concentration while the amount of adsorbents remained unchanged. They 
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explained that the higher initial dye concentration provided a higher driving force of dye 

diffusion due to the higher concentration gradient. However, Singh et al. [276] showed 

that the adsorption percentage of Reactive Blue H5G with an initial concentration of 400 

mg/L on chitosan-graft-poly(methylmethacrylate) was above 90% but decreased to about 

60% when the initial concentration was increased to 800 mg/L. They explained the 

phenomenon by using increasing dye aggregation at a higher dye concentration which led 

to poor diffusion. 

2.4.4.3 pH values 

Lower pH favored adsorption as more protons were available to the amine groups of 

chitosan to form -NH3
+, thus the electrostatic attractions between negatively charged dye 

anions were increased [246]. The optimum pH reported was 3-6. For pH lower than this 

range, the adsorption capacity was lower probably due to the presence of excess H+ ions 

competing with the cation groups on the dye for adsorption sites. For pH above this range, 

physical adsorption took the lead that the hydroxyl groups were more effective than the 

amino groups [277]. 

2.4.4.4 Temperature 

Yoshida et al. and Venkat et al. [278-279] reported that for large dye molecules, high 

temperatures were favorable for the adsorption as the mobility of the large dye ions was 

higher. Moreover, the swelling of the chitosan internal structure was more. 

However, there were reports showing that the adsorption of dye is exothermic, the 

physical bonding between the dye and the adsorbent would be weakened at higher 

temperatures. The phenomenon was very prominent in the sorption of activated carbon 

[280], activated clay and activated date pits [281]. Dye adsorption using chitosan is 
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usually exothermic, high temperatures could reduce the sorption capacity although a 

shorter time was required to require the equilibrium [282]. 

Most adsorption studies were carried out at 25-70oC. This may be due to high temperature 

sorption requires high operation costs which are unfavorable in huge scale industrial 

applications. 

2.4.4.5 Molecular mechanisms 

The adsorption capacities were affected by molecular structures of dyes. Some reviews 

have shown that for anionic dyes, the attraction between the negatively charged 

sulphonate groups of dyes with positively charged protonated amino groups of chitosan 

was the dominating adsorption mechanism. However, Filipkowska et al. [283] reported 

that the adsorption affinity of a dye decreased when the degree of sulphonation increased. 

If a dye containing a sulphonate group was attached, the binding capacity of the next dye 

molecule would decrease. They also found that a dye with 10 sulphonate groups had a 

very low affinity with chitin. 

Also, it was not only the number of sulphonate groups in the dye mattered in the 

adsorption capacity, but also the position of the sulphonate groups in the dye molecule. 

Cheng et al. reported that anionic dyes with sulphonate groups on benzene were better 

adsorbed than those with sulphonate groups on naphthalene [284]. 

2.4.5 Equilibrium isotherm models 

Adsorption properties and equilibrium data, commonly known as adsorption isotherms, 

describe how sorbents interact with adsorbent materials. They are critical in optimizing 

the use of adsorbents. In order to optimize the design of an adsorption system to remove 

dyes from aqueous solutions, it is important to establish the most appropriate correlation 
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for the equilibrium curve. An accurate mathematical description of equilibrium adsorption 

capacity is indispensable for reliable prediction of adsorption parameters and quantitative 

comparison of adsorption behavior for different adsorbent systems (or for varied 

experimental conditions) within any given system. 

Table 2.5 The Langmuir model and the Freundlich model equations 

Isotherm Equation Assumptions Linear form 

Langmuir 

eL

eL
e Ca

CK
q




1
 
Monolayer adsorption 

The sorption takes place at specific sites within 

the sorbent 

Once a dye molecule occupies a site 

The adsorbent has a finite capacity for the 

adsorbate (at equilibrium, a saturation point is 

reached where No further adsorption can occur) 

All sites are identical and energetically 

equivalent 

The adsorbent is structurally homogeneous 

L

e

Le

e

K

Ca

Kq

C L


1

 

    

Freundlich F/n
eFe CKq 1

 

Multilayer adsorption 

The model applies to adsorption on 

heterogeneous surfaces with interaction between 

adsorbed molecules 

The adsorption energy exponentially decreases 

on completion of the sorptional centres of an 

adsorbent 

This is an empirical equation employed to 

describe heterogeneous systems 

F

e
Fe n

C
Kq

ln
lnln 

 

In the equations, eq  is the solid phase adsorbate concentration at equilibrium (mmol/g), eC  is the 

aqueous phase adsorbate concentration at equilibrium (mmol/L), LK and La  are the Langmuir 

isotherm constants and FK  and Fn are the Freundlich isotherm constants. 

The adsorption equilibrium is established when the rate of dye being adsorbed onto the 

adsorbent is equal to the rate being desorbed. It is possible to depict the equilibrium 

adsorption isotherms by plotting the concentration of the dye in the solid phase versus 
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that in the liquid phase. The isotherm shape can also provide qualitative information on 

the nature of the solute-surface interaction. In addition, adsorption isotherms have been 

developed to evaluate the capacity of chitosan materials for the adsorption. 

There are various kinds of isotherm models including the Langmuir, Freundlich, BET, 

Toth, Temkin, Redlich-Peterson, Sips, Frumkin, Harkins-Jura, Halsey, Henderson and 

Dubinin-Radushkevich isotherms [31]. The Langmuir model and the Freundlich model 

are commonly used in the sorption of dyes onto chitosan. Table 2.5 shows the two most 

popular equilibrium isotherm equations and their linear forms and equation parameters. 

Most of the researcher indicated that the Langmuir model fit the sorption of dyes onto 

chitosan [243-254, 256, 258-260]. 

2.4.6 Kinetic models 

An ideal adsorbent for wastewater pollution control not only should have a large 

adsorbate capacity but also a fast adsorption rate. Therefore, the adsorption rate is another 

important factor for the selection of the material and adsorption kinetics must be taken 

into account since they explain how fast the chemical reaction occurs and also provides 

information on the factors affecting the reaction rate. 

Two kinds of kinetic models (Table 2.6) have been widely used in the literature for 

adsorption processes: (i) pseudo-first-order kinetic model; (ii) pseudo-second-order 

kinetic model [285-286]. The kinetic models are used to examine the controlling 

mechanism of adsorption process such as adsorption surface, chemical reaction and/or 

diffusion mechanisms. The parameters of the kinetic models can be obtained by suitable 

linearization procedures followed by both linear and/or non-linear regression analysis. 

Recent work by many researchers has shown that non-linear regression gave a more 
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accurate determination of parameters than linear methods [246-248, 250-251, 253, 258, 

256, 260].  

Tale 2.6 The kinetic models and their linear forms 

Model Equation Linear form 

pseudo-first-order kinetic model 
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In the equations, eq  is the sorption capacity (mmol/g) at equilibrium and tq  is the sorption capacity 

(mmol/g) at time t and k is the rate constant of pseudo-second. 

2.5 Applications of chitosan on dyeing 

Much research has been performed on textiles to improve their dye uptake and fastness 

properties. One of the approaches was to introduce cationic sites onto the substrates for 

better affinity with anionic dyes [287-295]. 

Chitosan, containing two main functional groups, namely hydroxyl and amino groups, 

can easily absorb anionic dyes, such as direct, acid, and reactive dyes by electrostatic 

attraction. It was found that chitosan could enhance the uptake of dyes and increase dye 

sorption on fabrics [33, 296-304]. Table 2.7 summarizes the previous work on using 

chitosan to improve dyeing properties of textiles. 
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Table 2.7 The applications of chitosan on fabrics dyeing 

Fabric Finish agent  Dye Effect and results Ref. 

Cotton Chitosan solution Lac dyes Significant enhancement of dye 

uptake onto cotton was achieved. 

302 

Cotton Lattices based on 

acrylate, chitosan 

and polyethylene 

glycol emulsion 

Direct dyes Appropriate antibacterial activity 

for E. coli, good ultraviolet- 

protection and excellent dyeing 

performance were obtained. 

305 

Cotton Chitosan solution Reactive Blue 19, Reactive Blue 

5, Reactive Blue 4, and Sumifix 

Supra Navy Blue 2GF  

Highest take-up was achieved by 

pad-dry method. 

306 

Cotton Chitosan solution Yellow gold 2 KX, 

Active Red 6c 

Color intensity was improved. 

Fastness did not change. 

307 

Cotton Chitosan solution Evercion Blue H-ERD, 

Remazol Red RB133 

Dye uptake of fabric was 

improved. 
308 

Cotton Chitosan solution Green Tea Extraction Better dyeing and higher UV 

protection property was obtained 

309 

Polyester/ 

cotton blends 

Corona and 

chitosan solution 

Ostazin Red H3B (Reactive dye), 

Sirius Red F3B (Direct dye) 

Color intensity was enhanced, 

especially with polyester fiber.  

310 

Wool Chitosan solution Lanasol Red 2G The higher of the viscosity, the 

greater of the shrink resistance. 

311 

Wool Chitosan solution Acid dyes and reactive dyes Color strength increased. 312 

Wool Corona and 

chitosan solution 

Supramin Red GG (Acid Orange 

19) 

Wettability and dyeability of wool 

were improved. 

313 

Wool Chitosan solution Reactive Red 184 The higher the concentration of 

chitosan/surfactant added, the 

greater was the color strength of 

the dyed wool fabrics. 

297 

Silk Graft the chitosan 

on to silk 

Acid Black NBB Higher dye ability was achieved. 314 

 
aPET fabric Chitosan solution / The dye uptake increased and the 

dyeing time reduced. 

315 

PP Chitosan solution Direct Red 80 Wettability, dyeing behavior and 

reactivity were improved. 

316 

Polyester 

polyamide  

Chitosan solutions / The color intensity increased and 

the color resistance increased. 

33 

aPET: Poly(ethyleneterephthalate) 
bPP: Polypropylene. 
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2.5.1 Applications of chitosan on cotton dyeing 

Anionic dyes have a low affinity to the cotton fiber because cotton fibers develop anionic 

surface charge (zeta potential) in water. The charge repulsion between dyes and cotton 

can be overcome by adding an electrolyte, such as sodium chloride or sodium sulfate, 

which screens the surface charge of cotton. However, the large amount of salts required in 

dyeing can cause serious pollution. As an attempt to reduce the use of salts, a number of 

researchers have cationized cotton fibers through chemical modifications with 

compounds containing cationic groups. Most of the chemicals used for the cationization 

of cotton are not environmentally safe. Therefore, the use of chitosan, a polycationic 

biopolymer, could be more environmentally safe and eco-friendly. A number of studies 

on cotton dyeing using chitosan as a finishing agent have been carried out to improve the 

dye uptake and fastness properties [302-306].  

Rattanaphani et al. [302] studied the adsorption and thermodynamic of lac dyeing on 

cotton pretreated with chitosan under dyeing conditions of pH 3.0. Their batch 

equilibrium studies showed that the adsorption could be described by the Langmuir 

isotherm. The pretreatment of cotton with chitosan provided a significant enhancement of 

dye uptake onto the cotton and also a decrease of dye concentration in the dye solution. 

Saxena et al. [303] found that chitosan enhanced the uptake of lac dye and increased lac 

dye sorption on cotton. 

Direct and reactive dyes are widely used for the dyeing of cotton. Lim et al [304] applied 

a chitosan derivative to cotton fabric and found that the color yield was higher than that 

on the untreated cotton. 

It was suggested that the application of chitosan to cotton could reduce the uses of dyes 
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and dyes in wastewaters due to the increased dye exhaustion. The washing and wet 

rubbing fastness of chitosan-treated fabric was reduced by about one grey-scale step, and 

the dry rubbing fastness was not affected. The amount of salt required in the dyeing was 

also decreased by about 50% to that of untreated fabric [306]. 

2.5.2 Applications of chitosan on wool dyeing 

In wool finishing, chitosan has been used as a shrink resist agent [299, 317-320] and as an 

agent for improving the dyeability of wool [296-298, 311-312]. 

The most difficult task to control in dyeing wool fabric was its color strength and dyeing 

fastness. The dyeing quality of dyed wool fabrics was increased by pretreating the wool 

fabrics with chitosan in a nonionic surfactant, which fortified its bonding with the wool 

fabric surface [296]. Jocit et al. [298] applied chitosan to wool and observed an 

improvement in color strength on the chitosan treated wool. The study offered the 

possibility of producing deeper and more vivid colors without increasing the 

concentration of dye used. In addition to better exhaustion, the fixation of reactive dye 

measured by stripping in ammonia is also improved, which could assist in solving the 

problem of lowering wet fastness in dyeing of wool. 

Yen et al. [297] also applied chitosan in reactive dyeing of wool fabrics. The results 

showed that the presence of the polymer enhanced the color strength when dyed at 50°C 

but little change was observed when dyed at 80°C. The higher the concentration of 

chitosan added, the greater was the color strength of the dyed wool fabrics. The optimum 

amounts for dyeing were found to be 0.5% chitosan. The washing fastness of the dyed 

wool fabrics was in the range of grey-scale scale 4-5, the dry rubbing fastness was in the 

range of 4-5, and the wet rubbing fastness was in the range of 3-4. Pascual et al. [311] 
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found that in some cases the chitosan application could obviate the need for auxiliaries in 

the dyeing bath, which could be economically advantageous. 

2.5.3 Applications of chitosan on silk dyeing 

In recent years, attempts have been made to make use of natural polymers such as chitin, 

alginate and silk by surface modification to improve their properties [321-323]. Chitosan 

finishing on silk is an effective method to improve the properties of silk including 

antibacterial property, dyeability, wrinkle-resistance property, biocompatibility and so on 

[324-325]. 

  

Figure 2.14 The grafting mechanism between degummed silk and chitosan  

using succinic anhydride as a bridge (X = OH and NH2) [314] 

Davarpanah et al. [314] prepared chitosan-grated silk fabric and studied the FT-IR spectra 

of samples. The researcher confirmed the formation of amide functional groups. The 

SEM images were in good agreement with the FT-IR spectra. Also the results of dyeing 

the raw, acylated and chitosan grafted-acylated samples supported the FT-IR and SEM 
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findings. Figure 2.19 shows the grafting mechanism between degummed silk and chitosan 

using succinic anhydride as a bridge. The chitosan-grafted chitosan material successfully 

combined the advantages of the two materials. 

Lu et al. [326] prepared nanochitosan emulsions by an ionization gelation method and the 

chitosan nanoparticles with an average size of 20.8 nm were obtained. The silk samples 

were immersed in the aqueous treatment solution at 40oC for 30 min at a liquor ratio of 

50:1 padded at a 90% wet pick-up. After these processes, the samples were dried at 80 oC 

for 5 min and then cured in a laboratory oven at 160oC for 3 min. The treated samples 

were then washed with tap water and washed further in deionized water in an ultrasonic 

cleaner for 5 min to remove the unfixed materials. The antibacterial efficacy of the silk 

fabric treated with the chitosan nanoparticle dispersion solution was better than that of the 

fabric treated with chitosan solution and significantly better than that of the untreated 

fabric. The bacterial reductions of the silk fabric treated with nanochitosan against S. 

aureus were more than 90%, even after 20 launderings. Meanwhile, the chitosan 

nanoparticle treatment also improved the breaking strength and the wrinkle-resistance 

properties of the finished fabrics. However, the disadvantage for the finished fabrics 

treated with the nanochitosan dispersion solution was that the treatment resulted in 

yellowness in the fabrics. Lu et al. also applied chitosan/TiO2 composite to the silk fabric. 

It was found that the dye uptake of acid dyes and reactive dyes, dye fixation of reactive 

dyes, the dye depth of acid dyes and reactive dyes on the finished silk fabric all increased 

after treatment [327]. 

2.5.4 Applications of chitosan on nylon dyeing 

nylon is usually dyed with anionic acid dyes under weak acidic condition [328, 329]. The 

dyeing process is a simple anion exchange process in which the amino group in nylon is 
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protonated by the counter ion such as acetate and the counter ion is exchanged for a dye 

anion. Therefore, the dyeability of the nylon with acid dye is greatly relying on the amino 

groups content of nylon which acted as the dyesites. The amino group content of nylon is 

around 45 mmol/kg, but might vary from 15-90 mmol/kg. Comparing to the amino group 

content of wool which is around 820 mmol/kg, the limited amino group content in nylon 

makes it easily to be saturated and poses the problem in dyeing deep shade as the amount 

of dye that saturated all the amino group dyesites is insufficient to give the high depth of 

color. 

2.5.4.1 Interactions between acid dyes and nylon 

2.5.4.1.1 Electrostatic forces between nylon and acid dyes 

nylon is normally dyed with anionic acid dyes in a weak acidic solution. The process is a 

simple anion exchange process as shown below in Figure 2.15. 

 

Figure 2.15 Electrostatic forces between nylon and an acid dye 

The dye anions react with charged cationic groups in the nylon polymer chain and are 

bound by electrostatic forces. The presence of acid in the dye-bath enables the severing of 

salt linkages between the molecular chains and thereby increases the available number of 

positively charged sites [330]. At the isoelectric point of nylon, there should be equal 

amount of negatively-charged acid and positively-charged amine end groups [331]. When 

the nylon fabrics are placed into acidic solution, the ionization of the carboxylic acid 
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groups decreases, leaving the nylon fiber having net positive charges. The positively 

charges on the nylon fiber is firstly neutralized by the acid anions which are rapidly 

moving and then displaced by the high affinity dye anions which were slowly moving. 

The amino group content of nylon is around 45 mmol/kg which is far lower than 820 

mmol/kg in wool. Therefore, when dyeing with acid dye, nylon is easily saturated due to 

its limited amino group content and it poses the problem on dyeing deep shade. The 

degree of sulphonation of acid dyes determined the saturation point of nylon. It is easier 

of the nylon fabric to be saturated when there are more sulphonate groups in each dye 

molecule. Theoretically, one mono-sulphonated dye could interact with one amine end 

group. One di-sulphonated dye could interact with two amine end group while one 

tri-sulphonated dye could interact with three amine end group. As a result, the dye uptake 

to reach saturation of a mono-sulphonated dye would be twice of di-sulphonated dye and 

triple of tri-sulphonated dye. 

2.5.4.1.2 Hydrophobic interaction 

Hydrophobic interaction was caused by the effect of the non-polar part of water-soluble 

solute on the structure of water. When dye molecules are dissolved in aqueous solution 

through a relevant solubilizing group (i.e. sulphonate groups), the structure of water needs 

to be changed for accommodating the non-polar or hydrophilic residues (i.e. 

hydrocarbon). The change in structure of water results to gain entropy for the whole 

system. As a result, the dye molecules that have been absorbed by the fiber would be 

prevented from migration back to the dye solution because of the hydrophobic interaction. 

Since most of the dyeing processes are restricted to aqueous system, therefore, 

hydrophobic interactions is important in determining the dye uptake of fiber and the wet 

fastness. 
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2.5.4.2 Application of chitosan on nylon for dyeing enhancement 

Pretreatment of nylon fabrics with chitosan could improve its dyeing properties. The 

depth of dyeing would be higher. The capillary and sorption properties of the fabrics were 

also improved due to swelling of the chitosan film on the fiber [39].  

Manyukova et al. [33] found that chitosan formed a film on the surface of nylon and 

changed the properties of the material. Additional bonds of dye with fiber and chitosan 

were formed, and the affinity of the dye for the fiber also increased. The treatment with 

chitosan increased the resistance of the colors to do into water especially in laundering. 

 

 

.
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Chapter 3 Preparation and Characterization of Nanochitosan 

Emulsions 

3.1 Research background 

As described in Section 2.2, a lot of research work has been performed on the preparation 

of chitosan nanoparticles. However, there are some limitations in those methods, such as 

the difficulty in determining the particle content in the emulsion, and in removing 

additive chemicals from the system.  

Meanwhile, ultrasound has become a widely used tool in the preparation of nanomaterials 

[157-215], with its particular ability in breaking up aggregates and reducing the size and 

polydispersity of particles, and even breaking the chemical bonds through the ultrasound 

cavitation [332]. Breakdown of polymers into smaller particles using ultrasound has been 

reported [333-334]. A similar attempt was also performed on chitosan. Tang et al. [221] 

evaluated and correlated the effects of ultrasonication on the properties of chitosan 

nanoparticles prepared by the ionotropic gelation method. However, most applications of 

ultrasound on chitosan focused on the degradation of chitosan [222-223, 235-336], no 

method directly using ultrasound for nanochitosan preparation has been reported. 

We have developed a simple way to breakdown chitosan solid into size-controlled 

nanoparticles in deionized water without adding other assistant agents. By this method, a 

pure and stable emulsion, containing only chitosan and water, was achieved with a 

uniform particle size from 150 nm to 800 nm. The morphological character of the particle 

was studied by scanning electron microscope (SEM), transmission electron microscopy 

(TEM) and atomic force microscopy (AFM). The changes in molecule weights, particle 
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sizes, degree of deacetylation and crystallinity of nanochitosan prepared at different 

ultrasound duration will be discussed.  

3.2 Materials 

Chitosan with 95% DD was purchased from Haidebei Co. Ltd. Other chemicals were 

purchased from Aldrich Co. Ltd. and used as received. The deionized water (DI water) 

used in experiment was obtained using a TKA GmbH water purification system. 

3.3 Preparation of nanochitosan emulsions 

Typically, 1.5 g of chitosan was dissolved in a dilute acetic acid solution of 1% (w/v) 

under magnetic stirring. A NaOH solution (3 mol/L) was then added dropwise into the 

chitosan solution to precipitate the chitosan. The obtained gel-like swollen chitosan was 

then washed to neutral with DI water. All the collected chitosan was dispersed into 500 

mL of DI water and then transferred into 25-mL flasks. A Sonics VC120 ultrasonic 

processor with a probe of 6 mm in diameter was used. The ultrasonic probe was put into 

the flask with a depth of 20 mm under the surface and the power was set at 40 W. 

Ultrasonic treatments were conducted at different duration in ice-water bath; finally, a 

milky stable emulsion was obtained. 

In order to prepare the nanochitosan emulsions with homogenous nanoparticles, we used 

the factorial design to study the experiment conditions and suitable parameters for the 

experiment. 
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3.3.1 Using factorial design to study experiment conditions for 

nanochitosan 

Factorial experiments are experiments that investigate the effects of two or more factors 

or input parameters on the output response of a process. The factorial experiment design, 

or simply factorial design, is a systematic method for formulating the steps needed to 

successfully implement a factorial experiment. Estimating the effects of various factors 

on the output of a process with a minimal number of observations is crucial to being able 

to optimize the output of the process. 

In a factorial design, the effects of varying the levels of the various factors affecting the 

process output are investigated. Each complete trial or replication of the experiment is 

taken into account all the possible combinations of the varying levels of these factors. An 

effective factorial design ensures that the least number of experiment runs are conducted 

to generate the maximum amount of information about how input variables affect the 

output of a process. 

Table 3.1 Factors for the factorial design experiment 

Factors Low High 

Time* 10 min 60 min 

Concentration* 0.3% (w/v) 0.5% (w/v) 

Power* 25 watts 57 watts 

Pulser* on off 

Time* represents the ultrasonic duration 

Concentration* represents the concentration of the original chitosan suspension 

Power* represents the intensity of the ultrasound 

Pulser* represents the interval every 20 seconds  

In this study, the particle size was studied by a Zetasizer 3000HSA equipped with a 125 

mW laser operating at λ = 633 nm. Each measurement was run 3 times. The particle size 
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was characterized by the Z-average size. The uniformity was characterized by the 

polydispersity index (PDI) of particle size data. The uniformity was considered 

acceptable when it was below 0.3. 

In order to find the conditions which affect the particle size mostly, a factorial design, 

with four factors and 4 replicates, was created (shown in Table 3.1). 

The objectives of the experimental design were: 

• Determining which variables were most influential on the output y (the size of 

nanochitosan) 

• Determining the nature of the relationships between the input variables (different 

conditions) and the output variable y 

• Determining where to set the influential x so that y was near the nominal 

requirement (uniform particles with particle size equal to or less than 500 nm) 

The factorial design for the experiment is listed in Table 3.2. 

The analysis (software edition: Minitab 14) of the results showed that: 

all of the four factors including ultrasonic duration, the concentration of the original 

chitosan suspension, the intensity of the ultrasound, the pulser (the interval every 20 

seconds) were significant. Figure 3.1 and Figure 3.2 show the main effects plot for size 

and interaction plot for size respectively. 

The main effects plot indicated that all the three of the four factors had similar effects on 

size. For time, power, and pulser, size decreased as the three factors moved from the low 

level to the high level. For the concentration (con.), the size increased as the factor moved 

from the low level to the high level. 
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Table 3.2 Factorial design, with four factors, and four replicates 

StdOrder RunOrder CenterPt Blocks Time/min Con./% Power/w Pulser Size/nm

30 1 1 2 60 0.5 57 on 277.6 

19 2 1 2 10 0.3 25 off 758.8 

20 3 1 2 60 0.3 25 on 423.5 

29 4 1 2 10 0.5 57 off 404.3 

28 5 1 2 60 0.3 25 on 419.1 

23 6 1 2 10 0.3 57 on 558.3 

32 7 1 2 60 0.3 57 off 153.5 

26 8 1 2 60 0.5 25 off 277.6 

21 9 1 2 10 0.5 57 off 412.4 

27 10 1 2 10 0.3 25 off 681.0 

25 11 1 2 10 0.5 25 on 956.2 

22 12 1 2 60 0.5 57 on 293.8 

18 13 1 2 60 0.5 25 off 337.0 

31 14 1 2 10 0.3 57 on 602.9 

17 15 1 2 10 0.5 25 on 929.4 

24 16 1 2 60 0.3 57 off 146.7 

14 17 1 1 60 0.5 57 on 330.3 

3 18 1 1 10 0.3 25 off 640.5 

4 19 1 1 60 0.3 25 on 417.8 

12 20 1 1 60 0.3 25 on 426.7 

15 21 1 1 10 0.3 57 on 518.3 

11 22 1 1 10 0.3 25 off 704.2 

7 23 1 1 10 0.3 57 on 496.0 

1 24 1 1 10 0.5 25 on 1105.2 

2 25 1 1 60 0.5 25 off 275.6 

8 26 1 1 60 0.3 57 off 123.5 

16 27 1 1 60 0.3 57 off 130.8 

5 28 1 1 10 0.5 57 off 412.4 

6 29 1 1 60 0.5 57 on 293.8 

9 30 1 1 10 0.5 25 on 1238.4 

13 31 1 1 10 0.5 57 off 473.0 

10 32 1 1 60 0.5 25 off 265.3 
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Figure 3.1 Main effects plot for size 
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Figure 3.2 Interaction plot for size 

The surface plots and contour plots of size versus concentration, time (software edition: 

Minitab 14) are shown in Figures 3.3-3.4. From the surface/contour plots, we could get 

the approximate particle size when we chose different experiment conditions. In order to 

prepare nanochitosan with a certainty of particle size and concentration, we could choose 

a different experiment condition from the surface plot or the contour plot. 
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Figure 3.3a Surface plot of size versus concentration, time  
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Figure 3.3b Surface plot of size versus concentration, time 
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Figure 3.4a Contour plot of size versus concentration, time 
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Figure 3.4b Contour plot of size versus concentration, time 
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3.3.2 Uniformity optimization with central composite design 

The particle size of the emulsion was characterized by the Z-average size. The 

uniformity was characterized by the polydispersity index (PDI) of particle size data. The 

uniformity was considered acceptable when it was below 0.3.  

Popa-Nita et al. [220] studied the mechanisms involved during the ultrasonically induced 

depolymerization of chitosan. Two mechanisms involved in the ultrasonically induced 

depolymerization of chitosan were proposed: The first induced a rapid and specific 

scission of polymer chains and a lowering of their polydispersity, the second independent 

process was responsible for obtaining short polymer chains and oligomers of high 

polydispersity. The two step mechanisms indicated that the uniformity should be 

optimized by using central composite design. 

During the experiment, it was found that the uniformity was often above 0.3 when the 

concentration was above 0.5%. But in order to use the emulsion in the following 

applications, it was necessary to produce nanochitosan emulsion with the concentration 

above 0.3% which is the higher the better. It was also found that when the time 

(ultrasonic duration) was shorter than 15mins or longer than 60mins or the power was 

too high or too low, the uniformity was often not acceptable. A central composite design 

was used to get the uniformity optimization. The factors are listed in Table 3.3 and the 

central composite design is listed in Table 3.4. 

The surface and contour plot of uniformity versus concentration and time are shown in 

Figures 3.5-3.6. And the surface and contour plots of uniformity versus power, 

concentration are shown in Figures 3.7-3.8. 

From the contour plots and surface plots, the optimal condition for preparing nanochitosan 
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emulsions with uniform particle sizes could be obtained. For example, to prepare a 

nanochitosan emulsion with a uniform particle size of 200 nm at a concentration of 0.4%, 

we could choose a power at the high level of 57 W and the ultrasonic duration of 40 

minutes. Although the condition was limited by the special apparatus used, the factorial 

design and uniformity optimization provided a method to obtain experimental conditions to 

control the particle size of the nanochitosan in emulsion. 

Table 3.3 Factors for uniformity optimization 

Factors Low High 

Time 10 min 60 min 

Concentration 0.3% (w/w) 0.5% (w/w) 

Power 25 Watts 57 Watts 

Table 3.4 Central composite design for nanochitosan preparation 

StdOrder RunOrder PtType Blocks Time/min Con./% Power/W Size/nm Uniformity

13 1 -1 1 35 0.40 14.09 626.3 0.411 

6 2 1 1 60 0.30 57.00 255.3 0.335 

5 3 1 1 10 0.30 57.00 307.9 0.563 

1 4 1 1 10 0.30 25.00 710.5 0.428 

15 5 0 1 35 0.40 41.00 382.6 0.174 

16 6 0 1 35 0.40 41.00 402.7 0.119 

14 7 0 1 35 0.40 41.00 399.1 0.205 

3 8 1 1 10 0.50 25.00 836.0 0.568 

4 9 1 1 60 0.50 25.00 313.3 0.326 

9 10 0 1 35 0.40 41.00 384.8 0.226 

12 11 0 1 35 0.40 41.00 399.2 0.138 

11 12 -1 1 35 0.23 41.00 340.2 0.198 

10 13 0 1 35 0.40 41.00 406.7 0.105 

7 14 1 1 10 0.50 57.00 438.4 0.369 

2 15 1 1 60 0.30 25.00 293.5 0.365 

8 16 1 1 60 0.50 57.00 178.4 0.302 
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Figure 3.5a Surface plot of uniformity versus concentration, time 
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Figure 3.5b Surface plot of uniformity versus concentration, time 
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Figure 3.5c Surface plot of uniformity versus concentration, time 
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Figure 3.6a Contour plot of uniformity versus concentration, time 

 

 

 



Chapter 3 Preparation and Characterization of Nanochitosan Emulsion 

 70

 

Time

Co
n.

605040302010

0.50

0.45

0.40

0.35

0.30

0.25

Hold Values
Power 41

Uniformity

0.20 -  0.25
0.25 -  0.30
0.30 -  0.35
0.35 -  0.40

>  0.40

<  0.15
0.15 -  0.20

Contour Plot of Uniformity vs Con., Time

 

Figure 3.6b Contour plot of uniformity versus concentration, time 
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Figure 3.6c Contour plot of uniformity versus concentration, time 
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Figure 3.7a Surface plot of uniformity versus power, concentration 
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Figure 3.7b Surface plot of uniformity versus power, concentration 
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Figure 3.7c Surface plot of uniformity versus power, concentration 
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Figure 3.8a Contour plot of uniformity versus power, concentration 
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Figure 3.8b Contour plot of uniformity versus power, concentration 
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Figure 3.8c Contour plot of uniformity versus power, concentration 

3.4 Characterization of nanochitosan emulsions  

Some of the prepared emulsions were centrifuged at 27200G for 60 min at 4℃; the 

obtained solid was freeze-dried for the further Mv measurement and DD measurement. 
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Some of the nanochitosan emulsions were frozen very quickly using liquid nitrogen, and 

then the powder samples were obtained using freeze-dry machine for the X-ray 

diffraction analysis. The samples with different ultrasonic duration are listed in Table 3.5. 

Table 3.5 Samples with different ultrasonic duration 

Sample CS0 CS5 CS10 CS20 CS40 CS60 CS80 CS100 CS120 CS150 CS180

Ultrasonic 
duration/min 

0 5 10 20 40 60 80 100 120 150 180 

3.4.1 The pH value, zeta potential of nanochitosan emulsions 

The pH value was recorded by a pH meter HM-21P of TOA Instruments. The zeta 

potential was measured by a Malvern Zetasizer 3000HSA. Each sample was measured 

five times. The results were then calculated automatically by the instrument. 

3.4.2 Particle size and molecular weight (Mv) of chitosan nanoparticles 

The particle size was studied by a Malvern Zetasizer 3000HSA equipped with a 125 mW 

laser operating at λ = 633 nm. Each sample was measured ten times at an interval of 30 

seconds and the average results were calculated automatically by the instrument. 

The viscosity properties of the chitosan samples were determined by an Ubbelohde 

viscometer at 25℃. A dilute 0.1 M acetic acid solution containing 0.2 M sodium chloride 

(NaCl) was used as a solvent. Each sample was filtrated by filter paper beforehand.  

The Mv was calculated from the Mark-Houwink equation using the limiting viscosity, 

    VMK                                                         (E 2.2) 

And the constants for the equation were determined by Robert and Domszy [99] as 

K=1.81x10-3 cm3.g-1 and α=0.93. Each measurement was repeated 3 times and the results 

were then averaged. 
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3.4.3 Degree of deacetylation (DD) measurement 

3.4.3.1 FT-IR method for DD measurement 

The infrared spectrometry method was used to determine the DD of chitosan. The 

samples were vacuum-dried at 50℃ for 48 hours. About 10 mg of dried sample was 

mixed with 120 mg of potassium bromide (KBr) and was pressed into a pellet under 10 

ton pressures. The pellet was vacuum-dried at 50℃ for 24 hours again and placed into 

desiccator before the IR measurement (Perkin Elmer Spectrum 100 FT-IR Analyzer). 

The absorbance values of amide I (1655cm-1) and of the hydroxyl bond (3450cm-1) were 

measured. The DD of samples were given by 

DD(%)=[1-A1655/(A3450×1.33)]×100                                     (E 3.1) 

whereas A1655 and A3450 were the absorbance values at 1655 cm-1 of the amide-I band as a 

measure of the N-acetyl group content, and 3450 cm-1 of the hydroxyl band as an internal 

standard of chitosan [77]. The factor ‘1.33’ denoted the value of the ratio of A1655/A3450 

for fully N-acetylated chitosan. It was assumed that the value of this ratio was zero for 

fully deacetylated chitosan, and there was a rectilinear relationship between the N-acetyl 

group content and the absorbance of the amide-I band.  

Figure 3.9 shows the baselines for calculating the amide-I band absorbance and hydroxyl 

band absorbance in this study. The DD of the sample was calculated by using the baseline 

and equation E 3.1. 
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Figure 3.9 FT-IR spectrum of chitosan showing the baselines for calculating  

the amide-I band absorbance and hydroxyl band absorbance 

3.4.3.2 1H NMR method for DD measurement 

The proton nuclear magnetic resonance (1H NMR) spectral was carried out on a Bruker 

Advance DPX-400 FT-NMR spectrometer operating at the Larmor frequency of 400 

MHz per proton. The spectral width was 5592.8 Hz, the Fourier number was 32768. The 

number of acquired transients was 64 corresponding to approximately 15 min of signal 

acquisition. A 30° pulse of 10 μs and an acquisititon delay of 2 s were used for 1H 

spectral accumulation. The Fourier Transform (FT) data were fitted using a MestRe-C 

software.  

The chitosan sample was vacuum dried at 50℃ for one day and 10 mg of sample was 

introduced into a 5 mm Φ NMR test tube. 0.5 mL of DCl /D2O solution (l mol/L) was 

then added and the test tube was kept to dissolve the chitosan in the solution. 100μL of 
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newly prepared NaNO2 solution (10 g/L in D2O) was added. The tube was kept in dark 

for more than 3 hours. And then the test was performed at room temperature.  

As the solubility of chitosan in DCl/D2O solution at room temperature was low, newly 

prepared NaNO2 solution was then added. In the chitosan/NaNO2/DCl solution, the 

following reaction (Figure 3.10) occurred and there were three different units in the 

prepared sample (Figures 3.11).  

The DD was calculated using integrals of the peak of H-1 of deacetylated units, peak of 

H-1 of dehydrate units, and peak of the three protons of acetylated units (Figure 3.12) as 

following equation (E 3.2) [63].  

DD(%)=100- 







                                                       

×100                        (E 3.2) 

 

Figure 3.10 Reaction scheme 

H-Ac/3 
H-1(Deh) + H-1(D) + H-Ac/3 
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Deacetylated unit                     Acetylated unit              2,5-dehydrate unit 

Figure 3.11 Three kinds of units in the 1H NMR sample solution 

 

Figure 3.12 1H-NMR spectrum of chitosan with signal assignments 

3.4.3.3 Elemental analysis for DD measurement 

The samples were vacuum-dried at 50℃ for 48 hours. The elemental analyzer (Vario EL 

III, Varian) was used to determine the carbon, hydrogen, nitrogen and sulphur contents of 

the sample. By using cystine (ultra-high purity, 99.999%) as a standard, the element 

content of the sample was evaluated. 
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The DD of chitosan was calculated by using the following equation [91]: 

DD(%)= 









N

C

W

W
583093.04100                                        (E 3.3) 

3.4.4 Powder X-ray diffraction (XRD) 

The nanochitosan emulsion was frozen very quickly using liquid nitrogen, and then the 

powder samples were obtained using a freeze-dry machine. 

X-ray diffraction measurements were conducted using a Philips Analytical X-Ray B V 

1830 at Kα ray λ=1.54 Å in the 2θ range 5°-30°. The spectra were recorded at 40 kV and 

35 mA with a scan rate of 0.05° per second. 

The crystallinity was characterized by the crystalline index. The crystalline index (CrI; %) 

[337-339] was determined by using the equation: 

CrI(%)= (I110 -Iam)×100/I110                                            (E 3.4) 

where I110 is the maximum intensity at 20°, and Iam is the intensity of amorphous 

diffraction at 16°. 

3.4.5 Morphological characterization 

Typically, one drop of the diluted emulsion was dropped on the surface of a piece of 

washed silicon wafer, and then dried in vacuum-oven or freeze-dry machine before the 

SEM measurements. The SEM measurement was performed by a JOEL JSM 6300F.  

The diluted emulsion was dropped on to the sample grid directly, and then dried in 

ambient atmosphere, followed by vacuum-drying for 24 hours before the TEM 



Chapter 3 Preparation and Characterization of Nanochitosan Emulsion 

 80

measurements. The TEM studies were carried out on a JEOL JEM-2010 microscope at 

200 kV. 

One drop of the emulsion was placed on the surface of a piece of washed silicon wafer, 

and then dried in ambient atmosphere, followed by vacuum-drying for 24 hours before 

the AFM measurements. The AFM was performed by a SPI 4000 in the dynamic force 

mode.  

3.5 Results and discussion  

3.5.1 Nanochitosan emulsion images and stability 

The nanochitosan emulsions with different ultrasonic duration were shown in Figure 3.13. 

It can be seen that the emulsions were more transparent when the ultrasonic duration 

increased. It was because the particle sizes of chitosan became smaller at a longer 

ultrasonic duration. After 10 days, almost all the treated emulsions remained the same 

while the untreated chitosan settled (Figure 3.14). It can be concluded that the 

nanochitosan emulsions had a good stability at the ambient conditions. 

 
Figure 3.13 Newly prepared chitosan emulsions with different ultrasonic duration 

 
Figure 3.14 Chitosan emulsions with different ultrasonic duration after 10 days of preparation 
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Figure 3.15 Particle size of nanochitosan with different ultrasonic duration in 30 days 

Figure 3.15 shows the particle size variety of nanochitosan in 30 days. After a month of 

storage, the results of the laser scanning showed that the particles size of nanochitosans 

with more than 10-minute ultrasonic treatment had no obvious change and the 

nanoparticles were stable. 

Figure 3.16 shows a laser through sample CS0 and CS60. The CS60 showed a clearer 

light line which is the result of Tyndall effect. The particle sizes in the emulsion are 

smaller than the light wave (400-700 nm). The chitosan particles in CS0 were much 

bigger than CS60 and the light line is shorter.  

   

Figure 3.16 A laser through samples CS0 and CS60 
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After dry of the nanochitosan emulsion, a thin film was obtained as shown in Figure 3.17. 

Chitosan could easily form a film when the emulsion was dried. 

 
Figure 3.17 Chitosan film  

3.5.2 The pH value and zeta potential of nanochitosan emulsions  

The pH value of sample CS60 was adjusted by using acetic acid solution (0.1% w/w). 

The different pH value and corresponding zeta potential value of sample CS60 is shown 

in Figure 3.18. The zeta potential of the emulsion depended greatly on the pH value. 

 

Figure 3.18 Effect of pH on zeta potential of nanochitosan emulsion (CS60) 
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The pH value of the chitosan water mixture before sonolysis was 6.19. After the 

sonolysis, the pH value increased. And the pH values of the nanochitosan emulsions after 

the ultrasound treatment had an obviously trend—the longer of the ultrasonic duration, 

the bigger of the pH value. But the difference of the pH value dropped as the emulsions 

were put a few days after the ultrasound. After 10 days, the pH value of the emulsions 

tended to be similar ranging from 6.48-6.60 (Figure 3.19).  

 

Figure 3.19 The relationships among pH, zeta potential and ultrasonic duration 

Figure 3.19 also shows the relationship between zeta potential and ultrasonic duration 

after 10 days of the preparation. The emulsions with different ultrasonic duration has a 

zeta potential between 25mV-40mV. It showed that the emulsions prepared are stable. 

Many researchers have demonstrated the stable structure of the hydrogen bond between 

water molecules and the amino groups [340-344]. In the structure water molecules acted 

as the provider of hydrogen when amino groups are the receiver. The positive charge of 

the chitosan nanoparticles suggested that the emulsions were stabilized by the hydrogen 
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bond between the amino groups and hydroxyl groups of chitosan and water respectively. 

In the hydrogen bonds, amino groups were positively charged, which made the surface of 

the nanoparticles positively charged. 

3.5.3 Particle size and molecular weight of nanochitosan 

The relationships among the particle size, Mv, and ultrasonic duration are shown in Figure 

3.20. A sharp decrease of both the particle size and Mv was observed at the beginning. It 

suggested that effect mainly happened in the early part of the ultrasound treatment when 

the amorphous structure of the swollen chitosan was broken quickly; after that, the 

remained compact structure was more difficult to break, the particle size became stable. 

Meanwhile, the diversity of particle size became smaller with the ultrasonic duration 

from 5-60 minutes which is consistent with the study of Popa-Nita et al. [220]. Two 

mechanisms involved in the ultrasonically induced depolymerization of chitosan were 

proposed: the first led to a rapid scission of polymer chains and a lowering of the 

polydispersity, and the second was responsible for obtaining short polymer chains and 

oligomers with a polydispersity increase [220]. 
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Figure 3.20 Relationships among particle size, Mv, and ultrasonic duration 
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3.5.4 DD of the nanochitosan 

The DD results measured by FT-IR, 1H NMR and elementary analysis are listed in Table 

3.6. The DD of chitosan nanoparticles did not change much after ultrasound treatment. 

This result agreed with the work of Liu et al. [222]. It was believed that the ultrasound 

wave did not destroy the bonds between carbon and amino group and carbon and acyl 

group in water. The degradation mainly happened in the main chain. 

 

Table 3.6 DD of chitosan calculated by different methods 

DD of 
Sample CS0 CS5 CS10 CS20 CS40 CS60 CS80 CS100 CS120 CS150 CS180

FT-IR 95.2% 94.2% 95.5% 95.3% 94.4% 94.7% 95.6% 92.6% 94.7% 94.7% 95.1% 
1H 

NMR 
97.2% 96.4% 96.2% 95.1% 94.5% 94.7% 95.1% 95.0% 95.5% 95.5% 96.1% 

aE. A. 95.1% 90.4% 93.4% 92.9% 94.3% 95.8% 94.4% 90.2% 90.4% 90.4% 91.3% 
aE. A. elemental analysis 

3.5.5 Crystallinity of nanochitosan 

Figure 3.21 shows the XRD profiles of untreated and treated chitosan. Two major peaks 

were observed at 2θ=10º and 2θ=20º. The crystallinity was characterized by a crystalline 

index. The crystalline index (CrI; %) is determined by using the equation 

CrI(%)=(I110-Iam)×100/I110, where I110 is the maximum intensity of XRD at 2θ=20 degree, 

and Iam is the intensity of amorphous diffraction at 2θ=16 degree. The relationship 

between the crystallinity and the ultrasonic duration is summarized in Table 3.7 and 

Figure 3.22. The crystallinity of chitosan increased slightly. The improvement of dye 

absorption ability may attribute to the fact that chitosan crystallite was broken into nano 

crystallite to expose more amine groups by the ultrasound treatment. 

In the study of Liu et al., the crystallinity increased with the ultrasonic duration [222]. In 

our study, the crystallinity generally increased slowly with the ultrasonic duration, but the 
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crystallinity did not increase much. The possible reason was that the chitosan used in this 

experiment had a much lower molecular weight than Liu’s samples and the crystallinity 

was rather high. When the ultrasonic treatment was applied, although the molecular 

weight became smaller, the crystallinity did not increase much. 

 
Figure 3.21 XRD patterns of the chitosan nanoparticles with different ultrasonic duration 

 
Figure 3.22 The relationship between the crystallinity and ultrasonic duration 
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Table 3.7 Crystalline index (CrI; %) of the chitosan nanoparticles 

Ultras./min 0 5 10 20 40 60 80 100 120 150 180 

I20 655 976.8 868 980 917 838.1 1224.6 1630 1410 1723.2 1948.5

I16 180 250.8 208.6 244.8 218.4 198.9 276.9 372.5 301.2 363.6 409.5 

(I20-I16)/I20 72.52 74.32 75.97 75.02 76.18 76.27 77.39 77.15 78.64 78.90 78.98 

 

3.5.6 Morphological characterization 

3.5.6.1 SEM images 

As shown in Figure 3.17, the particles in the emulsion (sample CS60) formed a film on 

the wafer. It was very difficult to observe the particles after the emulsion was dried by 

using vacuum oven in the SEM (but could be seen in the AFM). In Figure 3.23, the 

particles in the emulsion formed a film on the wafer. The nanoparticles could not be 

clearly observed and only film can be observed. 

 

Figure 3.23 SEM image of the nanochitosan using vacumm-dry (CS60) 
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Figure 3.24 shows the SEM image of the freeze-dried nanochitosan. The chitosan formed 

a kind of solid foam with many pores in it. The nanoparticles could not be clearly 

observed either. 

By diluting the emulsion more than 50 times and using the freeze-dry technique, the 

nanoparticles could be observed (Figure 3.25). Some of the chitosan nanoparticles 

aggregated in the process of drying on the wafer to form bigger particles. The particle size 

of nanochitosan was about 100-300 nm (CS60). 

 

Figure 3.24 SEM image of the freeze-dried nanochitosan 

  

Figure 3.25 SEM image of the nanochitosan using freeze-dry process (CS60) 
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3.5.6.2 TEM images 

Figure 3.26 shows the TEM images of nanochitosan from the emulsion. The diameter of 

the nanochitosan was about 150 nm. The chitosan nanoparticles would aggregate during 

the drying process and single nanoparticles is difficulty to observe. Most of the dried 

chitosan aggregated to form a film on the surface of the grid. 

 

   

 Figure 3.26 TEM images of the nanochitosan (CS60) 

 

3.5.6.3 AFM images 

The nanochitosan particles were also studied by AFM (shown in Figures 3.27 and 3.29). 

These particles aggregated in the process of drying and formed a film with rough surfaces. 

As shown on the left of Figure 3.27, the nanoparticles were about 164.0 nm (average) in 

size and formed a rough surface. Figure 3.29 shows the nanoparticles packed together to 

form the film and the 3-dimension image of the film surface. 
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Figure 3.27 AFM images of nanochitosan (CS60)  

 

Figure 3.28 Particle sizes of the nanochitosan 

 
Figure 3.29 AFM images of a nanochitosan film (CS60) 
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3.6 Conclusions 

In this chapter, a new dissolving-precipitating-ultrasound method has been developed for 

the preparation of the nanochitosan emulsions by using the ultrasound treatment. The 

optimal conditions for preparing nanochitosan emulsions with uniform nanochitosan 

particles were investigated by using experiment design. The emulsions prepared could 

maintain a good stability because of the hydrogen bond between the amino groups and 

hydroxyl groups of water and chitosan molecules. Laser scanning, SEM, TEM and AFM 

were performed to obtain the particle size and image. The particle size and molecule 

weight decreased with the ultrasonic duration. The DD of chitosan had no significant 

changes in the ultrasound treatment. The crystallinity of chitosan nanoparticles were 

investigated by X-ray.  

The method for preparing the chitosan nanoparticles by using the ultrasound treatment did 

not require additional chemicals in the process. It was easy to determine the particle size 

in the emulsions and the emulsions were stable. By using the ultrasound treatment, we 

could obtain nanochitosan emulsions containing water and chitosan only which is 

important for further uses in medicines and textiles.
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Chapter 4 Application of Nanochitosan Emulsion on Dye 

Sorption 

4.1 Research background 

The textile industry is one of the industries that have been causing concerns on the 

problem of serious water pollution. During textile processing, inefficiencies in dyeing 

result in a large amount of dyestuffs being lost in the wastewater which ultimately finds 

way into the environment. It is estimated that 5%–10% of the dyes are lost in the effluent 

during the dyeing process [225], while in the case of reactive dyes, as much as 50% of the 

initial dyes are in the dye bath effluent [226-227]. 

It has been reported that the total dye consumption of the textile industry worldwide is in 

excess of 7×108 kg/year and an estimated 90% of this end up on fabrics [345]. As a 

consequence, approximately 7×107 kg/year of dyes with strong persistent color, high 

biochemical oxygen demand (BOD), and toxicity loading are present in wastewaters 

[346-347]. Wastewaters containing dyes are very difficult to treat, since the dyes are 

recalcitrant molecules, resistant to aerobic digestion, and are stable to oxidizing agents 

[228]. 

Current treatments for dye effluents can only get rid of about half of the dyes lost in 

residual liquors. Over 400 tons of wastewater with dyes dissolved or suspended in water 

are discharged into the environment every day. The effluent with dyes would affect the 

absorption and reflection of sunlight into water and hinder the growth of bacteria and 

plants. The dye effluents would create severe problems in the aquatic ecology due to the 

toxicity and low biodegradability of dyes [262]. 
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Many researchers have devoted to study on different methods of dye removal. Nowadays 

there are various types of dye removal methods available such as conventional methods 

like biodegradation, coagulation/flocculation, established recovery processes including 

oxidation, membrane separation, ion-exchange and some emerging recovery technologies 

such as advanced oxidation and biomass [31]. However, many of the dye removal 

methods cannot fulfill the task of efficiently achieving high water quality economically 

nor handling large quantities of wastewater. 

Another category of dye removal method is adsorption using different kinds of sorbents 

such as activated carbon, peats, wood chips. [236]. Those methods provide good removal 

efficiency and do not form harmful substances in the dye removal process. However, 

there are limitations for the methods. Activated carbon is cost intensive; peat is not as 

effective as using activated carbon and wood chips require long processing time and a 

large quantity of sorbent.  

Chitosan, a kind of natural polysaccharide derived from chitin, demonstrated outstanding 

removal capabilities for different classes of dyes, especially for anionic dyes including 

acid, reactive and direct dyes due to its unique polycationic structure [278, 282, 348-351]. 

The main raw material for chitosan manufacture is the shell of crustaceans which is a 

waste in food industry [1, 3-4]. The conversion of the shell of crustaceans to useful 

polymer is an effective strategy to prevent pollution. The use of chitosan as a sorbent for 

sorption has been assessed in various studies that generally give good sorption ability for 

a number of dyes. Chitosan is biodegradable and it is not very expensive. The most 

important advantage is that chitosan does not harm the environment [1, 3-4]. 

The sorption ability of chitosan has drawn intensive interest in the study area. Wataru et 

al. [352] studied adsorption of organic acids on polyaminated highly porous chitosan. 

Yoshida et al. [278, 350] studied the sorption of various dyes onto chitosan fibers and 
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reported its high potential for dye sorption. Chiou and Li [244] reported the sorption of 

chemical cross-linked chitosan beads to Reactive Red 189 at pH 3.0 and 30℃. Wong et al. 

[232] studied the sorption of acid dye onto chitosan. Annadurai et al. [246] studied 

sorption of reactive dyes from an aqueous solution by chitosan. Gibbs et al. [266] studied 

the influence of chitosan pre-protonation on Reactive Black 5’s sorption. Chang and 

coworkers [353] prepared chitosan-based aerogels and studied their adsorption 

performance.  

Nowadays nanotechnology provides a versatile tool to modify the properties of materials. 

But chitosan in nanosize as adsorbent is rarely studied. Hu et al. [248] studied the 

sorption ability of acid dyes onto chitosan nanoparticles prepared by using a typical 

gelation reaction between the positively charged amino groups of chitosan and the 

negatively charged counter-ions of sodium tripolyphosphate. It is believed that 

nanochitosan has a larger capacity because of its large surface area to volume value 

comparing with microchitosan [248]. 

In this chapter, the abilities of nanochitosan as an adsorbent for the removal of 5 anionic 

dyes including Acid Orange 7, Acid Red 1, Acid Red 18, Direct Red 84 (Sirius Brown 

3RL) and Direct Red 80 (Sirius Red F3B) in aqueous solutions were studied respectively 

at different temperatures. Similar experiments were done with microchitosan. The 

sorption kinetics of dyes onto nanochitosan and microchitosan was investigated. The 

sorption of dyes onto chitosan fits the pseudo-second-order model. The Langmuir 

equilibrium isotherms were used to analyze the equilibrium data. It was found that the 

nanochitosan had a higher sorption capacity than that of the microchitosan, and the 

sorption process using nanochitosan was more efficient. The results demonstrated that the 

sorption capacity of nanochitosan increased as much as 8 times for the dyes with large 

molecular sizes comparing with the sorption capacity of microchitosan. It was because 
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the dyes with large molecules were difficult to penetrate into microsized chitosan. 

Meanwhile, the dyes were easier to be adsorbed onto nanosized chitosan with a much 

higher surface area/volume ratio. The desorption and regeneration studies were 

investigated and the desorption efficiency was higher at pH 10, ranging from 70%-88%. 

The recycled chitosan and dyes could be used many times which makes the sorption 

process environmentally friendly. 

4.2 Materials 

Chitosan with 95% DD was purchased from Haidebei Co. Ltd. Direct Red 84 (Sirius 

Brown 3RL) and Direct Red 80 (Sirius Red F3B) were gifts from DyStar Company. Other 

chemicals were purchased from Aldrich Co. Ltd. and used as received. The deionized 

water used in experiment was obtained using a TKA GmbH water purification system. 

The characteristics of the dyes are listed in Table 4.1. The molecular dimensions of the 

dyes were estimated by using ChemBioOffice (2008).  

4.3 Experimental 

4.3.1 Preparation of nanochitosan emulsions (CsNano) 

Typically, 1.5 g of chitosan was dissolved in 250 mL of an acetic acid solution (0.45% 

w/w) under magnetic stirring. 50 mL of NaOH solution (0.3 mol/L) was then added 

dropwise into the chitosan solution to precipitate the chitosan. The pH value of the 

mixture was about 6.2. A Sonics Vibra-Cell™ Ultrasonic Processor VCX 750 was used to 

treat the mixture for different duration using power setting at 300 watts. The emulsion 

with ultrasonic duration of 60 minutes with particles of 300-400 nm was prepared for 

sorption study. The concentration of nanochitosan emulsion obtained was 0.5% (w/w). 
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Table 4.1 Characteristics of acid dyes 

Dye 
C.I. 

No. 
Molecular formula 

No.of 

 3SO
Dimensions/Å 

Mw 

/(g/mol) 
Purity

UV 

λm/nm

Acid 

Orange 

7(AO 7) 

15510 

C16H11N2NaO4S 

1 7.3612.874.54 350.32 85% 484 

Acid Red 

1(AR 1) 
18050 

 C18H13N3Na2O8S2 

2 12.927.758.94 509.42 60% 506 

Acid Red 

18(AR 18) 
16255 

C20H11N2Na3O10S3 

3 14.8713.542.24 604.47 75% 506 

Direct Red 

84 (DR 84) 
35760 

 

C45H28N10Na4O13S4 

4 24.8623.196.47 1137.0 
45~55

% 
470 

Direct Red 

80 (DR 80) 
35780 

 C45H26N10Na6O21S6 

6 11.5120.8817.0 1373.1 
70~75

% 
528 
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4.3.2 Preparation of 180 µm chitosan (CsMicro) 

The purchased chitosan was sieved by a sieve shaking machine (USA Standard Testing 

Sieve, ASTM E-11 Spec). Chitosan particles between 80 mesh and 60 mesh were 

collected to obtain the chitosan with a dry particle size of 180-250 µm (CsMicro).  

4.3.3 Sorption kinetics experiments 

Typically, 1.0 mmol of pure dye was dissolved in 500 mL of buffer (pH=5.5, 2 mL of 

10% HAc and 1.5 g of NaAc/1 liter buffer) to obtain an initial dye concentration of 2 

mmol/L. 10 mL of the chitosan emulsion (0.05 g of nanochitosan) with a particle size 

range of 300-400 nm (CsNano) was pipetted into a 250 mL Duran bottle and brought into 

contact with 100 mL of dye solution respectively. The bottles were sealed and agitated at 

100 rpm in a thermostatic shaker bath (Grant OLS200 shaking bath).  

For the sorption of microchitosan, the procedures were repeated with 0.05 g of chitosan 

with a particle size range of 180-250 µm (CsMicro). When the microchitosan was added 

into the dye solution, 10 mL of deionized water was also added. 

For the sorption, the concentration of the dye was determined every 30 minutes during the 

first 3 hours and then the concentration was determined daily for 7 days. The sorption 

kinetics experiment was performed at temperatures of 30°C, 50°C, 70°C and 90°C. The 

initial dye concentration was 2 mmol/L for each dye. 

4.3.4 Sorption equilibrium experiments 

Typically, 0.5 mmol of dye was dissolved in 500 mL of a buffer (pH=5.5, 2 mL of 10% 

HAc and 1.5 g of NaAc/1 liter buffer) to obtain an initial dye concentration of 1 mmol/L. 

10 mL of the chitosan emulsion (0.05 g of nanochitosan) with a particle size range of 
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300-400 nm (CsNano) was pipetted into a 250 mL Duran bottle and brought into contact 

with 100 mL of dye solution respectively. The bottles were sealed and agitated at 100 rpm 

in the thermostatic shaker bath (Grant OLS200 shaking bath).  

For the sorption of microchitosan, the procedures were repeated with 0.05 g of chitosan 

with a particle size range of 180-250 µm (CsMicro). When the microchitosan was added 

into the dye solution, 10 mL of deionized water was also added. 

When the equilibrium was achieved after 7 days, 0.5 mL of the solution was aliquotted 

and the concentration of the dye solution was determined. The sorption was performed at 

temperatures of 30°C, 50°C, 70°C and 90°C respectively with different initial dye 

concentrations ranging from 0.5 mmol/L to 7 mmol/L. 

4.3.5 Desorption experiments 

In order to desorb the dye, a higher pH value in the sample was maintained at pH 8 by 

dropping sodium hydroxide solution (4 mol/L) into the sample at room temperature. Then 

1 mL of the sample was pipetted for the concentration determination. The above 

procedures were repeated for pH 10 and pH 12. Before the concentration determination, 

the diluted sample was adjusted to pH 7 or below for the UV-vis measurement. 

4.4 Characterization  

4.4.1 Particle size of chitosan nanoparticles 

The particle size was analyzed by a Brookhaven Instruments particle analyzer equipped 

with a 15 mW solid-state laser. Each sample was measured ten times at an interval of 1 

minute. The effective diameter was recorded automatically by obtaining the average data. 
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4.4.2 Morphology of chitosan nanoparticles 

One drop of the emulsion and one drop of the diluted emulsion was placed on the surface 

of a piece of washed silicon wafer respectively, and then dried in freeze-dry machine, 

followed by vacuum-drying for 24 hours before the SEM measurements. The SEM 

measurement was performed by a Field Emission Scanning Electron Microscope 

JSM-6335F. 

4.4.3 Concentration of dye solutions 

Seven different concentrations of one dye were prepared and the absorbance was 

measured using a UV-vis Spectrophotometer Lambda 18 at the maximum absorption 

wavelength (λmax) of the dye. The calibration curve of the dye was drawn and recorded 

automatically. Calibration curve of each dye was obtained in the same way.  

The extracted dye solutions were diluted by deionized water and measured with the 

UV-vis spectrophotometer at λmax of each dye. The concentration can be calculated 

automatically by the instrument through calling of each calibration curve. The data were 

used to calculate the sorption ability ( tq ) of nanochitosan and microchitosan.  

4.4.4 Hydrophobic/hydrophilic ratio of dyes 

Hydrophobic/hydrophilic ratios of dyes were determined using the method similar to that 

of Hadfield and Lemin [354, 355]. In the present study, dye solutions (0.05 g/L) were 

prepared using a pH 5.5 buffer solution (HAc/NaAc), and then equal volume (100 mL) of 

dye solution and n-butanol were thoroughly mixed for 12 h. After separation of the two 

phases for 24 h, the equilibrium concentration of dye in both phases was determined 

using UV-vis spectroscopy, and the hydrophobic/hydrophilic ratio of the dye was 
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calculated from Eq. (4.1): 

buffer aqueousin ion concentrat dye

butanolin ion concentrat dye
ratios licc/hydrophihydrophobi                   (E 4.1) 

4.4.5 Sorption ability 

The sorption ability of dye adsorbed at time t was calculated from: 

m

VCVC
q tt

t


 00                                                     (E 4.2) 

where 
tq = Sorption ability of dye at time t (mmol/g) 

 
0C = Initial concentration of dye solution (mmol/L) 

 
0V = Initial volume of dye solution (0.1 L) 

 
tC = Concentration of dye solution at time t (mmol/L) 

 
tV = Total volume of dye solution at time t (0.11 L) 

 m = Mass of nanochitoan and microchitosan (g) 

When time t = et (time to achieve equilibrium), et qq  , that is,  

m

VCVC
qq ee

et


 00                                            (E 4.3) 

where 
eq = Sorption capacity of dye at equilibrium (mmol/g) 

4.4.6 Desorption efficiency 

Desorption efficiency is calculated by the results of dye concentration in the desorption 

studies ( desC ). The equation is described below: 

%100
C

efficiency Desorption
00

des 




ee

eee

VCVC

VCV
                            (E 4.4) 
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4.5 Results and discussion 

4.5.1 Particle size of chitosan nanoparticles  

The relationship between the particle size and ultrasonic duration is shown in Figure 4.1. 

The results have been discussed in section 3.5.3. The emulsion with ultrasonic duration of 

60 minutes and particles of 300-400 nm was used for sorption study. 
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Figure 4.1 Relationship between particle size and ultrasonic duration 

4.5.2 Morphology of chitosan nanoparticles 

Figure 4.2 shows the SEM images of the nanochitosan particles. These dried particles 

were only one-third of their sizes in the emulsion. The particles in the emulsion could not 

be separated when it was not diluted; we could observe the nanoparticles in the emulsion 

when it was dried by diluting the emulsion 100 times. 

The surface/volume ratio of sphere is calculated as 
r

3
, which r is the radius of the sphere. 

If the nanochitosan in the emulsion is sphere with diameter size of 350 nm, the 
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surface/volume ratio is 1.71107 m-1. As the particle size of microchitosan is about 400 

µm in water when it was swollen (observed by Nikon FX-35DX microscope), the 

surface/volume ratio of microchitosan is 1.5104 m-1. The surface/volume ratio of 

nanoparticles is more than 1000 times bigger than that of the microchitosan. It is believed 

that the large surface area/volume value of nanochitosan leaded to the improvement of its 

sorption ability. 

  

Figure 4.2 SEM images of the nanochitosan particles with ultrasonic duration of 60 minutes  

(left: emulsion without dilution, right: 100 times diluted emulsion) 

4.5.3 Sorption kinetic results 

The sorption ability of nanochitosan and microchitosan at time t, qt, was calculated by 

using equation (E 4.2). The results of sorption of dyes onto nanochitosan and 

microchitosan at time t are shown in Figures 4.3-4.7. 

The kinetic experimental results for Acid Orange 7 onto nanochitosan and microchitosan 

at different temperatures are shown in Figure 4.3. Nanochitosan had higher sorption 

capacities than microchitosan at the same temperature. The sorption ability of 

nanochitosan and microchitosan both increased as the temperature increased. But the 

improvement was not obvious from 30℃ to 70℃. It is because the sorption of dyes onto 

chitosan is an exothermic process. Increasing the temperature can decrease the dye 
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aggregation and thus improve the sorption ability of chitosan, but it can also accelerate 

the desorption equilibrium. The opposite effect happened at the same time and the 

sorption ability of chitosan did not change much from 30℃ to 70℃. 

At 90℃, it was believed inter- and intra- molecular hydrogen bonding between chitosan 

polymer chain were broken down and the potentiality for additional hydrogen bondings 

with the dye molecules occurred [273]. That may be the reason why the sorption ability 

was improved greatly at 90℃.  

The time to achieve the equilibrium for Acid Orange 7 onto nanochitosan was less than 

30 minutes and it took about 1 day for Acid Orange 7 onto microchitosan to achieve the 

equilibrium. The nanochitosan was much more efficient during the sorption process 

comparing with microchitosan. 

The experimental results for Acid Red 1 onto nanochitosan and microchitosan at different 

temperatures are shown in Figure 4.4. Similar to the sorption of Acid Orange 7, the 

nanochitosan had higher sorption capacities than those of the microchitosan at the same 

temperature and time to achieve the equilibrium for the nanochitosan was much shorter 

than that for microchitosan. The sorption ability of nanochitosan and microchitosan both 

increased as the temperature increased and the effect was much more obvious for 

microchitosan. The sorption ability of microchitosan increased as much as 48.84% at 

90℃ when comparing with the temperature at 30℃. The higher temperature could also 

reduce the time to achieve the equilibrium, especially for microchitosan. 
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Figure 4.3 Plots of sorption ability of nanochitosan and microchitosan  

for Acid Orange 7 at different temperatures 
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The sorption ability of nanochitosan and microchitosan for Acid Red 18 are shown in 

Figure 4.5. The nanochitosan had higher sorption capacities; however the difference 

between sorption capacities of nanochitosan and microchitosan was not as much as that 

for Acid Orange 7 and Acid Red 1. That is because the molecular dimensions of Acid 

Red 18 (14.87 Å 13.54 Å 2.24 Å) are relatively small, especially there is one 

dimension which is only 2.24 Å. The molecules of Acid Red 18 could penetrate into 

microsized chitosan to get adsorbed eventually. The time to achieve the equilibrium for 

the nanochitosan was much less than that of microchitosan. 

Figures 4.6 and 4.7 show the plots of sorption ability of nanochitosan and microchitosan 

for Direct Red 84 and Direct Red 80 at temperatures of 30℃, 50℃, 70℃ and 90℃. The 

nanochitosan demonstrated a much higher sorption capacity than that of the 

microchitosan at the same temperature. For Direct Red 84 and Direct Red 80 whose 

molecular sizes are large (24.86 Å 23.19 Å 6.47 Å and 11.50Å×20.88Å×17.0Å), it was 

difficult to penetrate into the microchitosan to get adsorbed, while nanochitosan with 

much higher surface area/volume ratio could easily adsorb the dye molecules. It took less 

than 30 minutes for nanochitosan to achieve equilibrium while microchitosan needed 

more than 2 days. Nanochitosan could greatly increase the sorption capacity of chitosan 

and reduce the equilibrium time especially when the chitosan was used to adsorb dyes 

with large molecular sizes. 

For large dye molecules, as diffusion is an endothermic process, increasing the 

temperature can also reduce dye aggregation and thus improve the sorption capacity. The 

sorption capacity of microchitosan was improved up to 83% when the sorption of Direct 

Red 84 was done at 90℃ comparing with that at 30℃. 
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Figure 4.4 Plots of sorption ability of nanochitosan and microchitosan  

for Acid Red 1 at different temperatures 
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Figure 4.5 Plots of sorption ability of nanochitosan and microchitosan  

for Acid Red 18 at different temperatures 
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Figure 4.6 Plots of sorption ability of nanochitosan and microchitosan  

for Direct Red 84 at different temperatures 
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Figure 4.7 Plots of sorption ability of nanochitosan and microchitosan 

for Direct Red 80 at different temperatures 
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4.5.4 Sorption kinetics study  

Many kinetic models and mechanisms have been proposed [285-286, 355]. In this part, a 

pseudo-first-order kinetic model and a pseudo-second-order kinetic rate equation was 

used to analyze the results.  

4.5.4.1. The pseudo-first-order kinetic model 

For the first order chemical sorption, 

 te
t qqk

dt

dq
 1                                                      (E 4.5) 

where eq  is the sorption capacity (mmol/g) at equilibrium and tq  is the sorption 

capacity (mmol/g) at time t and 1k  is the rate constant of pseudo-first-order sorption 

(1/min). Integrating this for the boundary conditions 0t  to tt  and 0tq  to et qq  , 

gives: 

  t
k

qqq ete 303.2
lglg 1                                             (E 4.6) 

The intercept of the straight line plots of  te qq lg  against t  should equal to eqlg . 

However, if the intercept does not equal to eqlg , then the reaction is not suitable to use a 

first order fitting even the plots has high correlation coefficient with the experiment data. 

In order to check the model, the data obtained form kinetic sorption experiment for each 

dye was calculated. The data of  te qq lg  against t  was plotted. The 

pseudo-first-order kinetics for the sorption of Acid Orange 7 at 30℃ are shown in Figure 

4.8 and the parameters for sorption of different dyes at different temperature onto 

nanochitosan and microchitosan are list in Table 4.2. 
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Table 4.2 Pseudo-first-order rate constants for the anionic dyes  

Dye 

Nanochitosan (CsNano) Microchitosan (CsMicro) 

qe 

/(mmol/g) 
K1 

/[g/(mmol·min)]
R2 

qe 

/(mmol/g)
K1 

/[g/(mmol·min)] 
R2 

Acid Orange 7  

30℃ 4.465 1.326×10-2 0.8781 3.551 1.389×10-2 0.9859 

50℃ 4.415 2.464×10-3 0.2596 3.650 2.644×10-2 0.8981 

70℃ 4.462 2.294×10-2 0.6325 3.645 2.805×10-2 0.8987 

90℃ 4.867 2.733×10-2 0.7515 4.259 2.296×10-2 0.9637 

Acid Red 1 

30℃ 2.068 1.644×10-2 0.6940 1.471 3.961×10-3 0.9750 

50℃ 2.185 1.819×10-2 0.5916 1.544 4.698×10-3 0.9804 

70℃ 2.250 1.453×10-2 0.4856 1.567 4.790×10-3 0.9740 

90℃ 2.405 4.083×10-2 0.9887 2.058 1.409×10-2 0.9407 

Acid Red 18 

30℃ 1.276 1.573×10-2 0.8943 1.217 5.067×10-3 0.9931 

50℃ 1.549 1.048×10-2 0.7042 1.518 4.974×10-3 0.9614 

70℃ 1.794 8.383×10-3 0.6729 1.645 6.633×10-3 0.9029 

90℃ 2.269 5.988×10-3 0.4845 2.223 5.182×10-3 0.9563 

Direct Red 84 

30℃ 2.146 6.264×10-3 0.5337 0.3539 1.948×10-3 0.9575 

50℃ 2.216 8.268×10-3 0.5953 0.6363 6.886×10-3 0.9706 

70℃ 2.315 8.751×10-3 0.5721 0.7158 5.758×10-3 0.9011 

90℃ 2.317 1.170×10-2 0.5631 1.517 3.523×10-3 0.9875 

Direct Red 80 

30℃ 1.034 2.400×10-2 0.7043 0.1449 4.974×10-3 0.9742 

50℃ 1.797 1.639×10-2 0.8451 0.3830 4.951×10-3 0.9205 

70℃ 1.905 1.372×10-2 0.6952 0.6274 1.499×10-2 0.9003 

90℃ 1.946 1.796×10-2 0.8893 0.8158 1.361×10-2 0.9885 
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Figure 4.8 Pseudo-first-order kinetics for the sorption of Acid Orange 7 at 30℃ 

Although some of the sorption of dyes onto the microchitosan could fit the first order, all 

of the sorption of dyes onto nanochitosan could not fit the first order equally at all. It was 

not suitable to use first order kinetic model to fit the sorption here. 

4.5.4.2. The pseudo-second-order kinetic model 

When the rate of sorption is a second order mechanism, the pseudo-second-order 

chemisorption kinetic rate equation can be written as, 

2
2

t )(
q

te qqk
dt

d
                                                (E 4.7) 

where eq  is the sorption capacity (mmol/g) at equilibrium and tq  is the sorption 

capacity (mmol/g) at time t and 2k  is the rate constant of pseudo-second-order sorption 

[g/(mmol·min)]. For the boundary conditions t=0 to t=t and q= tq , the integrated form of 
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equation (E 4.7) becomes: 

tk
qqq ete

2
11


                                                 (E 4.8) 

Equation (E 4.8) can be rearranged to obtain equation (E 4.9) as following, 

ee

t

q

t

qk

t
q




2
2

1                                                   (E 4.9) 

From equation (4.9), the linear form of t/ tq  versus t can be obtained. That is 

t
qqkq

t

eet

11
2

2

                                                (E 4.10) 

If the pseudo second-order kinetics is applicable, the plot of t/ tq  versus t should give a 

linear relationship as shown in the equation (E 4.10). eq  and k can be determined from 

the slope and intercept of the plot respectively. The sorption kinetic study has an 

important guiding function in both theoretical research and industrial applications. 

The relationship of 
tq

t
 versus t for the sorption of Acid Orange 7 at 30℃ is shown in 

Figure 4.9. And the relationship of 
tq

t
 versus t for other dyes was also analyzed. The 

correlation coefficient R2 shows that pseudo-second-order model which is indicative of a 

chemisorption mechanism, fit the experimental data well. This model could be 

successfully applied to describe the kinetics of sorption of nanochitosan and 

microchitosan for the anionic dyes. The calculated 2k  [g/(mmol·min)] and eq  (mmol/g) 

values for each dye are listed in Table 4.3. 
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Figure 4.9 Pseudo-second-order kinetics for the sorption of Acid Orange 7 at 30℃ 

The experimental data and the pseudo-second-order model of each dye are shown in 

Figures 4.10-4.14. This pseudo-second-order model could be successfully applied to 

describe the kinetics of sorption of anionic dyes onto nanochitosan and microchitosan. 

The sorption kinetic study has an important guiding function in both theoretical research 

and industrial applications. 
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Table 4.3 Pseudo-second-order rate constants for the anionic dyes  

Dye 

Nanochitosan (CsNano) Microchitosan (CsMicro) 

qe 

/(mmol/g) 
K2 

/[g/(mmol·min)]
R2 

qe 

/(mmol/g)
K2 

/[g/(mmol·min)] 
R2 

Acid Orange 7  

30℃ 4.474 0.0149 0.9999 3.535 0.0206 0.9999

50℃ 4.431 0.0488 0.9999 3.662 0.0345 0.9998

70℃ 4.408 0.1053 0.9999 3.650 0.0582 0.9997

90℃ 4.868 0.049 0.9999 4.277 0.0127 0.9998

Acid Red 1 

30℃ 2.067 0.0508 0.9999 1.513 0.0022 0.9990

50℃ 2.186 0.0601 0.9999 1.582 0.0019 0.9988

70℃ 2.253 0.0168 0.9999 1.584 0.0038 0.9996

90℃ 2.406 0.1207 0.9999 2.065 0.017 0.9999

Acid Red 18 

30℃ 1.277 0.0522 0.9999 1.235 0.0057 0.9997

50℃ 1.551 0.0389 0.9999 1.538 0.0049 0.9999

70℃ 1.801 0.0115 0.9998 1.661 0.0064 0.9999

90℃ 2.274 0.0172 0.9999 2.262 0.0190 0.9974

Direct Red 84 

30℃ 2.150 0.0384 0.9999 0.357 0.0280 0.9994

50℃ 2.217 0.0648 0.9999 0.642 0.0164 0.9999

70℃ 2.316 0.0667 0.9999 0.728 0.0115 0.9988

90℃ 2.318 0.124 0.9999 1.548 0.0034 0.9998

Direct Red 80 

30℃ 1.035 0.2454 0.9999 0.149 0.0259 0.9978

50℃ 1.797 0.4928 0.9999 0.390 0.0188 0.9997

70℃ 1.908 0.0703 0.9999 0.633 0.0283 0.9999

90℃ 1.949 0.0754 0.9999 0.822 0.0231 0.9999
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Figure 4.10 Pseudo-second-order model for sorption kinetics of Acid Orange 7 onto  

nanochitosan and microchitosan at different temperatures 

 

Figure 4.11 Pseudo-second-order model for sorption kinetics of Acid Red 1 onto  

nanochitosan and microchitosan at different temperatures 
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Figure 4.12 Pseudo-second-order model for sorption kinetics of Acid Red 18  

onto nanochitosan and microchitosan at different temperatures 

 
Figure 4.13 Pseudo-second-order model for sorption kinetics of Direct Red 84  

onto nanochitosan and microchitosan at different temperatures 
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Figure 4.14 Pseudo-second-order model for sorption kinetics of Direct Red 80  

onto nanochitosan and microchitosan at different temperatures 

4.5.5 Sorption isotherms results 

Adsorption isotherms describe how adsorbates interact with adsorbents and so are critical 

in optimizing the use of adsorbents. The equilibrium sorption capacity curves can be 

obtained by measuring the sorption isotherm of the acid dyes onto chitosan. The results of 

sorption of dyes onto nanochitosan and microchitosan at different equilibrium 

concentration and temperature are plotted in Figures 4.15-4.19.  

The Langmuir equilibrium isotherms model and Freundlich equilibrium isotherms model 

were used to analyze the sorption isotherm data. And the correlation coefficient R2 were 

used to compare the applicability of the models. 
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Figure 4.15 Sorption capacities of nanochitosan and microchitosan  

for Acid Orange 7 at different temperatures, pH=5.5 

 
Figure 4.16 Sorption capacities of nanochitosan and microchitosan  

for Acid Red 1 at different temperatures, pH=5.5 
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Figure 4.17 Sorption capacities of nanochitosan and microchitosan  

for Acid Red 18 at different temperatures, pH=5.5 

 
Figure 4.18 Sorption capacities of nanochitosan and microchitosan  

for Direct Red 84 onto at different temperatures, pH=5.5 
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Figure 4.19 Sorption capacities of nanochitosan and microchitosan 

for Direct Red 80 at different temperatures, pH=5.5 

4.5.6 Equilibrium isotherms 

4.5.6.1 Langmuir equilibrium isotherms 

The Langmuir theory is based is based on the assumption of a structurally homogeneous 

adsorbent where all sorption sites are identical and energetically equivalent. The 

Langmuir isotherm has been successfully applied to explain the sorption of dyes onto 

chitosan by many researchers. [232, 244-254, 256, 258-260]. In the previous study, the 

Langmuir equation has been found to provide the best prediction for the adsorption of 

many dyes in the entire concentration range [232, 266]. 

The analogous form of the Langmuir isotherm equation for liquid state sorption can be 

presented as: 
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eL

eL
e Ca

CK
q




1
                                                (E 4.11) 

where eq  is the solid phase adsorbate concentration at equilibrium (mmol/g), eC  is 

the aqueous phase adsorbate concentration at equilibrium (mmol/L), LK  and La  are the 

Langmuir isotherm constants. From equation (E 4.11), the linear form of eC / eq  versus 

eC  can be obtained: 

L

e

Le

e

K

Ca

Kq

C L


1

                                                 (E 4.12) 

where LK / La  gives the theoretical monolayer saturation capacity, 0Q . 

 

Figure 4.20 Langmuir isotherm linear plots (a: Direct Red 80 onto nanochitosan at 30℃  

b: Direct Red 80 onto microchitosan at 30℃) 

The relationship between eC / eq  and eC  for the sorption of Direct Red 80 at 30℃ is 

shown in Figure 4.20. The experimental data and the Langmuir isotherm model of Direct 
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Red 80 onto the nanochitosan and microchitosan at 30℃ are shown in Figure 4.21. The 

model fit the data well and gave the result of so rption capacity. 

 
Figure 4.21 Langmuir isotherm model for Direct Red 80  

onto nanochitosan and microchitosan at 30℃ 

The relationship of eC / eq  versus eC  for the other dyes at different temperatures were 

also analyzed. The isotherm constants, La , LK  and equilibrium monolayer capacities, 

0Q  are presented in Table 4.4. The correlation coefficient R2 shows the applicability of 

the Langmuir isotherm. 
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Table 4.4 Langmuir sorption isotherm constants for the anionic dyes 

Dye  

Nanochitosan (CsNano) Microchitosan (CsMicro) 

LK  

/(L/g) 
La  

/(L/mmol) 
0Q  

/(mmol/g)
R2 LK  

/(L/g)
La  

/(L/mmol) 
0Q  

/(mmol/g) 
R2 

Acid Orange 7 

30℃ 45.93 10.00 4.591 0.9986 33.24 8.987 3.699 0.9631

50℃ 29.61 6.500 4.556 0.9956 10.64 2.600 4.054 0.9687

70℃ 18.06 4.012 4.502 0.9927 36.79 9.819 3.747 0.9977

90℃ 11.92 2.239 5.325 0.9915 20.72 4.584 4.521 0.9988

Acid Red 1 

30℃ 15.59 6.706 2.325 0.9989 2.507 1.566 1.601 0.9492

50℃ 7.848 4.159 1.887 0.9973 2.249 1.369 1.643 0.9606

70℃ 3.808 1.570 2.426 0.9936 2.110 1.273 1.657 0.9984

90℃ 3.579 1.376 2.601 0.9959 2.731 1.216 2.246 0.9999

Acid Red 18 

30℃ 7.994 5.976 1.338 0.9995 7.698 6.292 1.224 0.9999

50℃ 6.727 3.973 1.693 0.9974 5.992 3.611 1.659 0.9942

70℃ 3.725 1.846 2.018 0.9661 5.034 3.025 1.664 0.9926

90℃ 2.806 1.096 2.560 0.9841 2.386 0.937 2.546 0.9905

Direct Red 84 

30℃ 705.3 243.2 2.900 0.9988 4.993 8.146 0.613 0.9992

50℃ 64.98 22.73 2.859 0.9978 3.934 3.665 0.973 0.9979

70℃ 51.81 19.12 2.710 0.9979 2.635 2.055 1.082 0.9759

90℃ 43.14 13.34 3.233 0.9989 2.284 0.912 2.054 0.9938

Direct Red 80 

30℃ 135.1 99.47 1.358 0.9998 3.581 23.47 0.153 0.9999

50℃ 58.14 30.90 1.882 0.9993 3.470 8.876 0.391 0.9846

70℃ 92.76 45.72 2.029 0.9998 3.281 4.796 0.684 0.9874

90℃ 13.21 4.584 2.883 0.9908 2.818 2.212 1.274 0.9978
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4.5.6.2 Freundlich equilibrium isotherms 

The Freundlich isotherm describes reversible adsorption and is not restricted to the 

formation of the monolayer. The Freundlich equation is an empirical equation employed 

to describe heterogeneous systems, in which it is characterized by the heterogeneity 

factor
Fn

1
. The equation can be written as, 

F/n
eFe CKq 1

                                                      (E 4.13) 

The linear form of the equation is:  

F

e
Fe n

C
Kq

ln
lnln                                                  (E 4.14) 

In the equation, KF and nF are the isotherm constants for Freundlich isotherm, which can 

be calculated from the equation (E 4.13). The Freundlich equilibrium isotherms were also 

analyzed in this study and Figure 4.22 shows the Freundlich isotherm model for Direct 

Red 80 onto the nanochitosan and microchitosan at 30℃. 

For some dyes, the Freundlich isotherm could fit the whole concentration fairly (Figure 

4.22). But for some dyes, as shown in Figure 4.23, it was clear that the Freundlich 

isotherm could not be used to fit the whole concentration. It was reported that the 

Freundlich equilibrium isotherms fit the sorption data when concentration was low [232, 

266].  

The Freundlich isotherm was not suitable in the sorption of dyes onto the nanochitosan 

and microchitosan while the Langmuir isotherm provided the best prediction for the 

sorption of the five dyes including acid dyes and direct dyes in the entire concentration 

range. 
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Figure 4.22 Freundlich isotherm model for Direct Red 80  

onto nanochitosan and microchitosan at 30℃ 
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Figure 4.23 Freundlich isotherm data for Acid Red 1 

onto nanochitosan and microchitosan at 30℃ 
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4.5.7 Sorption mechanisms 

The mechanisms of sorption of dyes onto chitosan are mainly based on ionic attraction 

between anionic sulphonate group(s) of dissolved dye molecules and the cationic amino 

groups of protonated chitosan, hydrogen bonding between polysaccharide hydroxyl 

groups and electronegative residues in the dye molecule, Yoshida H-bonding between the 

polysaccharide hydroxyl groups and aromatic residues in the dyes as shown in Figure 

4.24 [273].  

 

Figure 4.24 Dye-chitosan interactions (a) ionic attraction between anionic sulphonate group(s) of 

dissolved dye molecules and the cationic amino groupsof protonated chitosan, (b) dipole-dipole 

hydrogen bonding interactions between chitosan hydroxyl groups and electronegative residues in the 

dye molecule; (c) Yoshida H-bonding between chitosan hydroxyl groups and aromatic residues in dye 

Many researchers have suggested that the mechanism of adsorption of anionic dye 

molecules by chitin and chitosan was mainly based on electrostatic attraction 

between  3NH  of chitosan and  3SO of dyes. The electrostatic forces had a 

significant effect at low pH value. The sorption mainly happened at the specific sites of 

chitosan and dye molecules, so the Langmuir isotherms fit the sorption result. 

Theoretically, 1 g of chitosan with 95% degree of deacetylation contains 5.9 mmol of 
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2NH  groups. If all the 2NH  groups are protonated, 1 g of chitosan can adsorb 5.9 

mmol of  3SO . That means a maximum of 5.9 mmol of mono-sulphonated dye can be 

adsorbed by 1 g of chitosan at low pH value. 

Chemisorption, (electrostatic attraction between  3NH  of chitosan and  3SO of dyes) 

is commonly cited as the main mechanism for the adsorption of anionic dyes in acidic 

conditions [252, 258]. The dipole-dipole hydrogen bonding interactions between the 

hydroxyl groups of chitosan and electronegative residues in the dye molecule and 

Yoshida H-bonding between the hydroxyl groups of chitosan and the aromatic residues in 

the dye mainly took effect at high pH values. In order to allow hydrogen bondings with 

the dye molecules (Figure 4.24b), high temperatures were required to break down inter- 

and intra- molecular hydrogen bonding between chitosan polymer chains [357]. Therefore, 

there was potential for additional hydrogen bonding with the dye molecules to remove 

them from solutions when the temperature increased. That might contribute to the fact 

that the sorption ability was improved along with the increase of temperature. Other 

researchers [271] have observed that the Freundlich (no specific sites, possibility of 

formation of multi-molecular layers) isotherm would fit at high pH values for the sorption 

of dyes onto chitosan.  

Hence, it was likely that adsorption of anionic dyes onto chitosan occurred through a 

combination of electrostatic forces, van der Waals interactions, and hydrogen bonding, 

with the electrostatic forces having a significant effect at low pH.  

In our study, the sorption ability of the acid dyes with small molecules generally related 

to the sulphonate groups which solubilize the dye in water and provide the hydrophilic 
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property of the dye. But for the direct dyes whose molecular sizes were big, the other 

groups including the conjugated aromatic core also contributed a lot to the sorption. 

4.5.8 Factors affecting sorption 

4.5.8.1 Effect of sorbent particle size 

The experimental results for Orange 7 onto the nanochitosan and microchitosan are 

shown in Figure 4.15. The nanochitosan had higher sorption capacities than those of the 

microchitosan and the difference was the largest 0.9 mmol/g at 30℃. Comparing with 

microsized adsorbent, the solid-liquid interfacial area of nanosized adsorbent is much 

larger. If the nanochitosan was spherical with a diameter size of 350 nm, the 

surface/volume ratio is 1.71107 m-1. As the particle size of microchitosan is 400 µm, the 

surface/volume ratio of microchitosan is 1.5104 m-1. It was believed that the large 

surface area/volume value of the nanochitosan was the main reason that explains why 

adsorption capacity of nanochitosan is bigger than that of microchitosan. The sorption of 

Acid Red 1 and Acid Red 18 also showed similar results; however the difference between 

sorption capacities of Acid Red 18 onto the nanochitosan and the microchitosan was not 

as much as that of Acid Orange 7 and Acid Red 1 (Figure 4.17). At each temperature, the 

adsorption capacity of Acid Red 18 onto the nanochitosan and microchitosan was very 

closed. This may attribute to the smaller Acid Red 18 molecules. The molecules of Acid 

Red 18 could penetrate into microsized chitosan to get adsorbed eventually.  

Figure 4.18 shows the plots of the sorption capacity of the nanochitosan and the 

microchitosan for Direct Red 84 at different temperatures. The nanochitosan 

demonstrated a much higher sorption capacity than that of the microchitosan at the same 

temperature. Dyes with a larger molecule size were more difficult to penetrate into the 
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microchitosan to get adsorbed, while the nanochitosan with much higher surface 

area/volume ratio could easily adsorb the dye molecules. The sorption of Direct Red 80 

onto the nanochitosan and the microchitosan showed similar results (Figure 4.19). 

The results demonstrated that comparing with the sorption capacity of the microchitosan, 

the sorption capacity of nanochitosan increased as much as 5 times for the dyes with large 

molecular sizes at the same temperature. The nanochitosan is more effective for the 

sorption of commercial dyes with large molecular sizes comparing with the microsized 

chitosan. 

4.5.8.2 Effect of sorbates molecules 

4.5.8.2.1 Dimensions of dye molecules 

The dimensions of the dye molecules were estimated by using ChemBioOffice (2008) and 

shown in Figure 4.25. As the direct dyes with big molecular size could not penetrate into 

the compact structure of the chitosan molecules, the sorption capacities of microchitosan 

for Direct Red 84 and Direct Red 80 were very low at lower temperatures. 

4.5.8.2.2 Hydrophobic/hydrophilic ratio of dyes 

The hydrophobic/hydrophilic ratios of each dye were calculated according to equation (E 

4.1) and listed in Table 4.5 below. 

The hydrophobic/hydrophilic ratios of the dyes are presented with the bigger value first as 

following: AO7>DR 84>AR 1>DR 80>AR 18. The comparation of sorption capacities of 

nanochitosan for different dyes was also in the same order (Figure 4.26). Generally, the 

sorption capacity of nanochitosan increased as the hydrophobic/hydrophilic ratio 

increased. 
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Acid Orange 7                                   Acid Red 1 

    

Acid Red 18                                 Direct Red 84 

 

Direct Red 80 

Figure 4.25 The dimensions of Acid Orange 7, Acid Red 1, Acid Red 18,  

Direct Red 84, Direct Red 80 
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Table 4.5 Hydrophobic/hydrophilic ratio of AO 7, AR1, AR 18, DR 84, and DR 80 

Dye AO 7 AR 1 AR 18 DR 84 DR 80 

Hpho./Hphi. 12.69 3.745×10-2 3.184×10-3 7.260×10-2 7.204×10-3 

 

Figure 4.26 Sorption capacities of nanochitosan for Acid Orange 7 （AO 7）, Acid Red 1 (AR 1), 

Acid Red 18 (AR 18), Direct Red 84 (DR 84) and Direct Red 80 (DR 80) at 30℃, pH=5.5 

4.5.8.3 Effect of temperature 

The effect of temperature on the adsorption of Acid Orange 7, Acid Red 1, Acid Red 18, 

Direct Red 84 and Direct Red 80, are shown in Figures 4.15 to 4.19 respectively. The 

effect of temperature on different dyes was not quite the same. 

For Acid Orange 7, the sorption capacity of the nanochitosan slightly decreased when the 

temperature increased from 30℃ to 70℃. On the other hand, the sorption capacity of 

microchitosan increased when the temperature increased from 30℃ to 50℃,but the 

sorption capacity of microchitosan decreased after 50℃ before 90℃. Both the sorption 
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capacities of nanochitosan and microchitosan reached the peak at 90℃.  

For Acid Red 1, the sorption capacity of the nanochitosan decreased when the 

temperature increased from 30℃ to 50℃, but increased from 70℃ and reached the 

highest at 90℃. The sorption capacity of the microchitosan for Acid Red 1 increased 

slightly from 30℃ to 50℃, and reached the highest at 90℃. 

For Acid Red 18, the sorption capacities of nanochitosan and microchitosan both 

increased from 30℃ to 70℃, and reached the highest at 90℃. 

For Direct Red 84, the sorption capacity of the nanochitosan decreased when the 

temperature increased from 30℃ to 50℃, but the sorption capacity increased at 70℃ 

and reached the highest at 90℃ while the sorption capacity of microchitosan for Direct 

Red 84 increased slightly from 30℃ to 70℃, and greatly increased at 90℃. 

For Direct Red 80, the sorption capacities of the nanochitosan and the microchitosan 

increased when the temperature was increased from 30℃ to 90℃. 

In summary, the sorption capacities of the nanochitosan and the microchitosan for the 

acid dyes did not change much from 30℃ to 70℃, but greatly increased at 90℃. The 

sorption capacity of the nanochitosan for the direct dyes increased or slightly decreased 

from 30℃ to 70℃, and greatly increased at temperature 90℃. The sorption capacities of 

the microchitosan for the direct dyes increased from 30℃ to 70℃, and greatly increased 

at temperature 90℃. 

The sorption process is affected by the following factors: aggregation and diffusion of the 

dye molecules, the swelling of chitosan and sorption reaction. All the three factors are 
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affected by temperatures. By increasing the temperature, the aggregation of the dye 

molecules decreases and the swelling of chitosan increases. The two factors will increase 

the sorption capacity. Meanwhile, as the sorption equilibrium is an exothermic process, 

the sorption capacity will be lowered by increasing the temperature due to the increase of 

desorption [359]. 

For dyes which sorption and desorption are the leading effect in sorption process, the 

desorption process is accelerated and sorption capacity will be lower, when the 

temperature increases. Meanwhile, for some dyes which aggregation needs much energy 

and the aggregation is a leading problem, the sorption capacity will increase when the 

temperature increases. 

Comparing the sorption capacities of the nanochitosan for Direct Red 80 at different 

temperatures (Figure 4.19), the increase in the temperature could reduce the dye 

aggregation and improve the sorption capacity, as diffusion is an endothermic process. 

The sorption capacity of nanochitosan for Direct Red 80 was improved up to 38.6% when 

the sorption was done at 50℃ comparing with 30℃. For the sorption of Direct Red 84, 

the sorption capacity of the nanochitosan was not improved by increasing the temperature, 

but lowered from 30℃ to 70℃. It was because the aggregation of Direct Red 84 was not 

as strong as that of Direct Red 80. By increasing the temperature, the desorption 

equilibrium increased which led to the decrease of sorption capacity of the nanochitosan 

for Direct Red 84. 

It was observed in the results, the sorption capacities increased at 90℃. This may 

attribute to the breaking down of inter- and intra- molecular hydrogen bondings between 

the chitosan polymer chains to allow hydrogen bondings with dye molecules for affinity, 

adsorption, and diffusion at high temperature. Therefore the sorption capacities increased 
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greatly at 90℃ [273].  

For the sorption of the dyes onto nanochitosan and microchitosan which desorption is 

prominent in the sorption process including most of the acid dyes with smaller molecules, 

we could use a low temperature to increase the sorption capacity and save energy. For the 

sorption of dyes onto microchitosan which diffusion is prominent in the sorption process 

including many commercial dyes with bigger molecules, a higher temperature should be 

chosen to increase the sorption capacities and reduce pollution. 

4.5.9 Thermodynamic parameters 

The plots of the specific adsorption (1/qe) against the equilibrium concentration (1/Ce) for 

the dye adsorption onto chitosan at different temperatures were found to be linear over the 

studied concentration range and the linear correlation coefficient (R2) had a high value as 

shown in Table 4.4. The correlation coefficient values indicated that the dye and chitosan 

sorption data satisfactorily followed the Langmuir sorption model. The changes in the 

enthalpy ( H ) and entropy ( S ) of the sorption processes were determined from the 

data obtained at different temperatures using the following equations [246, 360]; 

R

S

RT

H
K





ln                                                (E 4.15) 

where K  is the adsorption equilibrium constant obtained from the Langmuir 

isotherms, H is the change of enthalpy in the sorption and S  is the change of 

entropy in the sorption processes. R  is the universal gas constant 8.314 J/mol, and T  is 

the absolute temperature.  

H and S  were calculated from the slope and intercept of the van’t Hoff plots of 

kln  versus T1 . The values of the enthalpy and entropy changes of each dye onto the 
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nanochitosan and the microchitosan are listed in Table 4.6. G can be calculated then by 

using equation (E 4.16) as following: 

KRTG ln                                                   (E 4.16) 

Table 4.6 Thermodynamic parameters of sorption onto microchitosan and nanochitosan 

Dye 
Dye onto microchitosan Dye onto nanochitosan 

H /(kJ/mol) S /[J/(mol·K)] R2 H /(kJ/mol) S /[J/(mol·K)] R2 

Acid Orange 7 -1.160 22.49 0.8885 -20.55 -35.72 0.9951

Acid Red 1 -1.811 12.88 0.8944 -22.598 -52.51 0.9988

Acid Red 18 -15.574 -33.69 0.8797 -15.98 -34.92 0.9426

Direct Red 84 -12.581 -28.03 0.9760 -40.51 -83.86 0.9992

Direct Red 80 -34.69 -0.6062 0.8501 -41.37 -88.55 0.9779

The negative values of G  and H indicate that the adsorption of dye onto chitosan is 

a spontaneous and an exothermic process. All the dyes have an essentially flat thin 

conjugated aromatic core, with sulphonate groups on the periphery. The sulphonates are 

necessary to solubilize the dye in water and the aromatic core provides the color. When 

the dye molecules approach the chitosan molecules, these sulphonate groups have strong 

electrostatic interactions with the amino groups in chitosan and also the aromatic core 

binds with chitosan main chain through van der Waals forces. So the sorption of dyes 

onto chitosan is very strong.  

For the nanochitosan, the sorption of all five dyes are driven by enthalpy which can be 

concluded from the big value of H . But for the microchitosan, chitosan is not soluble 

until a very low pH value is reached and it took a long time for microchitosan to swell to 

extend its surface area. Therefore, the dye molecules could not approach the chitosan 

molecules very soon especially for the chitosan molecules inside the microsized particles. 

For the sorption of dyes with less sulphonate groups including Acid Orange 7 and Acid 
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Red 1 onto microchitosan, the binding enthalpy was small and the sorption process was 

driven by entropy. 

4.5.10  Desorption and regeneration studies 

Higher desorption efficiency is more favorable for the regeneration as more dyes can be 

taken out from the adsorbent indicating a higher possibility for the reuse of both the 

adsorbate and the adsorbent, reducing the overall costs of the dye removal system. It has 

been shown that the alkaline medium was effective in the desorption process [31]. 

Originally, the electrostatic interactions between chitosan and dye molecules was 

favorable by the protonation of amino groups under acidic conditions. However, the 

positively charged amino groups were deprotonated under alkaline conditions by the 

addition of sodium hydroxide, thus the electrostatic interactions between chitosan and dye 

molecules became much weaker. 

Table 4.7 Desorption efficiency of microchitosan and nanochitosan 

Dye 
Dye desorption from microchitosan Dye desorption from nanochitosan 

pH=8 pH=10 pH=12 pH=8 pH=10 pH=12 

Acid Orange 7 10.24% 70.52% 6.19% 15.34% 75.19% 20.68% 

Acid Red 1 30.45% 82.48% 47.52% 25.61% 85.53% 19.88% 

Acid Red 18 23.84% 85.16% 28.75% 12.64% 83.16% 35.48% 

Direct Red 84 14.24% 80.43% 7.64% 17.58% 86.47% 8.92% 

Direct Red 80 16.45% 81.06% 8.96% 18.46% 87.51% 6.84% 

To evaluate the desorption efficiency, dye solutions with an initial concentration of 2 

mmol/L were used. The dye concentration of the solution at equilibrium after the 

desorption studies could be used to calculate the desorption efficiency. The results were 

summarized in Table 4.7. The desorption efficiency was higher at pH 10, ranging from 

70%-88%. The recycling chitosan and dyes could be used repeatedly which makes the 
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sorption process environmentally friendly. 

Similar findings has been reported, the desorption efficiency was higher at pH 10 than at 

pH 8 and pH 12. Chen et al. [275] showed that the desorption efficiency was 78.2% for 

Remazol Black 5 under the condition of 30℃ and pH 10 and the desorption efficiency 

for Remazol Black 5 under the condition of 30℃ and pH 12 was about 58%. These 

findings were consistent with the results found in the desorption efficiency of our 

experiments. 

4.6 Conclusions 

The nanochitosan emulsions with particle sizes of 300 nm~400 nm were prepared by 

using a novel sonolysis method. The capacities of nanochitosans as an adsorbent for the 

removal of 5 anionic dyes including Acid Orange 7, Acid Red 1, Acid Red 18, Direct Red 

80 and Direct Red 84 from aqueous solutions were studied. Similar experiments were 

done with microchitosan (180 µm~250 µm). It was found that the nanochitosan had 

higher capacities than those of the microchitosan, especially for the dyes with large 

molecular size. The results demonstrated that comparing with the sorption capacity of 

microchitosan, the sorption capacity of nanochitosan increased as much as 8 times for the 

dyes with large molecular sizes.  

Sorption capacities of dyes onto nanochitosan and microchitosan at different temperatures 

were investigated. It was found that the adsorption capacities of microchitosan increased 

with increasing temperature for direct dyes with big molecular sizes. The sorption 

kinetics of dyes onto nanochitosan and microchitosan fits the pseudo-second-order model. 

The Langmuir equilibrium isotherms were suitable to analyze the equilibrium data. The 

sorption capacities of nanochitosan were 4.591 mmol/g for Acid Orange 7, 2.325 mmol/g 
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for Acid Red 1, 1.338 mmol/g for Acid Red 18, 2.900 mmol/g for Direct Red 84, and 

1.358 mmol/g for Direct Red 80 at 30℃.  

H of the sorption process was obtained from the van’ t Hoff equation. The negative 

value of H  suggested that the adsorption phenomenon was an exothermic reaction. 

The sorption studies provide both theoretical and practical values to the research area and 

also support the dyeing studies in the next chapter. 
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Chapter 5 Application of Nanochitosan Emulsion on Dyeing: 

Dyeability Enhancement of nylon Using Nanochitosan 

Emulsion 

5.1 Research background 

High color depths are difficult to be achieved in the dyeing of nylon with acid dyes due to 

the limited terminal amino groups on nylon, which act as the dyesites. Nowadays, surface 

modification of textile fibers is regarded as the best route to achieve desired surface 

properties. It modifies the fiber surface only for the beneficial effects. This minimizes the 

whole fiber attack and deterioration in fiber qualities. Hence a surface modification on 

nylon is a viable method to improve the dyeability of nylon. 

Chitosan is a good candidate for textile finishing due to its low toxicity and good 

biodegradability. It exhibits basic rather than acidic characteristics, which differs from the 

other polysaccharides. The positive charge of chitosan makes it attractive for many 

applications in the textile industry. Many studies reported that chitosan could improve the 

dyeability of textiles [39, 296-327]. This may attribute to the enhanced electrostatic 

interactions between the protonated amino groups in chitosan and the anionic dyes. 

Compared with the commercial synthetic polymers and resins derived from 

petroleum-based raw materials, which are used for surface modifications of fibers, 

chitosan is relatively inexpensive, nontoxic and more environmentally friendly because it 

is a modified natural polymer which has good biocompatibility and biodegradability.  

Many studies have investigated the enhancement of dyeability of wool and silk by 
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chitosan [307-308, 318-319], but the interrelation between nylon and chitosan was rarely 

explored. Due to the low saturation point in nylon fabrics, the increase in the number of 

amino group dyesites is of great importance in dyeing darker shades.  

We aimed to study the enhancement in dyeability of nylon 6 fabrics after the treatment 

with the nanochitosan emulsion. First, the nanochitosan emulsion was prepared following 

the procedure in Section 3.3. And then, it was applied on the nylon fabrics through a 

pad-dry-cure method.  

The surface of nylon after nanochitosan treatment was studied by SEM. The 

nanochitosan-treated and control fabrics were then dyed with eight anionic dyes to study 

the enhancement of dyeability after the treatment with nanochitosan emulsion. Three 

commercial dyes without knowing of chemical structures were Telon Red M-BL, Telon 

Yellow M-4GL and Telon Blue M-RLW. The other five dyes were Acid Orange 7, Acid 

Red 1, Acid Red 18, Sirius Brown 3RL (Direct Red 84) and Sirius Red F3B (Direct Red 

80), and their chemical structures were known. The exhaustive data of dyeing were 

measured for both chitosan-treated and control fabrics. They helped to determine the 

initial, equilibrium and final exhaustion of dyeing process. Also, the time of half dyeing 

was derived. 

Color evaluations of dyed fabrics were carried out by the subjective visual assessment 

under D 65  and objective measurements using a spectrophotometer. CIE L*a*b* were 

used to evaluate the color of dyed fabrics and comparisons were done between 

chitosan-treated and control fabrics. K/S values are used to evaluate the color depths of 

the fabrics. The color fastness to water (ISO 105 E01:1996) and color fastness to washing 

(ISO 105 C01:1989) of the fabrics were evaluated for the durability of the treatment 
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5.2 Materials and instruments 

5.2.1 Fabric 

A nylon 6 warp knitted fabric was bought from the Tianlong fabric store in Sham Shui Po. 

The fabric weight was 128.44 g/m2. The nylon fabric was washed with Sandopan DTC to 

remove any dirts or chemicals left on the fabric. Fiber identification tests were carried out 

on the washed fabric to ensure that it was nylon 6 through IR spectroscopy and melting 

point determination.  

5.2.2 Dyestuffs 

Acid Orange 7, Acid Red 1 and Acid Red 18 were purchased from Sigma-Aldrich Co. Ltd. 

Sirius Brown 3RL (Direct Red 84), Sirius Red F3B (Direct Red 80), Telon Red M-BL, 

Telon Yellow M-4GL and Telon Blue M-RLW were gifts from DyStar company. The 

chemical structures and molecular weights of the five dyes, namely Acid Orange 7, Acid 

Red 1, Acid Red 18, Sirius Brown 3RL and Sirius Red F3B, are listed Table 4.1. The 

other three dyes, Telon Red M-BL, Telon Yellow M-4GL and Telon Blue M-RLW which 

were commercial dyes do not have their structures published. 

5.2.3 Chemicals 

Phenol (99.5%), Thymol blue indicator (98+%), Triton X-100 (wetting agent) were 

purchased from Acros Company. Sera Gal N-FS (anionic levelling agent) was a gift from 

DyStar. Other chemicals were purchased from Aldrich Co. Ltd. and used as received. The 

deionized water used in experiment was obtained using a TKA GmbH water purification 

system. 
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5.3 Experimental and characterization 

5.3.1 Cleaning of nylon fabric 

Non-ionic detergent (1 g/L) was added to the winch machine and the liquor to goods ratio 

was 50:1. After adding the detergent and the corresponding amount of water, the weighed 

nylon fabric was washed at 60℃ for 20 minutes with stirring. Then, it was rinsed in 

running cold water for 5 minutes and the process was repeated 5 times. The fabric was 

then hydro-extracted for 15 minutes and hanged to dry at room temperature. After drying, 

the fabric was then cut into 2-gram of fabric samples with a dimensions of 4.5 inches×4.5 

inches. 

5.3.2 Preparation and characterization of chitosan-treated nylon fabric 

samples 

5.3.2.1 Preparation of nanochitosan emulsion 

Typically, 1.5 g of chitosan was dissolved in 250 mL of acetic acid solution [0.45% (w/w)] 

under magnetic stirring. 50 mL of NaOH solution (0.3 M) was then added dropwise into 

the chitosan solution to precipitate the chitosan. The pH value of the mixture was about 

6.2. A Vibra-Cell™ Ultrasonic Processor VCX 750 was used to treat the mixture for 60 

minutes. Finally, stable emulsions were obtained. The concentration of nanochitosan 

emulsion obtained was 0.5% (w/w). The pH value of the nanochitosan emulsion was 6.5. 

5.3.2.2 Pad-dry-cure of chitosan on fabric samples 

Before soaking the nylon fabric sample to the chitosan emulsion, 4 drops of wetting agent 

were added to the emulsion with stirring. The fabric was then dipped into the emulsion 
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for 30 seconds before padding. In this study, the wet pick-up of the nylon fabric was 62%. 

After padding, the fabric was put into an oven at 105℃ for 5 minutes. The process was 

repeated for 3 times and then followed by curing at 150℃ for 5 minutes. 

5.3.2.3 FT-IR spectroscopy 

Infrared spectrometry method was used to analyze the nylon fabric and chitosan-treated 

nylon fabric. A PerkinElmer 100 FT-IR spectrometer with a PerkinElmer flat plate (01331) 

was used. 

5.3.2.4 Scanning electron microscopy (SEM) 

Scanning electron microscopy was used to study the difference in structure of 

chitosan-treated and nylon control fabrics with the use of a JOEM JSM 6335F. The 

change in fabric thickness between chitosan-treated and control fabric was determined. 

5.3.2.5 Measurement of the coefficient of friction 

 

Figure 5.1 Measuring frictional properties and geometrical surface roughness [361] 

The geometrical surface roughness and frictional properties were measured by a surface 

tester. After mounting the specimen to the surface tester, the surface and roughness 

sensors were automatically set in position to start the measurement. After one 
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measurement was completed, the sensor moved to measure a different position of the 

specimen. Two different positions of the specimen were measured. Geometrical surface 

roughness was characterized by standard deviation of the coefficient of friction as shown 

in Figure 5.1. 

5.3.2.6 Amine group analysis of nylon fabric  

The amine end group analysis of nylon fabric [362] which helped to evaluate the 

dyeability of nylon fabrics was conducted. Three 1.5-2.0 grams of nylon fabric samples 

were cut into very fine powders with dimensions smaller than 1 mm and their dry weights 

were accurately weighed on a heating balance. After that, 19 mL of methanol and 35 g of 

phenol crystal were added to a round bottle flask and stirred with a magnetic stirrer. After 

dissolving all the phenol crystal into methanol, the fiber sample was added to the flask as 

the flask was heated under reflux with Liebig condenser to cool down the temperature. 

The mixture was stirred for around 6 hours to ensure that the nylon sample was dissolved 

in methanol and phenol and the solution in the flask turned transparent. 0.4 mL of 1% 

Thymol blue indicator was added to the solution and it was then titrated against 

standardized 0.05 mol/L HCl. The end point of the titration was reached when the 

solution turned pink. 

5.3.3 Dyeing of fabric 

5.3.3.1 Recipe of dyeing 

The recipes for the dyes in three depths are summarized in Tables 5.1. Typically, different 

volumes of the dye solution were used for different depths. An anionic levelling agent 

was added to facilitate levelling of dyeing by blocking some cationic dyesites in the initial 

stage of dyeing and the leveling agent were then gradually replaced by the anionic dyes in 
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the later stage of dyeing. The solution of sodium acetate and acetic acid were used as a 

buffer solution at pH=5.5 (1.5 g of CH3COONa and 2 mL of 10% CH3COOH in 1 L of 

distilled water). The pH values of the dye-baths were kept at pH 5.5(±0.1) by adding 1% 

acetic acid or 0.3 mol/L sodium hydroxide solutions. The fabrics were dyed at a liquor to 

goods ratio of 50:1. 

Table 5.1 Dyeing recipes for Acid Orange 7 (AO 7), Acid Red 1 (AR 1), Acid Red 18 (AR 18), Sirius 

Brown 3RL (SB 3RL), Sirius Red F3B (SR F3B), Telon Red M-BL (TR), Telon Yellow M-4GL (TY) 

and Telon Blue M-RLW (TB) at different depths 

Reagent 
Depths 

Depth 1 Depth 2 Depth 3 

Dye solution : 
(AO 7: 3 mmol/L; 
AR 1, SB 3RL: 2 mmol/L;  
AR 18, SR F3B: 1 mmol/L;  
TR, TY and TB: 2000 ppm) 

20 mL 40 mL 80 mL 

Anionic levelling agent (1%) 10 mL 10 mL 10 mL 

pH=5.5 buffer solution 70 mL 50 mL 10 mL 

Total volume 100 mL 100 mL 100 mL 

For Acid Orange 7, Acid Red 1, and Acid Red 18, Sirius Brown 3RL and Sirius Red F3B, 

the depths chosen were based on the amount of amino groups (i.e. saturation point) in the 

nylon fabrics. For other dyes which are commercial dyes, 2%, 4% and 8% depths were 

used because the commercial dyes are generally have lower purities. 

5.3.3.2 Dyeing profile 

The nylon fabrics which were either the nanochitosan-treated or the control fabrics were 

added to the dye bath. The first pH measurement was carried out before putting the nylon 

fabric to the dye bath to ensure that the pH is 5.5 (±0.1) while the second pH 

measurement was carried out right after the addition of the fabric. The pH adjustment was 



Chapter 5 Application of Nanochitosan Emulsion on Dyeing 

 148

made by using 1% acetic acid or 0.3 M sodium hydroxide solution. The dye bath was 

shaken in the water bath for 10 minutes at 30℃. A third pH measurement and adjustment 

were carried out to make sure the pH was still maintained at pH 5.5 (±0.1) before rising 

the dyeing temperature. The dye bath temperature was then rose steadily with an 

increment of 1.2℃ per minute. And after around 45 minutes, the temperature in the dye 

bath was 80℃. The dye bath was then kept at 80℃ for 30 minutes. At the end of the 

dyeing, a final pH measurement was conducted. 

The dyed fabric was then rinsed in hot tap water for 5 minutes and cold tap water for 2 

minutes. After being rinsed, the dyed fabric was dried in an oven at 75℃ for 30 minutes. 

The dyeing profile is shown in Figure 5.2. 

 

Figure 5.2 Dyeing profile for nylon dyeing 

5.3.4 Study of the dyeing exhaustion rate 

5.3.4.1 Concentration measurement and calibration 

The calibration curve of each dye was prepared so that the dye concentration data could 

be obtained by referring to the calibration curve. For each dye, 7 different concentrations 

Acid dye solution+ Anionic levelling agent (pH=5.5) 

nylon  
fabric 

2ndpH 
measurement 

3rd pH measurement & adjustment 

30  for ℃
10 mins 

30-80 , 1.2 /min℃ ℃  

Final pH  
measurement 

1st pH measurement 

80  for 30 mins℃  
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were prepared and their absorbance values were measured by using a Perkin-Elmer 

UV-vis Spectrophotometer Lambda 18. The maximum absorbance (λmax) of each dye was 

used in determining the absorbance of the dye at different concentrations as λmax values of 

the dye solutions provided the greatest sensitivity. A linear graph of absorbance versus 

concentration was obtained by plotting the absorbance against the corresponding 

concentration. The concentration of the dye bath was derived by referring to the 

calibration curve automatically by the spectrophotometer. 

5.3.4.2 Evaluation of exhaustion  

The absorption rate and final exhaustions of the chitosan-treated and untreated fabric 

were determined by checking the concentrations of the dye liquor at specific intervals 

during the dyeing process as shown in Figure 5.3 and Table 5.2. Typically, 0.5 mL of 

dyeing liquor was aliquoted from the dye bath with the use of an auto-pipette. It was then 

diluted to the concentration within the analytical range of A=0-1. The absorbance of these 

samples was measured by a Perkin-Elmer UV-vis Spectrophotometer Lambda 18. 

The dye concentrations in the dye bath at different time slots were measured. And from 

the dye concentration, the amount of dye that absorbed by the fabric can be calculated by 

the following equation: 

%100
0

0 



C

CC
E t                                                  (E 5.1) 

where E = Exhaustion percentage  

 
0C = Initial concentration of dye solution (mmol/L) 

 
tC = Concentration of dye solution at time t (mmol/L) 
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Figure 5.3 Extraction of dye liquor from dye bath 

Table 5.2 Detailed information on extraction of dye liquor from dye-bath 

Dye bath sample 1 2 3 4 5 6 7 8 9 10 11 

Experiment time/min 5 10 15 20 25 30 35 45 55 70 85 

Time of dyeing after 
raising temp./min 

- 0 5 10 15 20 25 35 45 60 75 

Temperature /℃ 30 30 36 42 48 54 60 70 80 80 80 

 

5.3.5 Evaluation of un-dyed fabrics  

5.3.5.1 CIE Whiteness index 

The effect of curing on the whiteness of the fabric was determined using the CIE 

whiteness index. Whiteness index is defined by Equation (E 5.2) as following: 

W=Y+800(xn-x) +1700(yn-y)                                           (E 5.2) 

In the formula, Y is the Y tristimulus values of the sample, x and y are its chromaticity 

Acid  
dye bath 

nylon fabric 
3rd pH measurement & adjustment 

30  for ℃
10 min 

30-80  in 45 mins (1.2 /min) ℃ ℃  

80  for 30 ℃ min 

Final pH 
measurement 

1stpH 

measurement 

& adjustment 

1 
2 

3 
4 

5 
6 

7 

8 

10 
2nd pH measurement & adjustment 

9 11 
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coordinates, and xn and yn are the chromaticity coordinates of the standard illuminant 

depending on the illuminant and standard observe. Under illuminant D65, standard 

observer 10°, xn =0.3138, yn=0.3310. A higher value of W means a higher degree of 

whiteness.  

A Macbeth color-eye 7000A spectrometer was used in the measurement. 

5.3.5.2 Yellowness index (ASTM E 313) 

The yellowness index was also used to conjunct with the whiteness index in the 

determination of the effect of curing on the fabric. The yellowness index was defined as 

following: 

YI = 100(CxX- CzZ)/Y                                                (E 5.3) 

where X, Y, and Z were the CIE Tristimulus values and the coefficients (Cx and Cz) 

depending on the standard illuminants and observers. Under illuminant D65, standard 

observer 10°, Cx=1.3013 and Cz=1.1498.  

A Macbeth color-eye 7000A spectrometer was also used in the measurement 

5.3.6 Evaluation of dyed fabrics 

5.3.6.1 Visual assessment under daylight D
65

 

All of the dyed fabrics were cut into a size of 4.5 cm× 4.5 cm and mounted on the white 

board. The chitosan-treated samples and the control samples were observed under 

standard illuminant D65. The viewing geometry was 45° as shown in Figure 5.4. The 

color differences were assessed with a pair of grey scales. 
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Figure 5.4 Viewing geometry in color visual assessment 

5.3.6.2 CIE L*a*b*  

The CIE LAB system was recommended by the CIE in 1976 and it is a very popular 

system for color and color difference specification. There are three parameters, namely, 

L*, a* and b*. L* give a measure of the lightness of color and its values range from 0 to 

100 with 0 representing perfect black and 100 representing prefect white. a* give a 

measure of the red-green character of the color. Positive values of a* represent red shades 

while negative values represent green shades. The values of b* are responsible for giving 

yellow-blue character with positive values for yellow shades and negative values for blue 

shades. With the use of a spectrophotometer, the L*, a* and b* values of fabric samples 

are derived. As a result, the color difference between the chitosan-treated and control 

fabric samples can be represented by ΔL*, Δa* and Δb* while the total color difference 

(ΔEab ) between chitosan-treated and control samples were calculated based on ΔL*, Δa* 

and Δb* as following:  

ΔEab= [(ΔL*)2+(Δa*)2+(Δb*)2]1/2                                        (E 5.4) 

Chroma (C*) and hue (h) are calculated as the following. ΔC* and Δh represent the 

chroma and hue difference between two samples.  

C*= [(a*)2+(b*)2]1/2                                                  (E 5.5) 

h= arctan(b*/a*)                                                     (E 5.6)  

45°

Fabric sample 

D
65 standard illuminant 

Eyes
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5.3.6.3 K/S value of the dyed fabrics 

The K/S value is used to evaluate the dye uptake of the fabrics as it indicate the actual 

amount of dyestuffs in the fabric samples. Therefore, by comparing the K/S values of 

chitosan-treated and control fabrics, the difference in the amounts of dyes between the 

fabrics were known. The equation is shown below: 

K/S = (1-R)2/(2R)                                                    (E 5.7) 

where K is the coefficient of absorption, S is the coefficient of scatter and R is the 

reflectance of the sample at a given wavelength.  

5.3.6.4 Colorfastness test 

5.3.6.4.1 Colorfastness to water (ISO 105-E01:1996) 

The dyed fabric with a size of 40 mm×100 mm was in contact with a multi-fiber fabric by 

stitching one of the shorter sides together and the fabric composite was immersed in water, 

drained and placed between two acrylic-resin plates under a specific pressure of 12.5 kPa 

in a persperiometer. The persperiometer was then put into an oven at 37±2℃ for 4 hours. 

The specimen was then dried by hanging in air at a temperature not exceeding 60℃. After 

drying, the color change of the specimen was assessed by the grey scales for assessing 

color change while the staining of the multi-fiber fabric was assessed by grey scales. 

5.3.6.4.2 Colorfastness to washing (ISO 105-C01:1989) 

The dyed fabric with a size of 40 mm×100 mm was in contact with a multi-fiber fabric by 

stitching one of the shorter sides together and treated with a soap solution at 40℃±2℃ 

for 30 minutes. The amount of soap in the soap solution was 5 g/L and the liquid to good 

ratio of the bath is 50:1. After washing, the specimen was then rinsed twice in cold grade 
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3 water and in cold running water for 10 minutes and squeezed. The specimen was then 

dried by hanging in air at a temperature not exceeding 60℃. After drying, the color 

change of the specimen was assessed by the grey scales. 

5.4 Results and discussion 

5.4.1 FT-IR spectroscopy 

The FT-IR spectra of the chitosan treated and control fabrics are shown in Figures 5.5-5.6. 

The N-H stretching and bending vibrations in polyamide usually appear at 3100-3500cm-1 

and 1550-1640cm-1 respectively, depending on the type of amide (primary and secondary), 

chemical environment (solid and liquid) and intra- or inter-molecular hydrogen bonds. 

The C=O stretching vibration band usually appears in the normal region between 1640 

and 1670 cm-1 [363].  

In Figure 5.5, N-H stretching of a secondary amide at 3290.4 cm-1 was assigned, and the 

peak at 1540.55 cm-1 is also characteristic of the N-H stretching vibration. The peak at 

1629.70 cm-1 was assigned to C=O stretching of the secondary amide. In Figure 5.6, the 

intensity of peak at 1536.92 cm-1, which indicates the N-H vibration, increased. This is a 

result of the coating of chitosan. 

Since both nylon 6 and nylon 6.6 have similar peaks at the frequencies mentioned above, 

it is rather difficult to distinguish whether it is nylon 6 and nylon 6.6. Therefore, the 

melting point of the fabric was tested to determine whether it was nylon 6. 
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Figure 5.5 The IR spectrum of nylon fabric 
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Figure 5.6 The IR spectrum of nanochitosan-emulsion-treated nylon fabric 
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5.4.2 Melting point 

The melting point of nylon 6 is 215-220℃ while that of nylon 6.6 is 250℃.Because of 

their difference in melting point; it is an effective way to use their specific melting point 

to classify them. Based on the observation in melting point test, the fiber specimen melt at 

around 205℃ which showed that the nylon fabric used in the study was nylon 6. 

5.4.3 Scanning electron microscopy (SEM) 

The SEM images of the chitosan-treated and control nylon fabrics are shown in Figure 

5.7. The fiber diameter of nylon fiber in the control fabric was 11.36 μm while that in 

chitosan-treated fabric was 12.3 0 μm. Thus, the fiber diameter increased by around 11% 

after the treatment with the nanochitosan emulsion. Also, there was a white ring of 

chitosan as shown in the cross-sectional view of the SEM micrograph (Figure 5.7d′) and 

the thickness of the chitosan coating was about 500 nm. The fiber surface also became 

rougher after the chitosan treatment when comparing Figure 5.7c′ with Figure 5.7c. And 

Figure 5.7c also shows that there was chitosan polymer on the fabric surface.  

The nanochitosan in the emulsion accumulated onto the surface of nylon, aggregated 

together during drying and finally formed a rough film with the thickness of around 500 

nm, providing more surface areas and more –NH2 groups that would be useful in the 

dyeing process. 
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Figure 5.7 Surface of control and chitosan-treated nylon fabrics (a: control nylon fabric 100, a′: 

chitosan-treated nylon fabric 100, b: control nylon fabric 1000, b′: chitosan-treated nylon 

fabric 1,000, c: control nylon fabric 10,000, c′: chitosan-treated nylon fabric 10,000, d: 

control nylon fabric cross section 3,000, d′: chitosan-treated nylon fabric cross section 6,000) 
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5.4.4 Coefficient of friction 

Table 5.3 summarized the effect of the chitosan treatment on the coefficient of friction of 

the fabrics. The chitosan-treated fabrics had a lower coefficient of friction than that of the 

untreated samples. That means that the chitosan-treated sample had a better hand feel than 

the untreated one.  

Table 5.3 Coefficients of friction of the chitosan-treated and control fabrics 

Sample 
Mean coefficient of 

friction/μ 

Mean deviation of mean 

coefficient of friction/μ 

Standard deviation of mean 

coefficient of friction/μ 

Untreated sample 

Warp 1 0.211 0.0078 1.135 

2 0.179 0.0064 1.450 

Mean 0.195 0.0071 1.383 

Weft 1 0.240 0.0088 1.470 

2 0.233 0.0087 1.615 

Mean 0.236 0.0087 1.543 

Chitosan-treated sample 

Warp 1 0.182 0.0067 1.365 

2 0.167 0.0076 1.170 

Mean 0.175 0.0071 1.268 

Chitosan-treated sample 

Weft 1 0.221 0.0082 2.005 

2 0.231 0.0088 1.820 

Mean 0.226 0.0084 1.913 

The standard deviation of the coefficient of friction represents the roughness of the 

sample. For the warp direction in the chitosan-treated sample, the standard deviation 

values is lower than that of the untreated samples, that means the roughness of 

chitosan-treated sample is lower than that of the untreated sample. But in the weft 
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direction, the standard deviation of mean coefficient of friction of the chitosan-treated 

sample is greater than the untreated sample. That means in the weft direction, the 

roughness of chitosan-treated sample is higher than that of the untreated sample.  

5.4.5 Determination of amine end group in nylon fabric 

In the determining of amino end group in the nylon 6 fabric, three samples were prepared 

and their exactly weights were measured. A HCl solution with concentration of 0.05 

mol/L was used as the titer in titration. By using the following equation (E 5.8), the 

molecular weight of nylon 6 could be determined and the result is shown in Table 5.4. 

nM = (W 1000)/(V C )                                           (E 5.8) 

where nM = Molecular weight of nylon (g/mol) 

 W = Sample weight of nylon fabric (g) 

 V = Volume of HCl solution (mL) 

 C = Concentration of HCl solution (mol/L) 

Each nylon 6 molecule has one carboxylic acid and one amine end group in the polymer 

chain. As a result, the number of mole of amine group was 0.11 mmol [2 g/ nM ] in a 2 g 

nylon fabric. 

Table 5.4 Data of amine end group analysis 

Sample Weight/g Volume of titer/mL Concentration/M 
nM /(g/mol) 

1 1.633g 2 0.05 16330 

2 1.641g 3.2 0.03 19656 

3 1.565g 1.5 0.03 17988 

Mean 1.613g - - 17991 
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5.4.6 Determination of number of amino dyesites in chitosan-treated 

fabric 

The basic structure of chitosan is glucosamine with the chemical formula of C6H13NO5 

( wM =161.079g/mol). Chitin, on the other hand, has the chemical formula of C8H13O5N 

( wM =203.079g/mol). For the 95% DD chitosan used in this study, 95% of chitosan 

polymer chain is chitosan while the remaining 5% is chitin in a repeated unit as shown in 

Figure 5.8. 

O
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O

O

O

HO
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OH
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0.95

n

 

Figure 5.8 Repeat unit of 95% DD chitosan polymer chain 

The weight proportion of C6H13NO5 unit (P) in the whole polymer was calculated using 

the following equation (E 5.9) and the result was 0.934: 

P= ( wM of C6H13NO5 DD) / [ wM of C6H13NO5 DD + wM of C8H13O5N  (1-DD)]       (E 5.9) 

Since the chitosan-treated nylon fabric samples were 2 g each for dyeing and they were 

all padded with 0.5% chitosan emulsion 3 times with a wet pick-up of 62%, thus the 

weight of chitosan on the padded nylon could be calculated. The weight of chitosan 

padded on the nylon fabrics was 18.6 mg which meant the amino groups padded on nylon 

fabric was 0.11 mmol. 
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The total number of amino groups in chitosan-treated fabric could be calculated by 

adding the corresponding number of amino groups after whole padding process and that 

on the fabric itself before padding (i.e. 0.11mmol from calculation in Section 5.4.5). So, if 

the pick-up was 62%, the total number of amine group after padding in 2 g 

chitosan-treated nylon fabric was 0.22 mmol. 

5.4.7 Estimation of depths of dyeing  

Based on the calculation in Section 5.4.6, the saturation point of 2 g of nylon fabric 

dyeing with acid dye was known. As a result, the maximum depth of dyeing could be 

estimated and it was important in dyeing as it helped to avoid the over dyeing. Therefore, 

the number of dyes required to reach the saturation point in the dyeing of control fabrics 

was 0.11 mmol while that of chitosan-treated fabric was 0.22 mmol. 

The electrostatic interactions between the dye molecules and dyesites were varied by the 

number of sulphonate group(s). A mono-sulphonated dye can interact with one amino 

group while a di-sulphonated dye can interact with two amino groups. In this study, the 

chemical structures of Acid Orange 7, Acid Red 1, Acid Red 18, Sirius Brown 3RL and 

Sirius Red F3B were known, thus, the maximum depth of dyeing of the dyes could be 

estimated. The estimation of the depths for Acid Orange 7, Acid Red 1 and Acid Red 18 

used the sulphonate groups as a reference assuming that the sorption of the dyes onto 

nylon and chitosan both followed the stoichiometry of the sulphonate groups. For Sirius 

Brown 3RL and Sirius Red F3B, the sorption capacities of the nanochitosan did not 

follow the stoichiometry of the sulphonate groups; we used the sorption capacities of 

nanochitosan as a reference. 
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Table 5.5 No. of sulphonate groups in the dyeing solutions of Acid Orange 7, Acid Red 1, Acid Red 18, 

Sirius Brown 3RL and Sirius Red F3B at different depths 

Dye 

concentration 
Depth 

No. of dye 

moleules in the 

dyeing solution 

/mmol 

No. of 

sulphonate 

groups in the 

dyeing solution 

/mmol 

Sulph. groups above/ below 

saturation point of fabric 

Chitosan-treated 

fabric 

Control 

fabric 

Acid Orange 7 (1:1 electrostatic interaction) 

0.6 mmol/L 1.05% 0.06 0.06 Below Below 

1.2 mmol/L 2.10% 0.12 0.12 Below Above 

2.4 mmol/L 4.20% 0.24 0.24 Above Above 

Acid Red 1 (1:2 electrostatic interaction) 

0.4 mmol/L 1.02% 0.04 0.08 Below Below 

0.8 mmol/L 2.04% 0.08 0.16 Below Above 

1.6 mmol/L 4.08% 0.16 0.32 Above Above 

 

Acid Red 18 (1:3 electrostatic interaction) 

0.2 mmol/L 0.60% 0.02 0.06 Below Below 

0.4 mmol/L 1.21% 0.04 0.12 Below Above 

0.8 mmol/L 2.42% 0.08 0.24 Above Above 

Sirius Brown 3RL 

0.4 mmol/L 2.27% 0.04 0.16 Above Below 

0.8 mmol/L 4.55% 0.08 0.32 Above Above 

1.6 mmol/L 9.10% 0.16 0.64 Above Above 

Sirius Red F3B 

0.2 mmol/L 1.37% 0.02 0.12 Above Below 

0.4 mmol/L 2.75% 0.04 0.24 Above Above 

0.8 mmol/L 5.50% 0.08 0.48 Above Above 
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5.4.7.1 Mono-sulphonated dyes: Acid Orange 7 

Since Acid Orange 7 has one sulphonate group, therefore one dye molecule can only 

interact with one amino group. As shown in Table 5.5, the numbers of sulphonate groups 

of Acid Orange 7 at a 2.10% depth was higher than the saturation point of control fabric 

but still lower than the saturation point of the chitosan-treated nylon fabric. 

5.4.7.2 Di-sulphonated dye: Acid Red 1 

Since Acid Red 1 has two sulphonate groups, therefore, one Acid Red 1 dye molecule can 

form electrostatic interaction with two amino groups in theory. In other words, the 

numbers of dye molecules needed to saturate 2 g of both chitosan-treated and untreated 

control nylon fabric was half of their corresponding numbers of amino groups. As shown 

in Table 5.5, the numbesr of sulphonate groups of Acid Red 1 at 2.04% depth was over 

the saturation point of control nylon fabric and the number of sulphonate groups of Acid 

Red 1 at 4.08% depth was over the saturation point of the chitosan-treated nylon fabric. 

5.4.7.3 Tri-sulphonated dye: Acid Red 18 

Since Acid Red 18 has three sulphonate groups, therefore, one Acid Red 18 dye molecule 

can interact with three amino groups. In other words, the number of dye molecules 

needed to saturate 2 g of both chitosan-treated and untreated control nylon fabric was 

one-third of their corresponding number of amino groups. As shown in Table 5.5, the 

number of sulphonate groups of Acid Red 18 at 1.21% depth was over the saturation point 

of control nylon fabrics and the number of sulphonate groups of Acid Red 18 at 2.42% 

depth was over the saturation point of the chitosan-treated fabric. 
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5.4.7.4 Tetra-sulphonated dye and other multi-sulphonated dyes 

The estimation of depths of dyeing in tetra-sulphonated dye and other multi-sulphonated 

dyes were much less accurate that that of the mono-sulphonated dye. The sorption 

capacity of tetra-sulphonated dye and other multi-sulphonated dyes onto chitosan did not 

follow the stoichiometry of sulphonate groups. In the prior study in Chapter 4, the 

sorption capacity of Sirius Brown 3RL onto the nanochitosan was close to di-sulphonated 

dye Acid Red 1, while Sirius Red F3B was close to tri-sulphonated dye Acid Red 18. 

Thus, we choose the depths in which the stoichiometries of dyes were the same with Acid 

Red 1 and Acid Red 18. 

5.4.8 Exhaustion of dyeing 

The dyeing procedures have been described in Section 5.3.3.2 and the exhaustion curves 

of the eight anionic dyes are shown in Figures 5.9-5.16. In the dyeing of nylon, many of 

the higher molecular weight dyes tended to exhaust very rapidly at 65℃-75℃ [364]. It 

was usually known as the critical bath temperature in dyeing. Since the glass transition 

temperature (Tg) of water-saturated nylon is not much higher than 40℃, so there are 

movements of polymer chain segments when the dyeing temperature exceeds 40℃. As a 

result, the diffusion of dye molecules into the polymer matrix becomes easier when 

temperature increases. Dyeing transition temperature (TD) was often 20℃-30℃ above 

the glass transition temperature (Tg). When the dyeing temperature is above Tg (i.e. 40℃), 

the voids between the polymer chains in the amorphous region is still too small to 

accommodate the larger dye molecules. However, when the dyeing temperature is above 

the TD, i.e. 60-70 ℃ in the case of nylon, the larger dye molecules ware allowed to enter 

the voids due to the greater ease of chain mobility [363]. 
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Exhaustion curve (Acid Orange 7-1.05% depth)
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Exhaustion curve (Acid Orange 7-2.10% depth)
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Exhaustion curve (Acid Orange 7-4.20% depth)
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Figure 5.9 Exhaustion curves of Acid Orange 7 at different depths: a (1.05% depth), b (2.10% 

depth), and c (4.20% depth) 
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Exhaustion curve (Acid Red 1-1.02% depth)
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Exhaustion curve (Acid Red 1-2.04% depth)
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Exhaustion curve (Acid Red 1-4.08% depth)
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Figure 5.10 Exhaustion curves of Acid Red 1 at different depths: a (1.02% depth), b (2.04% depth), 

and c (4.08% depth) 
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Exhaustion curve (Acid Red 18-0.60% depth)
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Exhaustion curve (Acid Red 18-1.21% depth)
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Exhaustion curve (Acid Red 18-2.42% depth)
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Figure 5.11 Exhaustion curves of Acid Red 18 at different depths: a (0.60% depth), b (1.21% depth), 

and c (2.42% depth) 
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Exhaustion curve (Sirius Brown 3RL-2.27% depth)
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Exhaustion curve (Sirius Brown 3RL-4.55% depth)
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Exhaustion curve (Sirius Brown 3RL-9.10% depth)
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Figure 5.12 Exhaustion curves of Sirius Brown 3RL at different depths: a (2.27% depth), b (4.55% 

depth), and c (9.10% depth) 
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Exhaustion curve (Sirius Red F3B-1.37% depth)
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Exhaustion curve (Sirius Red F3B-2.75% depth)
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Exhaustion curve (Sirius Red F3B-5.50% depth)

0
10

20
30
40
50

60
70
80

90
100

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Time/min

E
/%

Control nylon Chitosan-treated nylon

 

Figure 5.13 Exhaustion curves of Sirius Red F3B at different depths: a (1.37% depth), b (2.75% 

depth), and c (5.50% depth) 
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Exhaustion curve (Telon Red M-BL-2% depth)
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Exhaustion curve (Telon Red M-BL-4% depth)
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Exhaustion curve (Telon Red M-BL-8% depth)
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Figure 5.14 Exhaustion curves of Telon Red M-BL at different depths: a (2% depth), b (4% depth), 

and c (8% depth) 
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Exhaustion curve (Telon Yellow M-4GL-2% depth)
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Exhaustion curve (Telon Yellow M-4GL-4% depth)
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Exhaustion curve (Telon Yellow M-4GL-8% depth)
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Figure 5.15 Exhaustion curves of Telon Yellow M-4GL at different depths: a (2% depth), b (4% 

depth), and c (8% depth) 
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Exhaustion curve (Telon Blue M-RLW-2% depth)
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Exhaustion curve (Telon Blue M-RLW-4% depth)
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Exhaustion curve (Telon Blue M-RLW-8% depth)
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Figure 5.16 Exhaustion curves of Telon Blue M-RLW at different depths: a (2% depth), b (4% 

depth), and c (8% depth) 
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As shown in the exhaustion curves of Acid Orange 7, Acid Red 1, and Acid Red 18, a 

high exhaustion which was close to the equilibrium was achieved very quickly. The 

exhaustion increased significantly after dyeing 10 minutes at 30℃. That was because 

dyes molecules of Acid Orange 7, Acid Red 1, and Acid Red 18, which have lower 

molecular weights, could be adsorbed and diffused into the polymer matrix when the size 

of voids was large enough to accommodate them.  

As shown in the exhaustion curves of Sirius Brown 3RL, Sirius Red F3B, Telon Red 

M-BL and Telon Yellow M-4GL and Telon Blue M-RLW, the exhaustion increased 

significantly after 30 minutes of dyeing (Temperature at 54℃-60℃). It was because the 

molecular dimensions of Sirius Brown 3RL, Sirius Red F3B, Telon Red M-BL, Telon 

Yellow M-4GL and Telon Blue M-RLW, are relatively large and they can aggregate easily; 

the molecules of dyes could not penetrate into the fabric and chitosan to get adsorbed at 

low temperature. When the dyeing temperature increased, the dye aggregates were broken 

down into individual dye molecules; thus, there was a significant increase in the 

exhaustion. Since the molecular weights of the commercial dyes were higher than that of 

the other three dyes being studied, therefore, the critical bath temperature played an 

important role in the rate of dyeing.  

Table 5.6 shows the summarized data of dyeing of the dyes. The equilibrium exhaustion 

revealed the dyeability of the fabrics; the chitosan-treated nylon fabric showed much 

higher equilibrium exhaustion which meant it had better dyeability than the control 

fabrics at the same depths. The time to achieve the equilibrium of exhaustion and the time 

half dyeing could be derived. The chitosan-treated nylon used less time to achieve the 

equilibrium. The chitosan-treated method can improve the dyeability of fabrics 

effectively and efficiently. 
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Table 5.6 Exhaustion data of the anionic dyes 

Dye at different depths 

Equilibrium 

(or final) 

exhaustion 

Time to achieve 

equilibrium of 

exhaustion 

/min 

Time of 

half dyeing

/min 

Difference in 

equilibrium 

exhaustion 

/% 

Difference in 

equilibrium 

exhaustion 

Acid Orange 7 

1.05% Chit-treated 92.2% 10 2.6 
0.2% 1.2010-4 

mmol 1.05% Control 92.0% 10 2.7 

2.10% Chit-treated 87.9% 15 2.9 
8.4% 1.0110-2 

mmol 2.10% Control 79.5% 20 3.1 

4.20% Chit-treated 78.5% 25 3.8 
40.1% 9.6210-2 

mmol 4.20% Control 38.4% 35 3.3 

Acid Red 1    
 

1.02% Chit-treated 89.1% 25 5.2 
19.1% 7.6410-3 

mmol 1.02% Control 70.0% 35 17.5 

2.04% Chit-treated 78.0% 45 6.4 
43.5% 3.4810-2 

mmol 2.04% Control 34.5% 40 27.5 

4.08% Chit-treated 50% 25 6.5 
24% 3.8410-2  

mmol 4.08% Control 26.0% 35 22.5 

Acid Red 18 

0.60% Chit-treated 94.5% 7 3.2 
8.5% 1.710-3 

mmol 0.60% Control 86.0% 25 3.4 

1.21% Chit-treated 81.5% 5 3.5 
16.5% 0.6610-2 

mmol 1.21% Control 65% 20 3.7 

2.42% Chit-treated 81.5% 10 3.5 
42.5% 3.410-2 

mmol 2.42% Control 39.0% 15 4.0 

Sirius Brown 3RL 

2.27% Chit-treated 92.5% 85 35 
4.2% 1.68 10-3 

mmol 2.27% Control 88.3% 85 55 
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Table 5.6 Continued    
 

Dye at different depths 

Equilibrium 

(or final) 

exhaustion

Time to achieve 

equilibrium of 

exhaustion 

/min 

Time of 

half dyeing

/min 

Difference in 

equilibrium 

exhaustion 

/% 

Difference in 

equilibrium 

exhaustion 

Sirius Brown 3RL    
 

4.55% Chit-treated 74.4% 85 8 
24.4% 1.9510-2 

mmol 4.55% Control 50.0% 85 50 

9.10% Chit-treated 67.0% 65 33 
27.1% 4.3210-2 

mmol 9.10% Control 39.9% 85 37 

Sirius Red F3B 

1.37% Chit-treated 98.5% 70 15 
18.0% 3.610-3 

mmol 1.37% Control 80.5% 85 37.5 

2.75% Chit-treated 72.0% 85 16 
28.0% 1.1210-2 

mmol 2.75% Control 44.0% 85 65 

5.50% Chit-treated 67.5% 85 28 
46.0% 3.6810-2 

mmol 5.50% Control 21.5% 85 47.5 

Telon Red M-BL 

2% Chit-treated 81.0% 85 45 
3.9% 1.5610-3 g 

2% Control 77.1% 85 49 

4% Chit-treated 80.4% 85 26 
7.7% 6.1610-3 g 

4% Control 72.7% 85 47 

8% Chit-treated 79.9% 65 16 
41.9% 6.7010-2 g 

8% Control 38.0% 65 24 

Telon Yellow M-4GL 

2% Chit-treated 98.9% 85 3 
2.7% 1.0810-3 g 

2% Control 96.2% 85 3 

4% Chit-treated 81.8% 65 30 
10.4% 8.3210-3 g 

4% Control 71.4% 65 42 

8% Chit-treated 83.5% 65 18 
13.5% 2.1610-2 g 

8% Control 70.0% 85 47 
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Table 5.6 Continued     

Dye at different depths 

Equilibrium 

(or final) 

exhaustion 

Time to achieve 

equilibrium of 

exhaustion 

/min 

Time of 

half dyeing

/min 

Difference in 

equilibrium 

exhaustion 

/% 

Difference in 

equilibrium 

exhaustion 

Telon Blue M-RLW     

2% Chit-treated 92.4% 50 3.5 
1.9% 7.610-4 g 

2% Control 90.5% 50 3.7 

4% Chit-treated 83.5% 85 2 
30% 2.410-2 g 

4% Control 53.5% 85 15 

8% Chit-treated 87.6% 65 6 
46% 7.3610-2 g 

8% Control 41.6% 65 26 

In order to verify the sorption ability of nanochitosan, we repeated the experiment of 

Section 4.3.4 at 80℃ and obtained the sorption capacities of the nanochitosan and 

microchitosan at 80℃. Since the amount of chitosan on the fabric is 18.6 mg (Section 

5.4.6), the capacities of nanochitosan and microchitosan for the dyes could be derived. 

Table 5.7 Sorption data obtained from sorption study and dyeing data 

Acid Orange 7 Acid Red 1 Acid Red 18 Sirius Brown 3RL Sirius Red F3B 

Sorption capacity of nanochitosan in sorption at 80℃/(mmol/g) 

5.205 2.651 2.414 2.854 2.145 
Sorption capacity of microchitosan in sorption at 80℃/(mmol/g) 

4.064 1.942 2.054 1.464 0.941 

Sorption ability of 18.6 mg of nanochitosan in sorption at 80℃/(mmol) 

9.68×10-2 4.93×10-2 4.49×10-2 5.31×10-2 3.99×10-2 

Sorption ability of 18.6 mg of microchitosan in sorption at 80℃/(mmol) 

7.56×10-2 3.61×10-2 3.82×10-2 2.72×10-2 1.75×10-2 

Difference in equilibrium exhaustion in dyeing/(mmol) 

9.62×10-2 3.84×10-2 3.4×10-2 4.32×10-2 3.68×10-2 



Chapter 5 Application of Nanochitosan Emulsion on Dyeing 

 177

The sorption data obtained from the sorption study and the actual dyeing data are list in 

Table 5.7. The difference in the exhaustion was consistent with the sorption data obtained 

in the sorption of dyes onto nanochitosan. The sorption capabilities of nanochitosan in the 

dyeing were lower than that in the sorption study. It was because the concentrations of 

dye solution in dyeing were much lower than those in the sorption studies. 

5.4.9 Comparisons between dyes exhaustion of chitosan-treated and 

control fabrics 

5.4.9.1 Final exhaustion 

In Table 5.6, all the eight dyes showed higher equilibrium exhaustion in the 

chitosan-treated fabrics than those in control fabrics at all depths of dyeing. The high 

exhaustion in the chitosan-treated fabric was because of the additional protonated amino 

groups from chitosan. The additional amino groups in the chitosan-treated fabrics could 

still adsorb more dye molecules when the control fabrics reached the saturation point. 

Thus, the final exhaustion of chitosan-treated fabrics was higher than those of the control 

fabrics. 

The difference in the final exhaustion became higher when the depths of dyes increased. 

It was because when the concentration of the dye solution was below the saturation point 

of the control nylon fabric, both the control fabric and chitosan-treated fabric could 

adsorb most of the dye onto the fabrics. The difference was not very obvious then.. 

5.4.9.2 Time to achieve equilibrium exhaustion 

As shown in Tables 5.6, all the eight dyes showed that time required to achieve the 

equilibrium exhaustion in chitosan-treated fabrics was either shorter than or equal to that 

in control fabrics at all depths.  
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At a lower depth of dyeing, the number of amino groups was in excess when compared to 

the number of sulphonate groups in dye solution. Although there was great difference in 

the number of dyesites between chitosan-treated and control fabrics, the difference of 

equilibrium exhaustion at the lower depths of dyeing was not as significant as that at the 

higher depths of dyeing due to the insufficiency of dye. In chitosan-treated fabric, the 

additional protonated amino groups from chitosan provided more dyesites. The increase 

of available dyesites enabled dye molecules to be exhausted more quickly, therefore, the 

time needed to achieve the equilibrium exhaustion in chitosan-treated fabric was shorter 

than that in the control fabric at lower depths. 

At higher depths of dyeing, the increase in available dyesites enabled more dye molecules 

to be exhausted. Although the initial rate of dyeing increased, the final or equilibrium 

exhaustion also increased. However, the time needed to achieve the equilibrium 

exhaustion in chitosan-treated fabric was usually shorter than that in the control fabric at 

higher depths. 

5.4.9.3 Time of half dyeing (T1/2) 

The time of half dyeing is the time to achieve 50% of the dyeing. As summarized in Table 

5.6, the T1/2 of chitosan-treated fabrics was shorter than that of the control fabrics in 

general.  

The number of amino groups in the chitosan-treated fabric was 0.22 mmol which was 

doubled to that in the control fabric as discussed in Section 5.4.6. Because of the increase 

in the number of amino groups, dye molecules could be adsorbed in chitosan-treated 

fabric more quickly at the initial stage of dyeing. 

For Acid Orange 7 at 4.20% depth, although dye molecules could be adsorbed in the 

chitosan-treated fabric more quickly at the initial stage of dyeing, the additional amino 
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groups also provided a higher saturation point for adsorbing more dye molecules than the 

control fabric and extended the equilibrium time. As a result, the time of half dyeing for 

chitosan-treated fabric was a little longer than that of the control fabric. 

Table 5.8 Initial ratios of the number of amino group dyesites to the number of sulphonate groups in 

the dye solution 

Dye at different depth

Initial ratio of amino group dyesites (mmol)  

to sulphonate groups (mmol) 

Chitosan-treated Control 

Acid Orange 7   

1.05% 3.67:1 1.83:1 

2.10% 1.83:1 0.92:1 

4.20% 0.92:1 0.46:1 

Acid Red 1   

1.02% 5.5:2 2.75:2 

2.04% 2.75:2 1.38:2 

4.08% 1.38:2 0.69:2 

Acid Red 18   

0.60% 11:3 5.5:3 

1.21% 5.5:3 2.75:3 

2.42% 2.75:3 1.38:3 

Sirius Brown 3RL   

2.27% 5.5:4 2.75:4 

4.55% 2.75:4 1.38:4 

9.10% 1.38:4 0.69:4 

Sirius Red F3B   

1.37% 11:6 5.5:6 

2.75% 5.5:6 2.75:6 

5.50% 2.75:6 1.38:6 

Table 5.8 shows the ratio of the initial number of amino groups to the initial number of 

sulphonate groups in the dye solution. The higher of the value was, the faster of the initial 

rate of adsorption would be. As shown in Table 5.8, the ratio of the number of amino 
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groups in chitosan-treated nylon fabric to the initial number of sulphonate groups in dye 

solution was higher than that in the control nylon fabric. The adsorption rate in the 

chitosan-treated nylon fabric was higher than that in the control nylon fabric and the time 

of half dyeing was shorter than that in the control fabric. 

As shown in Table 5.8, the ratios of number of amino groups to the initial number of 

sulphonate groups in dye solution at lower depths were bigger than those at higher depths. 

Thus, the adsorption rates at lower depths were higher and the data of T1/2 were smaller. 

5.4.10  Evaluation of un-dyed fabrics 

The original color of the nylon fabric used in this study was white, therefore, the 

whiteness index were used to evaluate whether the whiteness of the fabrics was affected 

by the curing process. During the padding process, the wet pick-up was important and 

needed to be controlled carefully so as to yield consistent pick-up in each fabric. The 

pick-up was directly proportional to the addition of amino groups of the fabric. 

The curing conditions were needed to be controlled so as to yield the best result but did 

not affect the whiteness of the fabrics. Higher curing temperatures and longer curing time 

could yield better fixation result. However, yellowing became more significant when the 

temperature was high and curing time was long. The whiteness index and yellowness 

index of the fabrics are shown in Table 5.9. 

The results showed that the whiteness of the un-dyed chitosan-treated fabric and the 

control fabric were reduced when the curing temperature increased. When the curing 

temperature increased from 130℃ to 160℃, the reduction in whiteness was doubled to 

that from 130℃ to 150℃ in both the chitosan-treated fabric and control fabric. The 

curing at 150℃ for 5 minutes was chosen to minimize the yellowness problem in this 

study. In this condition, the difference of the whiteness index of chitosan-treated fabric 
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and control fabric was less than 10%  

Table 5.9 Whiteness and yellowness of chitosan-treated and control fabrics in various curing 

conditions 

Fabrics at different 

curing Condition 

C.I.E.Whiteness 

Index 

Reduction in 

whiteness (%) 

Yellowness Index 

(ASTM E 313) 

Chitosan-treated fabric    

No curing 159.65 - -29.20 

Cure at 130℃ for 5 mins 155.67 -2.5% -27.23 

Cure at 150℃ for 5 mins 147.02 -7.9% -23.68 

Cure at 160℃ for 5 mins 140.37 -12.1% -20.71 

Control fabric    

No curing 164.33 - -31.01 

Cure at 130℃ for 5 mins 163.41 -0.6% -30.50 

Cure at 150℃ for 5 mins 161.39 -1.8% -29.52 

Cure at 160℃ for 5 mins 158.33 -3.7% -28.29 

 

5.4.11  Visual assessment under D65 of dyed fabrics 

Figures 5.17 to 5.24 show the photos of the chitosan-treated and control fabric dyed by 

different dyes under D65. The chitosan-treated fabric s at same depths of dyeing showed 

darker shade than the control fabrics. The color difference of the chitosan-treated and the 

control fabrics were assessed and summarized in Table 5.10. In general, the results agree 

with the exhaustion discussion in Section 5.4.8. The difference was more significant at 

higher depths of dyeing.  
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Acid Orange 7 

 

 

 

1.05% depth 

Chitosan-treated fabric 

 1.05% depth 

Control fabric 

 

 

 

2.10% depth 

Chitosan-treated fabric 
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Control fabric 

 

 

 

4.20% depth 

Chitosan-treated fabric 

 4.20% depth 
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Figure 5.17 Fabric samples dyed by Acid Orange 7 
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Acid Red 1 
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2.04% depth 
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4.08% depth 
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Figure 5.18 Fabric samples dyed by Acid Red 1 
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Acid Red 18 
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1.21% depth 
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2.42% depth 
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Figure 5.19 Fabric samples dyed by Acid Red 18 
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Sirius Brown 3RL 
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9.10% depth 
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Figure 5.20 Fabric samples dyed by Sirius Brown 3RL 
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Sirius Red F3B 
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5.50% depth 
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Figure 5.21 Fabric samples dyed by Sirius Red F3B 
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Telon Red M-BL 
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4% depth 
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8% depth 
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 8% depth 
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Figure 5.22 Fabric samples dyed by Telon Red M-BL 
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Telon Yellow M-4G 
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Figure 5.23 Fabric samples dyed by Telon Yellow M-4GL 
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Telon Blue M-RLW 
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8% depth 
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Figure 5.24 Fabric samples dyed by Telon Blue M-RLW 
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Table 5.10 The color difference of the chitosan-treated and the control fabrics (grey scales) 

Dyes AO7 AR 1 AR 18 SB SR TR TY TB 

Diff. at low depth  5 5 5 5 3-4 5 5 5 

Diff. at middle depth 3-4 3 3 4 3 4-5 4-5 4 

Diff. at high depth 3 2 2 2-3 1-2 3 3-4 2-3 

5.4.12  CIE L*a*b*of dyed fabrics 

CIE L*a*b* data of the chitosan-treated and control fabrics dyed by the eight dyes are 

listed in Tables 5.11-5.26. The data provided detailed color assessments of the 

chitosan-treated and control fabrics dyed by the eight dyes.  

ΔE is used in comparing the color difference between two samples, which were the 

chitosan-treated and control fabrics in this case. ΔL* is the difference in lightness, Δa* is 

the difference in red-green character, Δb* is the difference in yellow-blue character 

between chitosan-treated and control fabrics. ΔC* is the difference in saturation between 

chitosan-treated and control fabrics and Δh is the difference in hue angle between the 

chitosan-treated and control fabrics. 

5.4.12.1 Acid Orange 7 

Tables 5.11-5.12 show the CIE L*a*b* and color difference of the chitosan-treated and 

control fabrics dyed by Acid orange 7. At all depths of dyeing, the chitosan-treated fabrics 

had smaller values of L* which meant the chitosan-treated fabrics were darker than the 

control fabrics. L* values of the chitosan-treated and control fabrics were getting smaller 

when the depth of dyeing increased due to more dyes were adsorbed by the fabrics. The 

absolute values of ΔL* were getting larger as the depth of dyeing increased. Because the 

difference in exhaustion became larger as we had shown in Figure 5.9 and Table 5.6. ΔE 
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values which are the total color differences increased when the depth of dyeing increased. 

Table 5.11 CIE L*a*b* of the chitosan-treated and control fabrics dyed by Acid Orange 7 

Sample L* a* b* C* h 

Acid Orange 7 at 1.05% 

Chitosan-treated 66.02  48.18  64.32  80.37  53.17  

Control 68.82  45.38  61.15  76.15  53.42  

Acid Orange 7 at 2.10% 

Chitosan-treated 62.24  51.58  68.78  85.97  53.14  

Control 66.46  48.43  67.23  82.86  54.23  

Acid Orange 7 at 4.20% 

Chitosan-treated 54.59  56.24  62.71  84.24  48.11  

Control 64.72  49.67  69.19  85.17  54.33  

Table 5.12 Color difference between the chitosan-treated and control fabrics dyed by Acid orange 7 

At all depths of dyeing, the chitosan-treated fabrics had greater values of a* which meant 

the chitosan-treated fabrics were redder than the control fabrics at all depths of dyeing. 

Δa* values between the chitosan-treated and control fabrics were getting larger when the 

depths of dyeing increased. At 1.05% and 2.10% depths, b* of the chitosan-treated fabric 

was greater than that of the control fabric which meant the chitosan-treated fabric was 

yellower than the control fabric but it became more blue than the control fabric at 4.20% 

depth of dyeing.  

The C* values of the chitosan-treated fabrics were all smaller than that of control fabrics 

and the ΔC* values decreased as the depth of dyeing increased. Those meant that the 

Sample ΔE ΔL* Δa* Δb* ΔC* Δh 

Acid Orange 7 at 1.05% 5.07 -2.8 2.8 3.17 4.22 -0.25 

Acid Orange 7 at 2.10% 5.49 -4.22 3.15 1.55 3.11 -1.09 

Acid Orange 7 at 4.20% 13.70 -10.13 6.57 -6.48 -0.93 -6.22 
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chitosan-treated fabrics were less saturated than the control fabrics. The absolute values 

of Δh increased from 0.25 to 6.22 which meant that the change in hue was getting larger 

when depth increased.  

5.4.12.2 Acid Red 1 

Table 5.13 CIE L*a*b* of the chitosan-treated and control fabrics dyed by Acid Red 1 

Sample L* a* b* C* h 

Acid Red 1 at 1.02% 

Chitosan-treated 50.708 61.411 2.939 56.151 2.608 

Control 53.280 62.316 3.409 62.410 3.131 

Acid Red 1 at 2.04% 

Chitosan-treated 42.721 58.347 11.561 59.482 11.207 

Control 51.506 63.137 5.996 63.421 5.425 

Acid Red 1 at 4.08% 

Chitosan-treated 41.321 57.665 11.546 58.810 11.322 

Control 50.144 63.484 8.036 63.991 7.215 

Table 5.14 Color difference between the chitosan-treated and control fabrics dyed by Acid Red 1 

Similar to the dyeing of Acid Orange 7, the chitosan-treated fabrics dyed by Acid Red 1 

had smaller values of L* which meant the chitosan-treated fabrics were darker than the 

control fabrics at all depths. L* values of the chitosan-treated and control fabrics were 

getting smaller when the depth of dyeing increased due to more dyes were adsorbed onto 

the fabrics. The absolute values of ΔL* were getting larger as the depth of dyeing 

increased. ΔE value which is the total color difference increased greatly comparing the 

Sample ΔE ΔL* Δa* Δb* ΔC* Δh 

Acid Red 1 at 1.02% 2.767 -2.572 -0.905 -0.470 -0.875 -0.523 

Acid Red 1 at 2.04% 11.449 -8.785 -4.79 5.565 -3.939 5.782 

Acid Red 1 at 4.08% 11.137 -8.823 -5.819 3.51 -5.181 4.107 
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depth of 2.04% with 1.02%. But at the depth of 4.08% when the dye concentration are 

much above the saturation point of the chitosan-treated and control fabrics, the total color 

difference became stable. 

At all depths of dyeing, the chitosan-treated fabrics had smaller a* values at all depths 

than the untreated fabrics. That meant the chitosan-treated fabrics were greener than the 

control fabrics. It was because the chitosan-treated fabrics were much darker than the 

control fabrics. The absolute values of Δa* between the chitosan-treated and control 

fabrics were getting larger as the depth of dyeing increased. At the depth of 1.02%, the 

chitosan-treated fabric had lower b* value than the untreated sample, that meant the 

chitosan-treated fabric was a little less yellow than the untreated sample. At the depth of 

2.04% and 4.08%, the chitosan-treated samples had higher b* values than the untreated 

samples, that meant the chitosan-treated fabrics became more yellow than the untreated 

fabrics.  

C* values of chitosan-treated fabrics were all smaller than those of control fabrics and the 

absolute values of ΔC* increased as the depth of dyeing increased. The chitosan-treated 

fabrics were less saturated than the control fabrics and the difference became larger as the 

depth of dyeing increased. 

5.4.12.3 Acid Red 18 

As shown in Tables 5.15-5.16, the chitosan-treated fabrics were darker than the control 

fabrics at all depths of dyeing of Acid Red 18. And the difference was getting larger as the 

depths of dyeing increased which was shown by the increase of the absolute values of 

ΔL*. The results of ΔE values were similar to the results of Acid Red 1. 
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Table 5.15 CIE L*a*b* of the chitosan-treated and control fabrics dyed by Acid Red 18 

Sample L* a* b* C* h 

Acid Red 18 at 0.60% 

Chitosan-treated 51.61 57.12 16.69 59.51 16.29 

Control 62.36 50.98 6.17 51.35 6.91 

Acid Red 18 at 1.21% 

Chitosan-treated 47.22 57.24 20.77 60.37 22.31 

Control 60.60 52.72 8.02 53.33 8.65 

Acid Red 1 at 2.42% 

Chitosan-treated 43.79 55.85 22.92 60.37 22.31 

Control 58.38 55.50 10.77 56.54 10.98 

Table 5.16 Color difference between the chitosan-treated and control fabrics dyed by Acid Red 18 

At all depths of dyeing of Acid Red 18, the chitosan-treated fabrics had greater values of 

a* which meant that the chitosan-treated fabrics were redder than the control fabrics at all 

depths. Δa* values between chitosan-treated and control fabric were getting smaller when 

the depth of dyeing increased. b* values of chitosan-treated fabrics were higher than that 

of the control samples. Those meant the chitosan-treated fabrics were yellower than the 

control ones. Δb* values between chitosan-treated and control fabrics ranged from 10.52 

to 12.75 at all depths of dyeing. 

C* values of chitosan-treated fabrics were all larger than those of the control fabrics and 

the ΔC* values decreased as the depth of dyeing increased. It meant that the 

chitosan-treated fabrics were more saturated than the control fabrics. Δh ranged from 

Sample ΔE ΔL* Δa* Δb* ΔC* Δh 

Acid Red 18 at 0.60% 16.25 -10.75 6.14 10.52 8.16 9.38 

Acid Red 18 at 1.21% 19.03 -13.38 4.52 12.75 7.04 13.66 

Acid Red 1 at 2.42% 18.99 -14.59 0.35 12.15 3.83 11.33 
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9.38-13.66 at all depths of dyeing.  

5.4.12.4 Sirius Brown 3RL  

Table 5.17 CIE L*a*b* of the chitosan-treated and control fabrics dyed by Sirius Brown 3RL  

Sample L* a* b* C* h 

Sirius Brown 3RL at 2.27% 

Chitosan-treated 47.096 46.436 33.100 57.026 35.482 

Control 46.019 43.486 28.293 51.880 33.049 

Sirius Brown 3RL at 4.55% 

Chitosan-treated 36.716 40.652 27.844 49.274 34.409 

Control 41.351 47.887 36.007 59.914 36.940 

Sirius Brown 3RL at 9.10% 

Chitosan-treated 33.589 38.987 26.677 47.240 34.382 

Control 40.390 48.775 38.270 61.996 38.119 

Table 5.18 Color difference between the chitosan-treated and control fabrics dyed by Sirius Brown 3RL 

As data shown in Tables 5.17-5.18, the chitosan-treated fabric had larger values of L* at 

the depth of 2.27% which meant the chitosan-treated fabrics were a little brighter than the 

control fabrics at the depth of 2.27%. And the chitosan-treated fabrics had smaller values 

of L* at the depths of 4.55% and 9.10% which meant the chitosan-treated fabrics were 

darker than the control fabrics. L* values of chitosan-treated and control fabrics were 

getting smaller when the depths of dyeing increased due to more dyes were adsorbed onto 

the fabrics. The absolute values of ΔL* were getting bigger as the depth of dyeing 

increased. ΔE values increased as the depths of dyeing increased. 

Sample ΔE ΔL* Δa* Δb* ΔC* Δh 

Sirius Brown 3RL at 2.27% 5.74 1.077 2.95 4.807 5.146 2.433 

Sirius Brown 3RL at 4.55% 11.85 -4.635 -7.235 -8.163 -10.64 -2.531 

Sirius Brown 3RL at 9.10% 16.63 -6.801 -9.788 -11.593 -14.756 -3.737 
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The chitosan-treated fabric had a bigger a* value than the untreated fabric at the depth of 

2.27%, while the chitosan-treated fabrics had smaller a* values than the untreated fabrics 

at the depths of 4.55% and 9.10%. That meant the chitosan-treated fabric was redder than 

the control sample at depth of 2.27%, but greener than the control fabrics at the depths of 

4.55% and 9.10%. That was because the chitosan-treated fabrics became much darker as 

the depth increased, but the control fabrics did not increase much. The absolute values of 

Δa* between chitosan-treated and control fabrics were getting larger when the depths of 

dyeing increased. At the depth of 2.27%, the chitosan-treated fabric had a higher b* value 

than the untreated fabric. That meant the chitosan-treated fabric was yellower than the 

untreated fabric at the depth of 2.27%. At the depths of 4.55% and 9.10%, the 

chitosan-treated fabrics had lower b* values than the untreated fabrics; the 

chitosan-treated fabrics were yellower than the untreated fabrics. C* value of 

chitosan-treated fabric was larger than that of control fabric at the depth of 2.27% while 

C* values of chitosan-treated fabric were smaller than those of the control fabrics at the 

depths of 4.55% and 9.10%.  

5.4.12.5 Sirius Red F3B 

CIE L*a*b* data of the chitosan-treated and control fabrics dyed by Sirius Red F3B are 

shown in Table 5.19 and 5.20. The chitosan-treated fabric had smaller values of L* at all 

three depths which meant the chitosan-treated fabrics were darker than the control fabrics. 

L* values of chitosan-treated and control fabrics were getting smaller when the depths of 

dyeing increased due to more dyes were adsorbed onto the fabrics. The absolute values of 

ΔL* were getting larger as the depths of dyeing changed from 1.37% to 2.75% and then 

become stable as both of the chitosan-treated fabric and control fabric could not adsorb 

more dyes even the depth increase.  
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Table 5.19 CIE L*a*b* of the chitosan-treated and control fabrics dyed by Sirius Red F3B  

Sample L* a* b* C* h 

Sirius Red F3B at 1.37% 

Chitosan-treated 39.822 48.836 21.096 53.198 23.364 

Control 48.092 61.285 31.470 68.893 27.181 

Sirius Brown 3RL at 2.75% 

Chitosan-treated 38.366 51.801 24.018 57.098 24.875 

Control 47.410 60.715 32.654 68.939 28.273 

Sirius Brown 3RL at 5.50% 

Chitosan-treated 40.697 53.152 25.230 58.836 25.393 

Control 49.138 58.123 28.124 64.570 25.821 

Table 5.20 Color difference between the chitosan-treated and control fabrics dyed by Sirius Red F3B 

The chitosan-treated fabrics had smaller a* values than the untreated fabrics at all the 

three depths. That meant the chitosan-treated fabrics were greener than the control fabrics. 

It was because the chitosan-treated fabrics were much darker. The chitosan-treated fabrics 

had lower b* values than the untreated fabrics, that meant the chitosan-treated fabrics 

were more blue than the untreated fabrics. 

5.4.12.6 Telon Red M-BL 

Tables 5.21-5.22 show the CIE L*a*b* data of the chitosan-treated and control fabrics 

dyed by Telon Red M-BL. The values of ΔL* between chitosan-treated and control fabric 

were negative and the differences became larger as the depths increased. The a* of 

chitosan-treated fabrics were smaller than that of the control fabrics which meant that 

Sample ΔE ΔL* Δa* Δb* ΔC* Δh 

Sirius Red F3B at 1.37% 18.193 -8.270 -12.449 -10.374 -15.695 -4.033 

Sirius Red F3B at 2.75% 15.357 -9.045 -8.914 -8.636 -11.841 -3.720 

Sirius Red F3B at 5.50% 10.215 -8.441 -4.972 -2.894 -5.734 -0.461 
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they were less red than the control fabrics at all depths of dyeing in Telon Red M-BL. 

Value of Δb* between chitosan-treated and control fabrics was getting greater from 2% 

depth to 4% depth. However, it reduced from 4% depth to 8% depth. The b* values of 

chitosan-treated fabric were larger than that of control fabrics which resulted to a positive 

Δb* value. The chitosan-treated fabrics were yellower than the control fabrics at all three 

depths of dyeing. 

Table 5.21 CIE L*a*b* of the chitosan-treated and control fabrics dyed by Telon Red M-BL 

Sample L* a* b* C* h 

Telon Red M-BL at 2% 

Chitosan-treated 39.56 49.37 0.03 49.37 0.04 

Control 42.50 52.23 -3.26 52.33 356.43 

Telon Red M-BL at 4% 

Chitosan-treated 31.62 43.28 7.18 43.87 9.42 

Control 36.86 53.43 2.80 53.50 3.00 

Telon Red M-BL at 8% 

Chitosan-treated 28.14 38.47 9.61 39.65 14.02 

Control 33.96 52.73 7.12 53.21 7.69 

Table 5.22 Color difference between the chitosan-treated and control fabrics dyed by Telon Red M-BL 

C* values of chitosan-treated fabrics were lower than the control fabrics at all three 

depths of dyeing by Telon Red M-BL. It meant that the chitosan-treated fabrics were less 

saturated than the control fabrics. Δh values, however, ranging from 3.61 to 6.33 which 

showed a comparatively small and uncritical difference in all depths of dyeing. 

Sample ΔE ΔL* Δa* Δb* ΔC* Δh 

Telon Red M-BL at 2% 5.26 -2.94 -2.86 3.29 -2.96 3.61 

Telon Red M-BL at 4% 12.23 -5.24 -10.15 4.38 -9.63 6.42 

Telon Red M-BL at 8% 15.60 -5.82 -14.26 2.49 -13.56 6.33 
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5.4.12.7 Telon Yellow M-4GL 

Table 5.23 CIE L*a*b* of the chitosan-treated and control fabrics dyed by Telon Yellow M-4GL 

Sample L* a* b* C* h 

Telon Yellow M-4GL at 2% 

Chitosan-treated 85.18 0.27 78.67 78.68 89.80 

Control 86.19 -0.55 76.80 76.80 90.41 

Telon Yellow M-4GL at 4% 

Chitosan-treated 81.97 5.96 89.94 90.14 86.21 

Control 84.71 3.32 91.73 91.79 87.93 

Telon Yellow M-4GL at 8% 

Chitosan-treated 78.40 13.83 92.14 93.17 81.46 

Control 83.82 5.29 95.18 95.33 86.82 

Table 5.24 Color difference between the chitosan-treated and control fabrics dyed by Telon Yellow 

M-4GL 

Tables 5.23-5.24 show the CIE L*a*b* of the chitosan-treated and control fabrics dyed 

by Telon Yellow M-4GL. The values of ΔL* between chitosan-treated and control fabrics 

were getting larger when the depths of dyeing increased at all three depths of dyeing, the 

chitosan-treated fabrics had  greater values of a* which meant the chitosan-treated 

fabrics were redder than the control fabrics at the three depths of dyeing. b* of 

chitosan-treated fabric was larger than that of control fabric at 2% depth which meant that 

it was yellower than the control fabric. At 4% and 8% depths of dyeing, however, b* of 

chitosan-treated fabrics were smaller than the control fabrics which meant that they were 

less yellow than the control fabrics. Δb* value between chitosan-treated and control fabric 

Sample ΔE ΔL* Δa* Δb* ΔC* Δh 

Telon Yellow M-4GL at 2% 2.28 -1.01 0.82 1.87 1.88 -0.61 

Telon Yellow M-4GL at 4% 4.20 -2.74 2.64 -1.79 -1.65 -1.72 

Telon Yellow M-4GL at 8% 10.56 -5.42 8.54 -3.04 -2.16 -5.36 
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was positive at 2% depth while were negative at 4% and 8% depths. When the depth of 

dyeing increased from 4% to 8%, the absolute values of Δb* increased.  

C* values of chitosan-treated fabrics were lower than those of control fabric at 2% and 

4% depths of dyeing which meant that the chitosan-treated fabrics were less saturated 

than the control fabrics. At 1% depth of dyeing, C* value of chitosan-treated fabric was 

higher than that of control fabric which meant that it was more saturated than the control 

fabric. Δh value, however, ranging from -0.61 to -5.36 which showed a comparatively 

small and uncritical differences at all depths of dyeing  

5.4.12.8 Telon Blue M-RLW 

Table 5.25 CIE L*a*b* of the chitosan-treated and control fabrics dyed by Telon Blue M-RLW 

Sample L* a* b* C* h 

Telon Blue M-RLW at 2% 

Chitosan-treated 52.17 1.15 -43.29 43.30 271.53 

Control 53.38 1.83 -44.98 45.02 272.33 

Telon Blue M-RLW at 4% 

Chitosan-treated 43.76 3.05 -44.50 44.61 273.92 

Control 46.47 3.39 -46.01 46.14 274.22 

Telon Blue M-RLW at 8% 

Chitosan-treated 37.88 6.44 -44.62 45.08 278.22 

Control 44.52 3.60 -46.07 46.21 274.47 

Table 5.26 Color difference between the chitosan-treated and control fabrics dyed by Telon Blue 

M-RLW 

Sample ΔE ΔL* Δa* Δb* ΔC* Δh 

Telon Blue M-RLW at 2% 2.19 -1.21 -0.68 1.69 -1.72 -0.80 

Telon Blue M-RLW at 4% 3.12 -2.71 -0.34 1.51 -1.53 -0.30 

Telon Blue M-RLW at 8% 7.37 -6.64 2.84 1.45 -1.13 3.75 
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For the fabrics dyed by Telon Bule M-RLW, values of ΔL* between the chitosan-treated 

and control fabrics increased at all three depths which were shown in Table 5.26. Values 

of a*of chitosan-treated fabrics at dyeing 2% and 4% depths were smaller than those of 

control fabrics which meant that they were less red than the control fabrics. However, at 

8% depth, a* of chitosan-treated fabric was larger than that of control fabric which meant 

that chitosan-treated fabric was redder than the control one. b* values of chitosan-treated 

fabrics were negative and were greater than those of control fabrics which meant the 

chitosan-treated fabrics were less blue than the control fabrics. Δb* values of 

chitosan-treated fabrics decreased as the depths increased. 

C* values of chitosan-treated fabrics were smaller than those of control fabrics at all three 

depths of dyeing which meant that the chitosan-treated fabrics were less saturated than 

the control fabrics. ΔC* values between chitosan-treated and control fabrics were 

negative and they decreased as the depth of dyeing increased. Δh values showed a 

comparatively small and uncritical differences at all three depths of dyeing. 

In all, all the chitosan-treated fabrics dyed by the dyes had smaller L* value than the 

control fabrics at all three depths. The chitosan-treated fabrics could adsorb more dyes at 

the same condition. Chitosan treatment provided a good method to improve the dyeability 

of nylon fabrics. 

5.4.13  K/S measurement of dyed fabrics 

The K/S values and K/S change at λmax of chitosan-treated and the control fabrics are 

shown in Figures 5.25-5.32 and Table 5.27 respectively. The K/S values indicate the 

actual amount of dyestuffs in the fabric samples. Clearly, all the chitosan-treated fabrics 

had higher uptake of dyes comparing with the control fabrics at all depths. 
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Figure 5.25 K/S curves of fabrics dyed by Acid Orange 7 

 

Figure 5.26 K/S curves of fabrics dyed by Acid Red 1 
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Figure 5.27 K/S curves of fabrics dyed by Acid Red 18 

 

Figure 5.28 K/S curves of fabrics dyed by Sirius Brown 3RL 
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Figure 5.29 K/S curves of fabrics dyed by Sirius Red F3B 

 

Figure 5.30 K/S curves of fabrics dyed by Telon Red M-BL 
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Figure 5.31 K/S curves of fabrics dyed by Telon Yellow M-4GL 

 

Figure 5.32 K/S curves of fabrics dyed by Telon Blue M-RLW 



Chapter 5 Application of Nanochitosan Emulsion on Dyeing 

 206

 

Table 5.27 K/S differences of fabrics at λmax at different dyeing depths  

Dyes AO7 AR 1 AR 18 SB SR TR TY TB 

at λmax/nm 490 540 520 490 530 530 400 630 

Depth  

low 

Chit-treated 11.526 10.151 7.402 11.923 13.473 11.424 8.286 4.628 

Control 8.373 9.639 2.91 10.067 15.495 10.166 7.711 4.428 

Difference 37.7% 5.31% 154.4% 18.44% -13.05% 12.4% 7.5% 4.5% 

Depth 

middle 

Chit-treated 17.464 14.851 10.271 16.001 18.025 17.450 14.814 8.784 

Control 12.683 11.904 3.531 19.722 20.18 17.457 14.326 7.439 

Difference 37.7% 24.75% 190.9% -18.87% -10.68% -0.04% 3.4% 18.1%

Depth  

high 

Chit-treated 20.003 17.242 12.543 19.563 18.427 19.707 17.045 12.094

Control 15.49 13.942 4.681 22.615 21.16 21.852 16.472 8.755 

Difference 29.1% 23.67% 168.0% -13.50% -12.92% -9.9% 3.5% 38.1%

         

5.4.14  Colorfastness 

5.4.14.1 Colorfastness to water (ISO E05-C01:1996) 

Tables 5.28-5.29 summarize the results of the colorfastness to water color (ISO 

E05-C01:1996) of both chitosan-treated and control fabrics. All of the ratings were within 

the range of 3-4 to 4-5. The results of staining on the multi-fiber fabrics of the 

chitosan-treated fabrics at high depths were comparatively poorer. It was because there 

were more dyes onto the treated fabrics at high depths. The chitosan-treated fabrics did 

not show much change in the colorfastness. 
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Table 5.28 Colorfastness to water of fabrics dyed by Acid Orange 7, Acid Red 1, and Acid Red 18 

Sample Color Change
Staining on multi-fiber fabric 

Wool Polyacryic Polyester nylon Cotton Acetate

Acid Orange 7 

1.05% chit-treated 4-5 3-4 4-5 4-5 4 4-5 4-5 

1.05% control 4-5 3-4 4-5 4-5 4 4-5 4-5 

2.10% chit-treated 4-5 3 4-5 4-5 3 4-5 4-5 

2.10% control 4-5 3-4 4-5 4-5 3-4 4-5 4-5 

4.20% chit-treated 4 3 4-5 4-5 2-3 4-5 4-5 

4.20% control 4 3 4-5 4-5 2-3 4-5 4-5 

Acid Red 1 

1.02% chit-treated 4 4-5 4 3-4 4-5 4-5 3-4 

1.02% control 4-5 4-5 4 3-4 5 4-5 3-4 

2.04% chit-treated 4-5 4-5 4 4 4-5 4 3-4 

2.04% control 4-5 4 3-4 3-4 4-5 4 3-4 

4.08% chit-treated 4-5 4-5 4 3-4 4 4 3 

4.08% control 4-5 4 3-4 3 4 3-4 3 

Acid Red 18 

0.60% chit-treated 4 4 4-5 4-5 4-5 4-5 4-5 

0.60% control 4-5 4 4-5 4-5 3-4 4-5 4-5 

1.21% chit-treated 3-4 3-4 4 4-5 4 4-5 4-5 

1.21% control 4 4 4-5 4-5 3-4 4 4-5 

2.42% chit-treated 4 3-4 4-5 4-5 3 3-4 4-5 

2.42% control 4-5 4 4-5 4-5 3-4 4 4-5 
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Table 5.29 Colorfastness to water of fabrics dyed by Sirius Brown 3RL, Sirius Red F3B, Telon Red 

M-BL, Telon Yellow M-4GL and Telon Blue M-RLW 

Sample Color Change 
Staining on multi-fiber fabric 

Wool Polyacryic Polyester nylon Cotton Acetate

Sirius Brown 3RL 

2.27% chit-treated 5 5 5 5 5 5 5 

2.27% control 5 5 5 5 5 5 5 

4.55% chit-treated 5 5 5 5 5 5 5 

4.55% control 5 5 4-5 5 5 5 5 

9.10% chit-treated 5 4-5 4-5 5 5 5 5 

9.10% control 5 5 5 5 5 5 5 

Sirius Red F3B 

1.37% chit-treated 4-5 5 5 5 5 5 4-5 

1.37% control 4-5 5 4-5 5 5 5 4-5 

2.75% chit-treated 4-5 5 4-5 5 5 5 4-5 

2.75% control 5 5 4-5 5 5 5 4-5 

5.50% chit-treated 5 5 4-5 5 5 5 4-5 

5.50% control 4-5 5 4-5 5 5 5 4-5 

Telon Red M-BL        

2% chit-treated 5 5 5 5 4 5 4-5 

2% control 5 5 4-5 5 4 5 4-5 

4% chit-treated 5 5 4-5 5 4-5 5 4-5 

4% control 4-5 5 4-5 5 4 5 4-5 

8% chit-treated 5 5 4-5 5 4-5 5 4-5 

8% control 5 5 4-5 5 4 5 4-5 

Telon Yellow M-4G        

2% chit-treated 4 4-5 5 5 4-5 5 4-5 

2% control 4-5 5 5 5 4-5 4-5 4-5 

4% chit-treated 4-5 4-5 5 5 4 5 4-5 

4% control 5 4-5 5 5 4-5 5 4-5 
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Table 5.29 Continued        

Sample Color Change
Staining on multi-fiber fabric 

Wool Polyacryic Polyester nylon Cotton Acetate

Telon Yellow M-4G        

8% chit-treated 5 5 5 5 3-4 5 4-5 

8% control 5 5 5 5 3-4 5 4-5 

Telon Blue M-RLW        

2% chit-treated 4-5 4-5 5 5 4 5 4-5 

2% control 4-5 5 4-5 5 4 5 5 

4% chit-treated 5 4-5 5 5 4 5 5 

4% control 5 5 5 5 4-5 5 5 

8% chit-treated 5 4-5 5 4-5 3-4 5 5 

8% control 4-5 4-5 4-5 4-5 3-4 5 4-5 

5.4.14.2 Colorfastness to washing  

Tables 5.30-5.31 summarize the results of colorfastness to washing (ISO 105-C01:1989). 

The color change of the fabrics was generally high. For the dyes including Acid Orange 7, 

Acid Red 1 and Acid Red 18, the color change was too high to be used in the commercial. 

But for all the other five commercial dyes, the color change which is between 3-4 and 5. 

The ratings of color change at 2% depth of Telon Yellow M-4GL and Telon Blue M-RLW 

were around 3-4 to 4-5. However, at 4% and 8% depths, the color changes of the 

chitosan-treated and the control fabrics in Telon Yellow M-4GL and Telon Blue M-RLW 

increased. Color changes of both chitosan-treated and control fabrics in Telon Red M-BL, 

however, kept consistent at various depths. 

In most cases, the color changes in the chitosan-treated specimens were larger than those 

in control specimens. It was because of the darker shade in chitosan-treated fabrics 
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comparing with the control fabrics. The darker of the fabric was, the more dye molecules 

might migrate out from the fabric during washing. Thus, the color change in 

chitosan-treated fabric was larger than control fabric.  

Table 5.30 Colorfastness to washing of fabrics dyed by Acid Orange 7, Acid Red 1, and Acid Red 18 

Sample Color Change 
Staining on multi-fiber fabric 

Wool Polyacryic Polyester nylon Cotton Acetate

Acid Orange 7 

1.05% chit-treated 3-4 5 5 5 5 5 4 

1.05% control 3-4 5 5 5 5 5 5 

2.10% chit-treated 2-3 5 5 5 5 5 5 

2.10% control 2-3 4-5 5 5 4-5 5 5 

4.20% chit-treated 2 4-5 5 5 4-5 5 5 

4.20% control 1-2 5 5 5 4-5 5 5 

Acid Red 1 

1.02% chit-treated 3 5 5 5 5 4-5 4-5 

Acid Red 1        

1.02% control 2-3 5 5 5 5 4-5 5 

2.04% chit-treated 2-3 5 5 5 5 5 5 

2.04% control 2-3 5 5 5 5 5 5 

4.08% chit-treated 1-2 4-5 5 5 5 5 5 

4.08% control 2 5 5 5 5 5 5 

Acid Red 18 

0.60% chit-treated 3 4 4-5 4-5 4-5 4-5 4-5 

0.60% control 3 4 4-5 4-5 3-4 4-5 4-5 

1.21% chit-treated 2-3 3-4 4 4-5 4 4-5 4-5 

1.21% control 2-3 4 4-5 4-5 3-4 4 4-5 

2.42% chit-treated 2 3 3-4 4-5 3 3-4 4-5 

2.42% control 2 4 4-5 4-5 3-4 4 4-5 
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Table 5.31 Colorfastness to washing of fabrics dyed by Sirius Brown 3RL, Sirius Red F3B, Telon Red 

M-BL, Telon Yellow M-4GL and Telon Blue M-RLW 

Sample Color Change
Staining on multi-fiber fabric 

Wool Polyacryic Polyester nylon Cotton Acetate

Sirius Brown 3RL 

2.27% chit-treated 4-5 5 4 5 5 4-5 5 

2.27% control 5 5 44-5 5 5 5 5 

4.55% chit-treated 4 5 4 4-5 4-5 4-5 4-5 

4.55% control 4 5 4-5 4-5 4-5 5 3-4 

9.10% chit-treated 4-5 4-5 4 4-5 4-5 5 4 

9.10% control 4-5 5 4- 4-5 4-5 5 4 

Sirius Red F3B 

1.37% chit-treated 4-5 5 5 5 5 5 4-5 

Sirius Red F3B        

1.37% control 4-5 5 4-5 5 5 5 4-5 

2.75% chit-treated 4-5 5 4-5 5 5 5 4-5 

2.75% control 5 5 4-5 5 5 5 4-5 

5.50% chit-treated 5 5 4-5 5 5 5 4-5 

5.50% control 4-5 5 4-5 5 5 5 4-5 

Telon Red M-BL 

2% chit-treated 3-4 4-5 4 4 3-4 4-5 4-5 

2% control 4 4-5 4-5 4-5 4 4-5 4-5 

4% chit-treated 3-4 3-4 4 3-4 3 4 4 

4% control 4 4-5 4-5 4-5 4 4-5 4-5 

8% chit-treated 3-4 3-4 3 2-3 2-3 4 4 

8% control 4 4 4 3-4 3-4 4-5 4-5 

Telon Yellow M-4G        

2% chit-treated 4 4 4 4-5 4 4-5 4-5 

2% control 4-5 4 4 4-5 4 4-5 4-5 
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Table 5.31 Continued        

Sample Color Change 
Staining on multi-fiber fabric 

Wool Polyacryic Polyester nylon Cotton Acetate

Telon Yellow M-4G        

4% chit-treated 3-4 4 4 4-5 4 4-5 4-5 

4% control 3 4 4 4-5 4 4-5 4-5 

8% chit-treated 3-4 4 4 4-5 4 4-5 4-5 

8% control 3-4 4 4 4-5 4 4-5 4-5 

Telon Blue M-RLW        

2% chit-treated 4 4 4-5 4-5 4 4-5 4-5 

2% control 4-5 4 4-5 4-5 4 4-5 4-5 

4% chit-treated 3 4 4-5 4-5 4 4-5 4-5 

4% control 3-4 4 4-5 4-5 4 4-5 4-5 

8% chit-treated 3 4 4-5 4-5 4 4-5 4-5 

8% control 3 4 4-5 4-5 4 4-5 4-5 

5.5 Conclusions 

Nanochitosan emulsion was prepared by the procedures as described in Section 5.3.2.1 

and applied onto nylon fabrics through a pad-dry-cure method. The nanochitosan-treated 

and control fabrics were then dyed with eight dyes to study the enhancement of dyeability 

of nylon fabrics.  

The rate of dyeing for the chitosan-treated fabrics was generally high and the equilibrium 

and final exhaustion were enhanced in chitosan-treated fabric due to the increase in the 

number of protonated amino group dyesites (i.e. higher saturation point). When the 

saturation point in control fabric was reached, the additional protonated amino groups in 

chitosan-treated fabric still could adsorb more dye molecules. Thus, the equilibrium and 

final exhaustion of chitosan-treated fabric were higher than those of the control fabric. 

The differences in equilibrium exhaustion at the high depth were 40.1% for Acid Orange 
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7, 24% for Acid Red 1, 42.5% for Acid red 18, 27.1% for Sirius Brown 3RL, 46.0% for 

Sirius Red F3B, 41.9% for Telon Red M-BL, 13.5% for Telon Yellow M-4GL, 46% for 

Telon Blue M-RLW. 

The chitosan-treated fabrics not only exhausted more dye molecules than the control 

fabrics (higher %E), but also took a shorter period of time to achieve half dyeing (smaller 

T1/2). Thus, green dyeing was achieved by enhancing the exhaustion and reducing the 

energy needed for the dyeing process. 

Color evaluations of dyed fabrics were carried out by subjective visual assessment under 

D65 and objective measurement using a VIS spectrophotometer. The CIE L*a*b* data 

showed the chitosan-treated fabrics all had a lower L* value than the control fabrics 

which meant that the former were darker than the latter. For the K/S value, the 

chitosan-treated fabrics had a higher K/S (i.e. more dye adsorption). The data of CIE 

L*a*b* and K/S all showed that the dyeability of nylon fabrics was enhanced due to the 

additional amino groups from chitosan. 

The data of colorfastness to water (ISO 105 E01:1994) and colorfastness to washing (ISO 

103 C01: 1989) showed that the chitosan treatment did not greatly affect the fastness 

properties of the fabrics. 
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Chapter 6 Conclusions and Suggestions for Future Research 

The study mainly focused on the preparation and applications of nanochitosan. A novel 

dissolving-precipitating-ultrasound method has been developed for the preparation of the 

nanochitosan emulsion by using the ultrasound treatment. The nanochitosan was 

characterized by laser scanning, X-ray, FT-IR, NMR, elementary analysis, SEM, TEM, 

AFM and some other methods.  

The prepared nanochitosan emulsion was used for dye sorption and dyeability 

enhancement of nylon. The capacities of nanochitosan as an adsorbent for the removal of 

5 anionic dyes from aqueous solutions were studied. Similar experiments were done with 

microchitosan. It was found that the nanochitosan had higher sorption capacities than 

those of the microchitosan, especially for the dyes with large molecular sizes. The 

sorption kinetics of dyes onto nanochitosan and microchitosan fits the 

pseudo-second-order model. The Langmuir equilibrium isotherms were suitable to 

analyze the equilibrium data. 

The nanochitosan-treated and control fabrics were dyed with eight dyes to study the 

enhancement of dyeability of nylon fabrics by the nanochitosan emulsion treating. The 

rate of dyeing for chitosan-treated fabric was enhanced and the the depths of dyeing were 

higher. Thus, green dyeing was achieved by enhancing the exhaustion and reducing the 

energy needed for the dyeing process. 

This project provided a simple and fast method for the preparation of nanochitosan and 

studied its applications. The study extended the knowledge area on chitosan nanoparticle 

preparation and applications. The conclusion and future work are summarized. 
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6.1 Preparation and characterization of nanochitosan emulsions 

6.1.1 Conclusions 

In this part, a new dissolving-precipitating-ultrasound method has been developed for the 

preparation of nanochitosan emulsions by using the ultrasound treatment. The optimal 

conditions for preparing nanochitosan emulsions with uniform nanochitosan particles 

were investigated by using the factorial experiment design.  

The emulsions had a good stability with a zeta potential ranging from 25-40 mV because 

of the hydrogen bond between the amino groups and hydroxyl groups of water and 

chitosan molecules. Laser scanning, SEM, TEM and AFM analyses were performed to 

obtain the particle size and images of the particles. The particle size and molecule weight 

decreased with the ultrasonic duration. The DD of chitosan had no significant change 

after the ultrasound treatment. The crystallinity of chitosan nanoparticles was investigated 

using XRD. The crystallinity slightly increased with the ultrasound duration. 

The methods for preparing the chitosan nanoparticles by using the ultrasound treatment 

did not require additional chemicals in the process. It was easy to determine the particle 

size in the emulsions and the emulsions were stable. By using the ultrasound treatment, 

we could obtain nanochitosan emulsions without additional chemicals; thus the non-toxic 

emulsions could find further uses in medicines and textiles. 

6.1.2 Future research 

The mechanism of sonolysis has not been studied in my work. To explore how the 

nanoparticles are formed by using the ultrasonic irradiation will provide better 

understanding of the nanoparticle preparation and be useful in large-scale production. 



Chapter 6 Conclusions and Suggestions for Future Research 

 216

6.2 Application of nanochitosan emulsion on dye sorption 

6.2.1 Conclusions 

In this part, the nanochitosan emulsion with particle sizes of 300 nm-400 nm was 

prepared by using the sonolysis method. The capacities of nanochitosan as an adsorbent 

for the removal of 5 anionic dyes including Acid Orange 7, Acid Red 1, Acid Red 18, 

Direct Red 80 and Direct Red 84 in aqueous solutions was studied. Similar experiments 

were done with microchitosan (180 µm-250 µm). It was found that the nanochitosan had 

higher capacities than those of the microchitosan, especially for dyes with large molecular 

sizes. And the sorption is more efficient for the nanochitosan demonstrated by much 

shorter equilibrium time comparing with the microchitosan. 

Sorption capacities of dyes onto nanochitosan and microchitosan at different temperatures 

were investigated. The sorption kinetics of dyes onto nanochitosan and microchitosan fit 

the pseudo-second-order model and the Langmuir equilibrium isotherm model were 

successfully used to analyze the equilibrium data. The sorption capacities of nanochitosan 

were 4.591 mmol/g for Acid Orange 7, 2.325 mmol/g for Acid Red 1, 1.338 mmol/g for 

Acid Red 18, 2.900 mmol/g for Direct Red 84, and 1.358 mmol/g for Direct Red 80 at 

30 ℃ . The results demonstrated that comparing with the sorption capacity of 

microchitosan, the sorption capacity of nanochitosan increased as much as 8 times for the 

dyes with large molecular sizes.  

The H of the sorption was obtained from the van’t Hoff equation. The negative value of 

H  suggested that the adsorption phenomenon was an exothermic reaction. The sorption 

studies provide both theoretical and practical values to the research area and also support 

the dyeing studies.  
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6.2.2 Future research 

a) To explore the affinity between dyes and chitosan thoroughly especially the affinity 

between direct dyes and nanochitosan which was different from that between the acid 

dyes and small molecular sizes; 

b) To study the sorption of other dyes onto nanochitosan besides acid dyes such as basic 

dyes in neutral condition or alkaline condition. 

6.3 Application of nanochitosan emulsion on dyeing: dyeability 

enhancement of nylon using nanochitosan emulsion 

6.3.1 Conclusions 

In the study, the nanochitosan emulsion was applied onto nylon fabrics using a 

pad-dry-cure method. The nanochitosan-treated and control fabrics were dyed with eight 

dyes to study the enhancement of dyeability. 

The rate of dyeing for the chitosan-treated fabric was increased and the dyeability of the 

nylon fabric was improved. The equilibrium and final exhaustion were enhanced in the 

chitosan-treated fabrics due to the increase of the protonated amino group dyesites (i.e. 

higher saturation point). The differences in equilibrium exhaustion at the high depths 

were 40.1% for Acid Orange 7, 24% for Acid Red 1, 42.5% for Acid red 18, 27.1% for 

Sirius Brown 3RL, 46.0% for Sirius Red F3B, 41.9% for Telon Red M-BL, 13.5% for 

Telon Yellow M-4GL, and 46% for Telon Blue M-RLW. 

The chitosan-treated fabrics not only exhausted more dye molecules than the control 

fabrics (higher %E), but also achieveed half dyeing in a shorter time (smaller T1/2). Thus, 
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green dyeing was achieved by enhancing the exhaustion and reducing the energy needed 

for the dyeing process. 

Color evaluations of dyed fabrics were carried out by both the subjective visual 

assessment under D65 and objective measurement using a VIS spectrophotometer. The 

CIE L*a*b* data showed the chitosan-treated fabrics all had darker color than the control 

fabrics. The data of CIE L*a*b* and K/S all showed that the dyeability of nylon fabrics 

was enhanced due to the additional amino groups from chitosan. The data of colorfastness 

to water (ISO 105 E01:1994) and colorfastness to washing (ISO 103 C01: 1989) showed 

that the chitosan treatment did not greatly affect the fastness properties of the fabrics. 

6.3.2 Future research 

a) As the nanochitosan emulsion has been applied on nylon fabrics and showed 

improvements of dyeability, the detailed procedures and conditions including 

levelling agents, pH values, temperature and other conditions which could provide 

better dyeing results should be investigated.  

b) The nanochitosan could be applied on other fibers for dyeability improvements. 
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