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CHAPTER 1

INTRODUCTION

1.1 Background

Nowadays, textile materials are colored for value addition, looks and fulfilling
the desires of the customers. Anciently, this purpose of coloring textile was initiated
using natural sources, until synthetic dyes were invented. Almost all the synthetic dyes
being synthesized from petrochemical sources through hazardous chemical processes
pose threat to the environment. However, worldwide environment protection and safety
renewed the interest of the people on natural products like natural fibers and natural
dyes. For successful commercial application of natural dyes for any particular fibers, the
appropriate and standardized techniques of dyeing for that particular fiber dye system
need to be adopted. Relevant scientific studies and optimization of dyeing process
variables, dyeing kinetics studies and test of compatibility of selective natural dyes are
very important.

Natural dyes are known for their beautiful, soft and multi-hued shades. There is
considerable current interest in dyeing of textile fibers with natural dyes on account of
their compatibility with environment and because of their generally lower toxicity and
allergic reaction [1]. Lac dye is a natural reddish dyestuffs extracted from stick lac
which is a secretion of the insect Coccus laccae (Laccifer lacca Kerr). The insect C.
laccae is often found in South and Southeast Asia, especially in Thailand and India. Lac
dye is used extensively as a natural food additive, cosmetics ingredient, oil painting and
dyeing textiles such as silk, cotton, wool, kenaf, flax, etc. In the north and the northeast
of Thailand, it is used as a natural red dyestuff for cotton and silk dyeing for a long
time. However, this natural dye has a limited usefulness in fibers dyeing as it does not
readily adsorb to fibers because the fastness properties and reproducibility to give
consistency in production are still problems to be solved. As part of the approach to
tackle these problems, fundamental physical studies on the dyeing process are
important. Therefore, Impact study and processes absorbing dyes are particularly
important in dyeing fibers [2, 3]. At present, the process of dyeing bamboo fiber with

lac dye is not widely used.
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Bamboo is a naturally occurring composite material as it consists of cellulose
fibers embedded in a lignin matrix. It grows abundantly in most of the tropical
countries. Cellulose fibers are aligned along the length of the bamboo, providing
maximum tensile strength and rigidity in that direction. It is an environmentally friendly
product. Through a process of hydrolysis-alkalization and multi-phase bleaching,
starchy pulp is refined from bamboo. Alter that, chemical fiber factories process it into
bamboo fibers. Repeated technological analysis has proved that this kind of fiber has
thinness and whiteness close to finely bleached viscose and has a strong durability,
stability and tenacity. Currently, bamboo fiber is gaining a wide popularity in the textile
industry because it has natural anti-bacterial, green and biodegradable, breathable and
cool, soft hand feel and luxurious shiny appearance properties. The bamboo fibers
through a process called bamboo yarn can be applied, such as coats, scarves, towels,
pillowcases, etc. [4] Recently, the reported was found that used of natural dyes for
bamboo fiber dyeing, but the fastness properties and reproducibility to give consistency
in production are still problems to be solved. In general, the routes to solve these
problems consist of fundamental physical studies on the dyeing process and chemical
modifications to improve the lac dye adsorption on the fibers. For the latter route,
various types of mordants such as salts of various metals used Fe, Al, Cu, Pb, Sn are
some that are frequently used or tannins and bio-mordants [5-8] were used as surface
modifiers to promote the binding of dyes to fabric by forming a chemical bridge from
dye to fiber enhancing the staining ability of dye along with increasing its fastness
properties, depth of shade or difference colors for dyeing nylon, wool, silk, leather,
cotton, and other textile fibers [9,10]. However, most of the mordants used are toxic,
expensive and have serious detrimental effects on the environmental.

Polyethyleneimine (PEI) is a mordant used for improvement of adsorption
capacity of natural dye on natural fibers. This is because PEI has some characteristics
such as wettability, bondability, toxicologically benign, and of opposite charge to the
acid dye. These characteristics make PEI a suitable candidate for use as a mordant [11-
15].

In this work, the main aim is to improve the adsorption capacity of lac dye on

bamboo fibers. The effect of PEI as a mordant on adsorption capacity of lac dye on
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bamboo fibers will be investigated. The isotherms, kinetics and thermodynamics of

adsorption will be studied.

1.2 Research objectives

1. To improve the adsorption capacity of lac dye on bamboo fibers.
2. To study the effect of PEI as a mordant on adsorption capacity of lac dye on
bamboo fibers.

3. To study the kinetics and thermodynamics of the adsorption.

1.3 Expected results obtained from the research

1. The optimum dyeing conditions of lac dyeing on bamboo fibers will be
known.

2. The use of PEI as a mordant is expected to clearly improve the adsorption
capacity.

3. The adsorption behavior (isotherms, kinetics and thermodynamics) of lac

dyeing on bamboo fibers will be known.

1.4 Scopes of research

1. The effects of pH, initial lac dye concentration, contact time and temperature
on the adsorption behavior of lac dye on bamboo fibers will be firstly investigated.

2. The effects of PEI on the adsorption capacity of lac dye will then be studied.
In addition, the isotherms, kinetics and thermodynamics for all dyeing systems will be

examined, in relation with the interaction interpretation.

1.5 Research Place

SC1 - (404, 406, 407, 410), Department of Chemistry, Faculty of Science,

Mahasarakham University
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CHAPTER 2

LITERATURE REVIEW

2.1 Fibers

Fibers from natural sources have been used for thousands of years for
producing textiles and related products. With the advent of the spinning jet in the mid-
19" century, fibers could be formed by forcing dissolved polymeric materials through a
small orifice (spinneret) into a coagulating bath. Regenerated natural and synthetic man-
made fibers have been formed by this basic spinning technique or variations thereof
since then. By the turn of the 20" century, rayon, a regenerated cellulosic and the first
man-made fiber of commercial importance, was in full production. By the 1920s the
cellulose derivatives acetate and triacetate were introduced as fibers of commerce, and
inorganic glass fibers appeared during the mid-1930s. The first synthetic fiber (nylon)
chemically synthesized from basic monomeric units and based on petroleum feed stocks
appear in the late 1930s. The advent of nylon marked a new era for fiber production,
and several new types of synthetic fibers, including polyester, acrylic, modacrylic,
polyolefin, and vinyl fibers, appeared in the 1940s, 1950s, and 1960s.

In less than 40 years we have gone from a period where fibers were available
only from natural or regenerated sources to a time where abroad spectrum of fibers are
available. The wide range of properties available in fibers today has greatly expanded
the applications and areas in which fibers can be used. Even with such a range of
properties available in fibers, each class of fiber has inherent deficiencies that require
that chemical finishes or physical modifications be applied to the fiber. Also, addition of
color to the fiber through dyeing or printing is necessary to meet the demand of the
consumer for a wide spectrum of colors and patterns in textile products. Since 1945 a
number of new textile processes have been introduced providing unique methods to

form yarns and textile substrates of widely varying structure and properties [16].
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2.1.1 Classification of fibers

Fiber is the basic unit for textiles. A fiber is a very thin strand of a material
having a good length to diameter ratio. Fibers are the raw materials for all fabrics. Some
fibers occur in nature as fine strands that can be twisted into yarns. In a broader
perspective fibers can be classified as natural fibers and manmade fibers. Natural fibers
can further be classified as vegetable fibers and animal fibers .Some prominent
examples of vegetable fibers are cotton, jute, hemp, flax / linen, bamboo and some
animal fibers are wool, silk etc. Manmade fibers are well known for their strength
properties and can further be classified as synthetic fibers for polyester, polyamide
(nylon), acrylic, polyolefin, spandex/elastane (lycra) and regenerated fibers for viscose
rayon, cuprammonium rayon, acetate rayon, bamboo viscose, modal, lyocell (tencel)
(cellulose based) and protein (soya) (protein based). Sometimes different types of fibers
are mixed with one another in different proportions in order to achieve the properties of
all the fibers getting mixed. This mixing of fibers is known as Blending. Figure 2.1

shows a classification chart for the major fibers.

Fiber Classification Chart

Fiber

[ 1
Natural Man-Made
|

I I I I
Plant Animal Mineral Regenerated Synthetic

Asbestos

| | | |
Rayon Cellulose Ester Rubber Proteins

I I
Wool Mohair Silk

| | | |
Cotton Flax Bamboo Other

I I I I I I |
Polyamides Polyesters  Acrylics Polyolefins Vinyls Spandex Etc.

Figure 2.1 Classification of natural and man-made fibers [17].

~ Mahasarakham University



2.1.2 Cellulose Fibers

Cellulose is a fibrous material of plant origin and the basis of all natural and
man-made cellulosic fibers. The natural cellulosic fibers include cotton, flax, hemp,
jute, and ramie. The major man-made cellulosic fiber is rayon, a fiber produced by
regeneration of dissolved forms of cellulose. The cellulose acetates are organic esters of
cellulose. Cellulose is a polymeric sugar (polysaccharide) made up of repeating 1,4-8-
anhydroglucose units connected to each other by 8-ether linkages. The number of
repeating units in cellulosic fibers can vary from less than 1000 to as many as 18,000,
depending on the fiber source. Cellulose is a hemi-acetal and hydrolyzes in dilute acid
solutions to form glucose is a simple sugar. The long linear chains of cellulose permit
the hydroxyl functional groups on each anhydroglucose unit to interact with hydroxyl
groups on adjacent chains through hydrogen bonding and van der Waal s forces. These
strong intermolecular forces between chains, coupled with the high linearity of the
cellulose molecule, account for the crystalline nature of cellulosic fibers. It is believed
that a gradual transition from alternating areas of greater molecular alignment or
crystallinity to more disordered or amorphous areas occurs in cellulose. The number,
size, and arrangement of crystalline regions within celluloses determine the ultimate

properties of a particular fiber. Figure 2.2 shows structure of cellulose fibers [17-19].

HO

Figure 2.2 Structure of cellulose fibers [17].
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2.1.3 Bamboo

The bamboo is grown in various continents of the world, it has been divided
accordingly; Asia—Pacific bamboo region, American bamboo region, African bamboo
region and European and North American region (Table 2.1). The Asia—Pacific bamboo
region is the largest bamboo growing area in the world. In Asian countries, bamboo is
known by different names, In China it is known as “friend of people”, “wood of the
poor” in India, “the brother” in Vietnam [20, 21] FAO provided the data of bamboo
production at global level as shown in Fig 2.3. In Asia, large area of bamboo is
occupied by six countries viz. India, China, Indonesia, Philippines, Myanmar, Vietnam
and others. Globally among sympodial and monopodial, sympodial type of bamboo
dominates major part. The extensive awareness of bamboo plantation in China has lead

to an increase in monopodial bamboo by about 30% [22].

Table 2.1 shows bamboo regions along with countries [20].

Bamboo region Countries

1. Asia - Pacific China, India, Burma, Thailand, Bangladesh,
Cambodia, Vietnam, Japan, Indonesia, Malaysia,
Philippines, Korea, and Sri Lanka

2. American (Latin American, Mexico, Guatemala, Costa Rica, Nicaragua,
South American and North Honduras, Columbia, Venezuela and brazil
American)

3. African Mozambique, Eastern Sudan

4. European England, France, Germany, Italy, Belgium,

Holland, United States and Canada have introduced
a large number of bamboo species from Asian and

Latin American bamboo — producing countries
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M Asia
B America

d Africa

Figure 2.3 World percentage of bamboo from different continents [22].

2.1.4 Bamboo fibers

Bamboo fiber is a regenerated cellulosic fiber produced from bamboo.
Starchy pulp is produced from bamboo stems and leaves through a process of alkaline
hydrolysis and multiphase bleaching. Further chemical processes produce bamboo fiber.
Repeated technological analysis has proved that this kind of fiber has a thinness degree
and whiteness degree close to normal finely bleached viscose and has a strong
durability, stability and tenacity. Bamboo fiber fabric is made of 100% bamboo pulp
fiber. It is characterized by its good hygroscopicity, excellent permeability, soft feel,
easiness to straighten and dye and splendid color effect of pigmentation. Figure 2.4
shows the main chemical structure of cellulose fiber [23].

OH
OH

lHo O o)
OH

OH 1

Figure 2.4 The main chemical structure of cellulose fibers [23].
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2.1.5 Extraction of bamboo fibers

The bamboo fiber is obtained from bamboo tree and it is divided into two
kinds of fiber according to different process flow and method: Natural original bamboo
fiber and bamboo pulp fiber (namely bamboo viscose fiber or regenerated cellulose
bamboo fiber). Original bamboo fiber is directly picked up from natural bamboo
without any chemical additive, using physical and mechanical method. In order to
differentiate from bamboo pulp fiber (bamboo viscose fiber), we call it as original
bamboo fiber or pure natural bamboo fiber. But bamboo pulp (viscose) fiber belongs to
regenerated cellulose fiber as chemical fiber. Broadly there are two types of processing
to obtain bamboo fibers viz. mechanical processing and chemical processing. Both
processes initially include splitting of bamboo strips, which is followed by either
mechanical processing or chemical processing depending upon the further use of
bamboo fibers. Chemical processing includes initial alkali hydrolysis (NaOH) to yield
cellulose fibers. Alkali treated cellulose fibers are then passed through carbon disulshide
via multiphase bleaching. Most of the manufactures use this process as it is least time
consuming procedure to yield the bamboo fibers.

However, in mechanical process, the initially crushed bamboo is treated by
enzymes leading to formation of spongy mass and by the help of mechanical comb fiber
technology, individual fibers are obtained. This method is environment friendly as
compared to chemical process, although it is less economic process. Researchers
reported detailed method of fiber extraction and it was divided into rough and fine
bamboo preparation. The rough bamboo fibers were obtained by cutting, separation,
boiling and fermentation with enzymes of bamboo. While as to obtain fine bamboo, the
steps followed are boiling, fermentation with enzyme, wash and bleach, acid treatment,

oil soaking and air-drying. The detailed outline is given in Figure 2.5 [24].

~ Mahasarakham University



10

Bamboo = Cutting > Skinremoval (| Boiling
ot [ i | rosnoer
p Rl Soaking <« Bamboo boiling |« separation
pressure
Washing N Fermentation with N Rough fiber N Boiling with
enzymes softener
A
Acid treatrpent - Bleaching <_ Fermentation with o Washlng and air
and washina enzymes drvina
Oil s_oaklr?g and N Preservation |_n oil N Oil s_oaklr?g and N Application
air drying water emulsion air drying

Figure 2.5 Extraction of rough and fine bamboo fibers [24].

2.1.6 Chemical composition and structure of bamboo fibers

The chemical composition of bamboo fiber constitutes mainly cellulose,
hemicelluloses and lignin. These components are actually same high glycans and make
about 90% of total weight of bamboo fiber. The other constituents are protein, fat,
pectin, tannins, pigments and ash. These constituents play important role in
physiological activity of bamboo and they are found in cell cavity or special organelles.
The chemical composition of the bamboo fibers is given in Figure 2.6 [25]. Usually the
chemical content of bamboo changes with age of the bamboo, particularly cellulose
content keeps on decreasing while age of bamboo is increased so directly it directly
affects the chemical composition of bamboo fibers. The lignin is considered to provide
stiffness and yellow color to bamboo fibers. Different treatments cannot remove all the
lignin content of the bamboo fibers, as lignin has been found quite resistant too various
alkalis. Non cellulosic components have enough contribution to fiber properties such as

strength, flexibility, moisture, and even density [26]. The unidirectional arrangement of
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bamboo fibers in tissues and cell wall structure of bamboo is one off unique property of
bamboo [27-29]. Bamboo fibers possess alternate broad and narrow polylamellate
structure with alternating broad and narrow lamella as compared to sandwich like
structure of wood fiber [30]. One the characteristic of ultra-structure of bamboo fibber
is variation in arrangement of cellulose fibrils along their longitudinal axis. The
alternate narrow and broad layers have different arrangement of cellulose microfibrils,
with large microfibril angle in narrow layers and low microfibril angle perpendicular
and parallel to the main cell axis, respectively [31]. The lignin plays important role and
is present in different concentration in different layers of cell wall. In addition,
hemicellulose and phenolic acids (e.g. ferulic and p-coumaric acids) are responsible for
covalent bonding in the cell wall structure. This variation of different components
across the cell wall provides novel design to bamboo fiber wall, enhancing its various
mechano physical properties [32, 33]. Recently, two researchers reported extensive
studies on structure of bamboo fiber of different species and investigated the cell wall
structure of different bamboo species. A study on bamboo species Guadua angustifolia
revealed three presence of irregular form and more precisely beam shaped pattern of
bamboo fibers [34]. Their size was found to depending upon the position across the cell
wall. However, irrespective of position of bamboo fiber across the cell wall, a fiber with

pentagonal or hexagonal, arranged in a honeycomb pattern was observed [35].

Aqueous
Lignin extract Pectin
3.16% 0.37%
10.15%

2

Hemi-cellulose
12.49%

Figure 2.6 Chemical constituents of Bamboo fiber [25, 26].
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2.1.7 Properties of bamboo fiber

1. Softer than cotton, with a texture similar to a blend of cashmere and silk
because the cross-section of the fiber is filled with various micro-gaps and micro-holes,
it has much better moisture absorption and ventilation. Moisture absorbency is twice
than that of cotton with extraordinary soil release.

2. Natural antibacterial elements (bio-agent “bamboo kun”) in bamboo fiber
keep bacteria away from bamboo fabrics.

3. Garment of bamboo fiber can absorb and evaporate human sweat in a
split of second just like breathing. Such a garment makes people feel extremely cool,
comfortable and never sticking to skin even in hot summer.

4. Great elasticity: 100% bamboo yarns show a great elasticity i.e. nearly
20%. Even in 100% bamboo woven fabrics a remarkable elasticity can be obtained
where in the use of elastomeric fibers like elastanes may be eliminated.

5. Bamboo fabrics need less dyestuff than cotton, modal or viscose. It seems
that the absorption of dyestuffs is remarkably better. Bamboo absorbs the dyestuffs
faster and shows the colors better.

6. Anti-ultraviolet nature of bamboo fiber has made it suitable for summer
clothing, especially for the protection of pregnant ladies and children from the effect of
ultraviolet radiation.

7. Product of bamboo fiber is eco-friendly and bio-degradable [36].

2.1.8 End uses of bamboo fiber

1. Intimate apparels include sweaters, bath-suits, underwear, t-shirt, socks.

2. Due to its anti-bacterial nature, non-woven fabric has wide prospects in
the field of hygiene materials such as sanitary napkin, masks, mattress, food-packing,
bags.

3. Sanitary materials: bandage, mask, surgical clothes, nurses wears and so
on. It has incomparably wide foreground on application in sanitary material such as
sanitary towel, gauze mask, absorbent pads, and food packing.

4. Decorating items: curtain, television cover, wall-paper and sofa
slipcover.

5. Bathroom products: towel and bath robe [37].
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2.2 Dye
Dyes may be defined as substances that, when applied to a substrate provide
color by a process that alters, at least temporarily, any crystal structure of the colored
substances. Such substances with considerable coloring capacity are widely employed
in the textile, pharmaceutical, food, cosmetics, plastics, photographic and paper
industries [38]. The dyes can adhere to compatible surfaces by solution, by forming
covalent bond or complexes with salts or metals, by physical adsorption or by
mechanical retention [39]. Dyes are classified according to their application and
chemical structure, and are composed of a group of atoms known as chromophores and
responsible for the dye color. These chromophore containing centers are based on
diverse functional groups, such as azo, anthraquinone, methine, nitro, aril-methane,
carbonyl and others. In addition, electrons withdrawing or donating substituents so as to
generate or intensify the color of the chromophores are denominated as auxochromes.
The most common auxochromes are amine, carboxyl, sulfonate and hydroxyl [40-42]. It
is estimated that over 10,000 differen dyes and pigments are used industrially and over
7 x 10° tons of synthetic dyes are annually produced worldwide [43]. Textile materials
can be dyed using batch, continuous or semi-continuous processes. The kind of process
used depends on many characteristics including type of material as such fiber, yarn,
fabric, fabric construction and garment, as also the generic type of fiber, size of dye lots
and quality requirements in the dyed fabric. Among these processes, the batch process is
the most common method used to dye textile materials [44].
2.2.1 Dye classification
There are several ways for classification of dyes. It should be noted that
each class of dye has a very unique chemistry, structure and particular way of bonding.
While some dyes can react chemically with the substrates forming strong bonds in the
process, others can be held by physical forces, some of the prominent ways of
classification. A very common classification of the dyestuff is based on the source from

which it is made. Accordingly the classification could be:
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Dyes derived from organic or inorganic compound are known as

synthetic dyes.

Examples of this class of dyes are Direct,

Acid, Basic,

Reactive, Mordant, Metal complex, Vat, Sulphure, Disperse dye etc. However, the

using general dye chemistry as the basis for classification shown in table 2.2 [39].

Table 2.2 shows the using general dye chemistry as the basis for classification [45].

Group Application

Direct Cotton, Cellulosic and Blends
Vat dyes Cotton, Cellulosic and Blends
Sulphur Cotton, Cellulosic fibers

Organic pigments

Cotton, Cellulosic, Blended Fabrics, paper

Reactive cellulosic fibers and fabric
Dispersed dyes Synthetic fibers

Acid Dyes Wool, Silk, Synthetic fibers, leather
Azoic Printing inks and pigments

Basic silk, wool, cotton

Oxidation dyes

Hair

Developed Dyes

Cellulosic fibers and Fabric,

Mordant dyes

Cellulosic fibers and Fabric, Silk, Wool

Optical/Fluorescent Brighteners

synthetic fibers, leather, cotton, sports goods

Solvent dyes

Wood Staining, solvent inks, waxes, coloring
oils
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2.2.1.2 Natural dyes

The natural dyestuffs used to dye clothing were commonly extracted
either from vegetable sources, including plants, trees, roots, seeds, nuts, fruit skins,
berries and lichens, or from animal sources such as crushed insects and mollusks [40].
The important natural dye classes from plant sources are chlorophyll, carotenoids,
flavonenoids and quinones as given below: Chlorophyll is a green compound found in
leaves and green stems of plants [45]. Carotenoids are the most widely occurring in the
animal and vegetable kingdoms. They are mostly fat soluble, nitrogen-free yellow to
reddish violet dyes, which contain a long chain of conjugated double bonds, and so
constitute aliphatic polyenes [46].

Natural dyes are often negatively charged. Positively charged natural
dyes do exist, but are not common. In other words, the colored part of the molecule is
usually the anion. Although the molecular charge is often shown on a specific atom in
structural formulae, it is the whole molecule that is charged. Many, but by no means all,
natural dyes require the use of a mordant. The use of dyes is very ancient. Kermes
(natural red 3) is identified in the bible book of Exodus, where references are made to
scarlet colored linen. Similar dyes are carmine (natural red 4) and lac (natural red 25).
These three dyes are close chemical relatives, obtained from insects of the genus
Coccus. All require a mordant. The most commonly used natural dye is undoubtedly
hematein (natural black 1), obtained from the heartwood of a tree. This dye also
requires a mordant. Saffron (natural yellow 6), is obtained from the stigmata of Crocus
sativus, and is used without a mordant, staining as an acid dye. Although its use is very
ancient, it is more common now as a coloring and spice for food than for dyeing, due to
its expense [47-50].

2.2.1.3 Lac dye

Lac dye is a natural reddish dyestuff extracted from stick lac, which is a
secretion of the insect Coccus laccae (Laccifer lacca Kerr) [3]. It is categorized into the
quinone group. In general, the insect Coccus laccae, together with the other lac insect
species (Lakshadidia (Tacharddia, Laccifeer) spp.), is found in South and Southeast
Asia, especially in Thailand and India. In Thailand, lac insect grows most commonly on
the Rain tree, Samanea saman (Jacg.) Merr. (Pithecolobium saman, Mimosaceae) [1].

However, the lac insect also grows on Combretum quadrangulare Kurz (Combretaceae)
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and on Dallbergia cochinchinensis Piere (Fabaceae) but only rarely. The lac insect
looks like a mite as shown in Figure 2.7. The female insect has a short and rounded
body whereas the male insect has a long body. They have six legs. Lac insects settle
closely on the twigs of certain host tress, suck the plant sap and grow, all the while
secreting lac resin from their bodies. Since the insects are closely spaced on the twigs,
the resin forms continuous encrustations over the twigs of the host trees. The resin is
called the stick lac. It is only the female insects that produce the red dyestuff. The red
color is derived from a water-soluble part of stick lac which consists of laccaic acids A,
B, C, D and E (Figure 2.8). All of these acids have an anthraquinone moiety with
dicarboxylic acid groups, except for laccaic acid D which is a monocarboxylic acid [51-
59]. The quantities of these components depend on the locality and the season.
Erythrolaccin is another component of the lac dye, but this can be removed by ethanol
extraction. The chemical structures of the laccaic acids and erythrolaccin are shown in
Figure 2.8 [52, 60, 61]

7z

—

Figure 2.7 The life cycle of the insect Coccus laccae [3].
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Figure 2.8 Chemical structures of laccaic acids and erythrolaccin [51].

2.3 Dyeing process

The dyeing process is one of the key factors in the successful trading of textile
products. In addition to the design and beautiful color, the consumer usually looks for
some basic product characteristics, such as good fixation with respect to light,
perspiration and washing, both initially and after prolonged use. To ensure these
properties, the substances that give color to the fiber must show high affinity, uniform
color, resistance to fading, and be economically feasible [16, 17].

Modern dyeing technology consists of several steps selected according to the
nature of the fiber and properties of the dyes and pigments for use in fabrics, such as
chemical structure, classification, commercial availability, fixing properties compatible
with the target material to be dyed, economic considerations and many others. Dyeing
methods have not changed much with time. Basically water is used to clean, dye and
apply auxiliary chemicals to the fabrics, and also to rinse the treated fibers or fabrics.

The dyeing process involves three steps: preparation, dyeing and finishing, as follows:
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1. Preparation is the step in which unwanted impurities are removed from

the fabrics before dyeing. This can be carried out by cleaning with aqueous alkaline
substances and detergents or by applying enzymes. Many fabrics are bleached with
hydrogen peroxide or chlorine containing compounds in order to remove their natural
color, and if the fabric is to be sold white and not dyed, optical brightening agents are
added [62].

2. Dyeing is the aqueous application of color to the textile substrates, mainly

using synthetic organic dyes and frequently at elevated temperatures and pressures in
some of the steps. It is important to point out that there is no dye which dyes all existing
fibers and no fiber which can be dyed by all known dyes. During this step, the dyes and
chemical aids such as surfactants, acids, alkali/bases, electrolytes, carriers, leveling
agents, promoting agents, chelating agents, emulsifying oils, softening agents etc. [44]
are applied to the textile to get a uniform depth of color with the color fastness
properties suitable for the end use of the fabric. This process includes diffusion of the
dye into the liquid phase followed by adsorption onto the outer surface of the fibers, and
finally diffusion and adsorption on the inner surface of the fibers. Depending on the
expected end use of the fabrics, different fastness properties may be required. For
instance, swimsuits must not bleed in water and automotive fabrics should not fade after
prolonged exposure to sunlight. Different types of dye and chemical additives are used
to obtain these properties, which is carried out during the finishing step. Dyeing can
also be accomplished by applying pigments (pigments differ from dyes by not showing
chemical or physical affinity for the fibers) together with binders (polymers which fix
the pigment to the fibers) [38].

3. Finishing involves treatments with chemical compounds aimed at

improving the quality of the fabric. Permanent press treatments, water proofing,
softening, antistatic protection, soil resistance, stain release and microbial/fungal
protection are all examples of fabric treatments applied in the finishing process.

Dyeing can be carried out as a continuous or batch process. The most
appropriate process to use depends on several factors, such as type of material (fiber,
yarn, fabric, fabric construction, garment), generic type of fiber, size of dye batch and
quality requirements for the dyed fabric, but batch processes are more commonly used

to dye textile materials. In continuous processing, heat and steam are applied to long
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rolls of fabric as they pass through a series of concentrated chemical solutions. The
fabric retains the greater part of the chemicals while rinsing removes most of the
preparation chemicals. Each time a fabric is passed through a solution, an amount of
water equivalent to the weight of the fabric must be used. In batch processing,
sometimes called exhaust dyeing, since the dye is gradually transferred from the dye
bath to the material being dyed over a relatively long period of time, the dyeing occurs
in the presence of dilute chemicals in a closed equipment such as a kier, kettle, beam, jet
or beck. Unlike the continuous process, instead of being passed through various baths in
a long series of equipment sections, in the batch process the fabric remains in a single
piece of equipment, which is alternately filled with water and then drained, at each step
of the process. Each time the fabric is exposed to a separate bath, it uses five to ten
times its own weight in water. Some batch dyeing machines only operate at
temperatures up to 100°C. However, the system can be pressurized, allowing for the use
of temperatures above 100°C. Cotton, rayon,nylon, wool and some other fibers dye well
at temperatures of 100°C or below. Polyester and some other synthetic fibers dye more
easily at temperatures above 100°C [42].

Since the degree of dye fixation depends on the nature of the fiber, it is
important to consider this topic. The fibers used in the textile industry can be divided
into two main groups denominated natural fibers and synthetic fibers. Natural fibers are
derived from the environment (plants or animals), such as wool, cotton, flax, silk, jute,
hemp and sisal, most of which are based on cellulose and proteins. On the other hand,
synthetic fibers are organic polymers, mostly derived from petroleum sources, for
example, polyester, polyamide, rayon, acetate and acrylic. The two most important
textile fibers are cotton, the largest, and polyester.

The dye can be fixed to the fiber by several mechanisms, generally in aqueous
solution, and may involve primarily four types of interaction: ionic, Van der Waals and
hydrogen interactions, and covalent bonds.

1. lonic interactions result from interactions between oppositely charged
ions present in the dyes and fibers, such as those between the positive center of the
amino groups and carboxyl groups in the fiber and ionic charges on the dye molecule,

and the ionic attraction between dye cations and anionic groups (-SOs- and -CO»-)
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present in the acrylic fiber polymer molecules. Typical examples of this type of
interaction can be found in the dyeing of wool, silk and polyamide.

2. Van der Waals interactions come from a close approach between the n
orbitals of the dye molecule and the fiber, so that the dye molecules are firmly
"anchored" to the fiber by an affinity process without forming an actual bond. Typical
examples of this type of interaction are found in the dyeing of wool and polyester with
dyes with a high affinity for cellulose [39].

3. Hydrogen interactions are formed between hydrogen atoms covalently
bonded in the dye and free electron pairs of donor atoms in the center of the fiber. This
interaction can be found in the dyeing of wool, silk and synthetic fibers such as ethyl
cellulose.

4. Covalent bonds are formed between dye molecules containing reactive
groups (electrophilic groups) and nucleophilic groups on the fiber, for example, the
bond between a carbon atom of the reactive dye molecule and oxygen, nitrogen or
sulfur atom of a hydroxy, amino or thiol group present in the textile fiber. This type of
bond can be found in the dyeing of cotton fiber [16, 17, 39, 40, 61].

2.4 Mordants

Few natural dyes are colour-fast with fibres. Mordants are substances which
are used to fix a dye to the fibres. They also improve the take-up quality of the fabric
and help improve colour and light-fastness. The term is derived from the Latin mordere,
to bite. Some natural dyes, indigo for example, will fix without the aid of a mordant;
these dyes are known as “substantive dyes”. Others dyes, such as madder and weld,
have a limited fastness and the colour will fade with washing and exposure to light.
Traditionally, mordants were found in nature. Wood ash or stale urine may have been
used as an alkali mordant, and acids could be found in acidic fruits or rhubarb leaves
(which contain oxalic acid), for example. Nowadays most natural dyers use chemical
mordants such as alum, copper sulphate, iron or chrome (there are concerns, however
about the toxic nature of chrome and some practitioners recommend that it is not used).
Other mordants are: Iron (ferrous sulphate), Tin (stannous chloride), Chrome
(bichromate of potash), Copper sulphate, Tannic acid, Oxalic acid et al..., were used as

surface modifiers to promote the binding of dyes to fabric by forming a chemical bridge
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from dye to fiber enhancing the staining ability of dye along with increasing its fastness
properties, depth of shade or difference colours [63, 64-66] for dyeing nylon, wool, silk,
leather, cotton, and other textile fibers [67]. However, most of the mordants used are
toxic, expensive and have serious detrimental effects on the environmental. Using a
different mordant with the same dyestuff can produce different shades, for example;

1. Iron is used as a ‘saddener’ and is used to darken colours.

2. Copper sulphate also darkens but can give shades which are otherwise
very difficult to obtain.

3. Tin brightens colours.

4. Tannic acid, used traditionally with other mordants, will add brilliancy.

5. Chrome is good for obtaining yellows.

6. Oxalic acid is good for extracting blues from berries.

7. Cream of Tartar is not really a mordant but is used to give a luster to
wool.

The mordant can be added before, during or after the dyeing stage, although
most recipes call for mordanting to take place prior to dyeing. It is best to follow the
instructions given in the recipe being used or experiment on a sample before carrying
out the final dyeing. Later in this brief we will explain how the mordant is mixed and
used as part of the dyeing process [68, 69-72).

2.4.1 Polyethyleneimine

Polyethyleneimine (PEI) a highly branched aliphatic polyamine is
characterized by the repeating chemical unit denoted as —(CH,—CH>—NH)-. PEI is
manufactured by the acid-catalyzed ring opening homopolymerization of ethyleneimine
(or aziridine) monomer. The amine groups in PEI exist in primary, secondary and
tertiary forms in the approximate ratio of 1:2:1 with a branching site every 3-3.5
nitrogen atoms along any given chain segment. PEIs function as weak Lewis bases in
aqueous environments [73]. As the molecular weight of PEI increases, the polymer coils
in solution assume a Gaussian conformation. This implies that there are charged
nitrogen groups both on the surface and in the sterically protected interior of the
molecule. It has been demonstrated in empirical studies that the attachment of the
highly charged PEI molecule to anionic surfaces results in a near monolayer of polymer

at the interface. In aqueous solution PEI exhibits a strong affinity to anionic materials
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such as polyanions and negatively charged organic and inorganic solids. PEIs are highly
soluble in most polar materials including water, alcohols, glycols and certain organic
solvents. The most prominent feature of PEI is its extremely high cationic charge
density [74]. Therefore, PEI is widely used, for example, as an excellent brightener and
retention aid for low-toxicity for paper [12], dispersant for toner compositions [13],
densifying agents which improves H-bonding ability of fiber [14], cationic coagulant for
heavy metal sequesting from effluent stream, adhesion promoters for pretreatment of
nonwoven cellulosic fibers for improved wet strength [15], corrosion inhibitor for acid
cleaning of metal and a retention aid for inorganic pigments (clay, calcium carbonate,
titanium dioxide) on cellulosic paper fibers. Accordingly, the fact that PEI promotes
adhesion between similar and dissimilar materials, a schematic diagram of the
interaction is shown in Fig. 2.9. The situation is rather more complex than the simple
representation as laccaic acid A, one of two the principal components of the lac dye, has
one —NH-, one —COOH rather than two acid groups. This —NH- group could bind a
second molecule of acid. Enhances surface characteristics such as wettability,
bondability, toxicologically benign, and of opposite charge to the lac dye, makes PEI a

suitable candidate for a mordant [11].

HOOC COOH HOOC COOH
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Figure 2.9 Schematic diagram of cotton-PEI-lac dye interaction [11]
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2.5 Adsorption isotherms
2.5.1 The Langmuir isotherm

The Langmuir isotherm is based on the hypothesis that uptake occurs on
a homogeneous surface by monolayer adsorption without interaction between the
absorbed materials. The equilibrium adsorption isotherm is fundamental in describing
the interaction behavior between solutes and adsorbents, and is important in the design
of an adsorption system. The Langmuir adsorption isotherm has been successfully
applied to many other real sorption processes [75]. A basic assumption of the Langmuir
theory is that sorption takes place at specific homogeneous sites within the adsorbent. It
is then assumed that once a dye molecule occupies a site, no further adsorption can take
place at that site. Theoretically, therefore, a saturation value is reached beyond which no
further sorption can take place. The saturated monolayer curve can be represented by

the expression:

_ QbC,
% 1+ bC, (2.1)

A linear form of this expression is:
C 1 1
—=—+=|C, 2.2
0. Qb [Qj 22
For lower concentrations, the following form of Langmuir equation is found

to be more satisfactory [76]:

1 1 1

=+
9. Q QbC,

(2.3)
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In the above equation, Q is the maximum amount of the dye per unit weight
of fiber to form complete monolayer coverage on the surface bound at high equilibrium
dye concentration Ce, Qe is the amount of dye adsorbed per unit weight of fibre at
equilibrium, and b the Langmuir constant related to the affinity of binding sites. The
value of Q represents a practical limiting adsorption capacity when the surface is fully
covered with dye molecules and assists in the comparison of adsorption performance
[75]. The values of Q and b are calculated from the intercepts and slopes of the straight
lines of plot of 1/ge versus 1/Ce. The essential characteristics of the Langmuir isotherm
can be expressed in terms of the dimension less constant separation factor for

equilibrium parameter, Ry, defined as follows:

R = L
1+DbC,

(2.4)

where Co is the initial concentration of dye (in ppm or mg/L) and b is the
Langmuir constant (L/mg). The values of RL indicates the type of isotherm to be
irreversible (R.=
0), favourable (0 < R. < 1), linear (RL = 1) or unfavourable (R. > 1) [77].

2.5.2 The Freundlich isotherm

The Freundlich isotherm is commonly used for investigating the non-linear
adsorption of a variety of dyes on various materials. The Freundlich isotherm is a
special case for heterogeneous surface energy in which the energy in the Langmuir
equation varies as a function of surface coverage strictly due to variation of the sorption.

The Freundlich equation is given as:
q.=Q,C/" (2.5)

where Qf is roughly an indicator of the adsorption capacity and 1/n of the
adsorption intensity. A linear form of the Freundlich expression in the equation (2.5)

will yield the constants Qs and 1/n.
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Ing, =InQ; +£InCe (2.6)
n

Therefore, Qrand 1/n can be determined from the linear plot of In ge versus
In Ce. The magnitude of the exponential 1/n gives an indication of the favourability of

adsorption. Values of n > 1 obtained represent favourable adsorption conditions [75].

2.6 Kinetics of adsorption
In order to examine the controlling mechanism of the adsorption process,
pseudo first-order and pseudo second-order equations were used to test the experimental
data.
2.6.1 Pseudo-first-order kinetic model
A simple kinetic analysis of adsorption is the pseudo-first-order equation in

the form:

d 2.7
%=k1(qe—qt) @7)

where ki is the rate constant of pseudo-first-order adsorption and ¢e
represents adsorption capacity (i.e. the amount of adsorption corresponding to
monolayer coverage). After definite integration by applying the initial conditions t = 0

totand gt =0 to qt, EQ. (2.7) becomes:

In(g, —q,)=Ing, kit
(2.8)

where Qe and g are the amount of dye adsorbed (mg/g) at equilibrium and
at any time t, ky is the rate constant of pseudo-first-order adsorption. The plot of log (ge
—(t) Vversus t gives a straight line for the pseudo-first-order adsorption kinetics. The
values of the pseudo-first-order rate constant ki were obtained from the slopes of the
straight lines.

> Mahasarakham University



26

2.6.2 Pseudo-second-order kinetic model

The pseudo-second-order model can be represented in the following form:

d
%= K, (0, — )’ (2.9)

where ko is the rate constant of pseudo-second-order adsorption.

Integration of Eq. (2.9) and applying the initial conditions gives [78]:

- +—t (2.10)

and

h =k,q’
i ZQe (211)

where hi is the initial dye adsorption rate (mg/g min). If the pseudo
second order kinetics are applicable, the plot of t/g: versus t show a linear relationship.
The slope and intercept of (t/qt) versus t were used to calculate the pseudo second-order
rate constant k2 and ge. It is likely that the behavior over the whole range of adsorption
is in agreement with the chemisorption mechanism being the rate-controlling step [79,
80].

2.7 Thermodynamic studies

In general, the rates of chemical reactions increase with an increase in the
temperature. In the rate law, temperature dependence appears in the rate constant. The
dependence of rate constants on temperature over a limited range can usually be

represented by an empirical equation proposed by Arrhenius in 1889 [81]:

k = Ag E&/RT (2.12)
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where A is the pre-exponential factor and Ea is the activation energy. The
pre-exponential factor A has the same units as the rate constant. An alternative form is

obtained by taking the logarithm of each side.

Ea
Ink =1In A_ﬁ (2.13)

A straight line is obtained by plotting of the logarithm of the rate constant
against with the reciprocal of the absolute temperature. Such a graph is often referred to

as an Arrhenius plot.

The enthalpy (AH®), entropy (AS®) and free energy (AG®) of activation can be

also calculated using the Eyring equation as follows:

Ik, 2> _aH (2.14)
R RT
where kp and h refer to Boltzmann’s constant and Planck’s constant
respectively. The enthalpy (AH®) and entropy (AS°) of activation were calculated from
the slope and intercept of a plot of In (k/T) versus 1/T. Gibbs energy of activation (AG®)
can be written in terms of enthalpy and entropy of activation [82]:

aG" =aH" -TaS" (2.15)

2.8 Color fastness

Color fastness refers to the resistance of color to fade or bleed of a dyed or
printed textile materials to various types of influences e.g. water, light, rubbing,
washing, perspiration etc. to which they are normally exposed in textile manufacturing

and in daily use.
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2.8.1 Standards of Color Fastness
1. AATCC (American Association of Textile Chemists and
Colorists) technical manual: describes 66 numbers of different color fastness tests.
2. SDC (Society of Dyers and Colorists): In 1927, SDC (Europe) made
fastness test committee.
3. 1SO (International Organization for Standardization): In 1947, ISO made
color subcommittee. ISO also grades the fastness: For light fastness: 1~8 and other

fastness: 1~5.

2.8.2 Factors Affecting the Color Fastness Properties

1. The chemical nature of the fiber. For example, cellulosic fibers dyed with
reactive or vat dyes will show good fastness properties. Protein fibers dyed with acid
mordant and reactive dyes will achieve good fastness properties and so on. That is to
say compatibility of dye with the fiber is very important.

2. The molecular structure (e.g.) of a dye molecule: If the dye molecule is
larger in size, it will be tightly entrapped inside the inter-polymer chain space of a fiber.
Thus the fastness will be better.

3. The manner in which the dye is bonded to the fiber or the physical form
present.

4. The amount of dye present in the fiber i.e. depth of shade. A deep shade
will be less fast than a pale or light shade.

5. The presence of other chemicals in the material.

6. The actual conditions prevailing during exposure.

2.8.3 Type of color fastness test
. Color fastness to washing

. Color fastness to water

. Color fastness to rubbing/crocking
. Color fastness to perspiration

. Color fastness to light

. Color fastness to sea water

. Color fastness to chlorinated water

co N O O b W DN P

. Color fastness to hot pressing
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2.8.4 Rating for color fastness

Rating for color fastness is used to check the resistance of color to fade or

bleed of a dyed or printed textile materials. There are 5 levels of rating as the

followed:

> Mahasarakham University

5 = No color change / staining

4 = Slightly color change / staining

3 = Noticeable color change / staining

2 = Considerable color change / staining

1 = Excessive color change / staining



CHAPTER 3

RESEARCH METHODOLOGY

3.1 Chemicals and materials

3.1.1 Chemicals

The chemicals used in this research were listed in Table 3.1

Table 3.1 Chemicals used in this research.

Chemicals Grade Brand
Sodium Hydroxide AR Carlo Erba Reagent
Hydrochloric Acid AR Quality Reagent Chemical
Acetic Acid AR Quality Reagent Chemical
Poly(ethyleneimine) AR Acros Organics

3.1.2 Materials
The materials used in this research were bamboo fibers (BFs) and lac dye.
The bamboo fibers were donated by Assist. Prof. Dr. Sisikka Wannajun, a teacher from
Faculty of Cultural Science, Mahasarakham University. The Bfs were prepared from

alkaline hydrolysis. Lac dye was purchased from the villages located in Khon Kean
Province.

> Mahasarakham University



31

3.1.3 Instruments

The main items of instruments used in this research were listed in Table 3.2.

Table 3.2 Instruments used in this research.

Instruments Model Company
Spectrophotometer Thermo Scientific 4001/4 | Thermo Electron Co., Ltd.
Fourier transform infrared Spectrum GX-1 Perkin Elmer Co., Ltd.
spectroscope
Scanning electron microscope OL JSM-6460 LV JEOL Co., Ltd.
pH meter CONSORT C-830 Metrohm Siam Co., Ltd.
Thermostatted shaker bath Heto SBD 50 Scientfic Promotion

Co.,Ltd.
UV-Vis spectrophotometer Jasco V-500 Jasco Co., Ltd.

3.2 Experimental
3.2.1 Preparation of bamboo fibers
To remove the gum, the bamboo fibers (100 g) were dipped into the boiling
water (1.5 L) containing soap flakes 6g and sodium hydroxide 15g. The mixture was then
boiled for 2 h at 90°C. The bamboo fibers were then removed, washed with water,
squeezed to remove excess liquor and then air dried. The fibers were treated with 1 M
Hydrochloric acid at room temperature for 30 minutes and then removed and washed the
acid away with distilled water until the rinsed water was neutral. The bamboo fibers were
then dried at room temperature.
3.2.2 Preparation of lac dye
The lac dye 250 g in the form of powder was extracted with distilled water
(1.5 L) at 60°C for 1 h. The aqueous dye solution was filtered with filter paper and the
filtrate was concentrated under reduced pressure (rotary evaporator), yielding a crude lac
dye. The crude lac dye was then used without further purification.
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3.2.3 Treatment of bamboo fibers using PEI
The alkali treated bamboo fibers were immersed in 1,000 ppm of PEI
solutions at room temperatures using the material to liquor ratio (MLR) of 0.5: 100 mL
for 12 hour and then dried at room temperature.
3.2.4 Conditions optimization
To obtain the optimal conditions, the experiments were conducted in batch
mode to evaluate the effects of various parameters, such as initial dye concentration, pH,
temperature, contact time and MLR on the adsorption of lac dye were studied:
3.2.4.1 Effect of pH
Lac dye was dissolved in distilled water. The pH of lac dye solution in
each erlenmeyer flask was adjusted as 2, 3 and 4 with glacial acetic acid. All solutions
were then shaken in a shaker bath at 200 rpm for 15 min. The bamboo fiber (0.5 g) was
then immersed in the dye solution and shaken in a thermostatted shaker bath at 150 rpm
for 3 h. After 3 h, the bamboo fiber was rapidly withdrawn. The dye concentrations were
determined using a calibration curve based on absorbance at Amax 491 nm versus dye
concentration in standard lac dye solution.
3.2.4.2 Effect of initial lac dye concentration
Lac dye was dissolved in distilled water. The initial dye concentration of
lac dye solution in each erlenmeyer flask was varied as 50, 150, 250 and 350, 450, 500
mg/L. All solutions were then shaken in a shaker bath at 200 rpm for 15 min. The bamboo
fiber (0.5 g) was then immersed in the dye solution and shaken in a thermostatted shaker
bath at 150 rpm for 3 h. After 3 h, the bamboo fiber was rapidly withdrawn. The dye
concentration were determined using a calibration curve based on absorbance at Amax 491
nm versus dye concentration in standard lac dye solution.
3.2.4.3 Effect of material to liquor ratio (MLR)
Lac dye was dissolved in distilled water. The material to liquor ratio of
different volume (mL) of lac dye solution in each erlenmeyer flask was adjusted as 60,
80, and 100 mL. All solutions were then shaken in a shaker bath at 200 rpm for 15 min.
The bamboo fiber (0.5 g) was then immersed in the dye solution and shaken in a
thermostatted shaker bath at 150 rpm for 3 h. After 3 h, the bamboo fiber was rapidly
withdrawn. The dye concentrations were determined using a calibration curve based on

absorbance at Amax 491 nm versus dye concentration in standard lac dye solution.

~ Mahasarakham University



33

3.2.4.4 Effect of temperatures
Lac dye was dissolved in distilled water. The temperature of lac dye
solution in each erlenmeyer flask was varied as 30, 45 and 60 °C. All solutions were then
shaken in a shaker bath at 200 rpm for 15 min. The bamboo fiber (0.5 g) was then
immersed in the dye solution and shaken in a thermostatted shaker bath at 150 rpm for 3
h. After 3 h, the bamboo fiber was rapidly withdrawn. The dye concentrations were
determined using a calibration curve based on absorbance at Amax 491 nm versus dye
concentration in standard lac dye solution.
The absorbance of the residual solution was measured to enable calculation of
the dye concentration.
3.2.5 Batch kinetic experiments
Lac dye was dissolved in distilled water to the required concentrations. The
pH of the dye solutions was adjusted to optimum pH (3.0) with glacial acetic acid. The
dye solution (100 mL) in each erlenmeyer flask was shaken in a thermostatted shaker bath
operated at 200 rpm. After 15 min, the bamboo fiber (0.5 g), which had been pre-warmed
in the thermostatted bath for 3 h, was immersed in the dye solution. The bamboo fiber
samples were then rapidly withdrawn after different immersion times. Dye concentrations
were determined at time zero and at subsequent times using a calibration curve based on
absorbance at Amax 491 nm (UV-Visible spectrophotometer) versus dye concentration in
standard lac dye solutions. The amount of dye adsorbed per gram of bamboo fiber (qr)
(mg/g bamboo fiber) at any time was calculated by a mass balance relationship (equation
(16)) as follows:

16
qt:(Co_Ct)VVv ( )

where Coand Ctare the initial lac dye concentration and dye concentrations (mg/L) after
dyeing time t, respectively. V is the volume of dye solution (mL) and W is the weight of
bamboo fibers (g). Kinetic experiments of lac dyeing onto bamboo were repeated three

times.
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3.2.6 Batch equilibrium experiments

Different lac dye concentrations were firstly prepared in distilled water. The
pH of the dye solution was adjusted to optimum pH (3.0) with glacial acetic acid. The
experiments were carried out by shaking bamboo fiber (0.5 g) with different
concentrations of dye solution (100 mL) in an erlenmeyer flask at 30, 45 and 60 °C in a
thermostatted shaker bath operated at 150 rpm. The amount of dye in the solution related
with the absorbance was monitored by spectrophotometer at Amax 491 nm. The initial and
equilibrium dye concentrations were determined using a calibration curve. Equation (17)

was used to calculate the amount of dye adsorbed at equilibrium (ge) (mg/g bamboo).

d. =(Co —Ce);/v (17)

In equation (17), Co and Ce are the initial and equilibrium dye solution concentrations
(mg/L), respectively, and V is the volume of the dye solution (mL) and W is the weight
of bamboo fibers (g). Equilibrium experiments for the adsorption of lac dyeing onto
bamboo fibers were repeated three times.
3.2.7 Calibration curve

Lac dye was dissolved in distilled water at different concentration. The 100
mL of lac dye solution in each erlenmeyer flask was adjusted as 0, 10, 50, 150, 250, 350,
450 and 550 mg/L. All standard lac dye solutions were then shaken in a shaker bath at
200 rpm for 15 min. The standard lac dye concentrations were measured using
spectrophotometer at Amax 491 nm. The calibration curve were done by plotting of lac dye

concentration (mg/L) versus absorbance.

3.3 Determination of PEI adsorbed on bamboo fibers

The determination amount of PEI adsorbed on bamboo fibers can operated by
immerse PEI treated bamboo fibers on complexed with 0.50% wi/v of copper sulphate
solution, MLR 1:200, temperature 30, 45, and 60 °C, at equilibrium time (12 hr).
Temperature has a negligible effect on the adsorption unlike the dye behaviour and the
PEI adsorbed amount is independent of substrate concentration. The absorbance of the
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PEI/Cu complex was quantified using UV—VIS spectrophotometer and hence the amount

of residual PEI was determined.

3.4 Characterization of BFs
3.4.1 Fourier transform infrared spectroscopy (FTIR)

To study the surface properties of BFs prepared under various conditions, the
functional groups of the fibers was characterized by Attenuated Total Reflection-Fourier
Transform Infrared (ATR-FTIR) spectroscopy (Spectrum GX-1, Perkin Elmer). The scan
was conducted in the range of 4000-650 cm™ at resolution of 4 cm™. The number of scans
was set to 32.

3.4.2 Scanning electron microscopy (SEM)

The surface morphological characterization of BFs were performed by
scanning electron microscope (SEM) (JEOL; JSM- 6460LV, Tokyo, Japan) operated with
an accelerating voltage of 15 kV. The BFs were sputter-coated with gold for enhanced

surface conductivity.

3.5 Color fastness
Fastness testing for test the fastness properties of lac dye on untreated and PEI-
treated bamboo fibers were followed from ISO (International Organization for
Standardization).
3.5.1 Color fastness to washing
The color fastness to washing were carried out following 1SO 105-C10: 2006
(E). The solution for washing should be prepared at 40 °C with washing time of 30 min.
The standard 50 g/L soap solution was prepared. The liquor material ratio 50:1. After
washing the fibers were removed rinsed twice in cold water squeezed and air dried.
3.5.2 Color fastness to water
The color fastness to water were carried out following ISO 105-E01: 2010
(E). The wet sample was added to distilled water at room temperature and then to place
in acrylic resin plates and put the weight on to the plates. After that, the sample keep in
oven to the temperature at 37+ 2 °C for 4 hr. To open the specimen and sample dry in the
air hot exceeding 60°C.
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CHAPTER 4

RESULTS AND DISCUSSION

In the present work, effect of bamboo fibers (BFs) surface treatment using
polyethyleneimine (PEI) on adsorption behavior of lac d ye on BFs is investigated. The
adsorption capacity, kinetics and thermodynamics of lac dyeing on BFs was examined.
The results are compared between the untreated and the PEl-pretreated BFs dyeing

systems.

4.1 ATR-FTIR characterization of BFs before and after treatments

ATR-FTIR spectroscopy is a non-destructive testing method often used for
surface analysis of textile materials. Figure 4.1 shows the ATR-FTIR of the untreated and
alkali-treated (controlled) BFs. The FTIR spectrum of the untreated (Figure 4.1a) BFs is
associated with the typical spectrum of cellulose. Characteristic peak of lignin found at
1639 cm indicates an absorption peak of carbonyl group in lignin [83]. For controlled
BFs, the —CH_ bending vibration absorption peak of controlled BFs at 1418 cm™ in curve
- 4.1b had a slightly right shifts from 1415 cm™ of untreated BFs (Figure 4.1a). For PEI-
treated BFs, there is a new peak about of N-H bending of amine at 1573 cm™ is observed
(Figure 4.1c).
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Figure 4.1 ATR-FTIR spectra of (a) untreated, (b) controlled and (c) PEI-treated BFs.

4.2 Surface morphology of BFs

To observe the surface morphology of untreated, controlled and PEI-treated BFs,
scanning electron microscope (SEM) is used to examine surface properties of the BFs.
The SEM micrographs of BFs are illustrated in Figure 4.2. For the untreated sample
(Figure 4.2a), the rough surface is clearly observed whereas the controlled BFs surfaces
became smoother when compared with that of the controlled sample. This is due to that
the surface of the untreated BFs is normally covered by wax, oil, pectin, impurities and
amorphous cellulose [84, 85]. The controlled BFs displayed a cleaner surface (Fig. 4.2b)
when compared with the untreated one [86]. Particularly, the NaOH treatment of cellulose
resulted in the formation of nano-sized cellulose fibrillations. As reported, the natural
cellulose fibers were compose of crystalline cellulose in nano-size and para-crystalline,
surrounded by amorphous cellulose [87]. Gaps between the nanofibers were formed after

the removal of amorphous cellulose, resulting in splitting the fibers into smaller sizes. In
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case of PEIl-treated BFs, it is seen that the surface of PEIl-treated BFs is smoother than
that of controlled BFs.

Figure 4.2 SEM micrographs of (a) untreated, (b) controlled and (c) PEI-treated BFs.

4.3 Conditions optimization

Prior to investigating the adsorption of lac dye onto BFs, the optimum
experiment conditions, e.g. pH, material to liquor ratio (MLR), contact (dyeing) time,
initial dye concentration and dyeing temperature were firstly examined.
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4.3.1 Effect of pH

The pH of the dye solution is one of the most important parameters governing
the adsorption capacity of lac dye onto BFs. The effect of pH on the adsorption capacity
of lac dye is shown in Figure 4.3. It is seen that the adsorption capacity varies with pH
1.0 - 4.0 because the BFs generally carry a weak negative charge in a dye bath with a pH
higher than 4.0. The negative charges on the BF surface repel the laccaic acid anion at pH
values higher than 4.0. Therefore, the negative charge on the adsorbing surface of BFs
clearly creates a very unfavorable situation for the adsorption of lac dye on BFs at a pH
higher than 4.0. The highest adsorption capacity is observed at pH 3.0 because acid dye
solution has negative charge. The low pH, carboxyl and hydroxyl groups along the
polymer chain of BFs are hardly ionized. The dye molecules can reach the surface of the
BFs where they can interact with the BFs via hydrogen bonding together with some ion-
dipole interactions because these structures contain hydroxyl group of BFs [88].
However, the adsorption capacity dropped gradually at pH values lower than 3.0. This is
due to the carboxyl groups in the side chains are essentially unionized at a pH lower than
3.0. Therefore, the preparation of lac dye solution for using throughout this work is

adjusted as pH = 3.0.
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1.6 4
1.4 -
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Figure 4.3 Effect of pH on adsorption capacity at equilibrium of lac dye onto BFs. The
dyeing conditions are Co = 250 mg/L, MLR = 1:200, dyeing time = 200 min and dyeing

temperature = 30°C.
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4.3.2 Effect of initial lac dye concentration

The adsorption ability of lac dye onto BFs at different initial dye
concentrations is investigated as a function of contact time in order to determine the
equilibrium adsorption time. The amount of dye adsorbed at any time is shown in Figure
4.4. 1t is found that the adsorption capacity increases with increasing initial concentration
of the lac dye. In the same meaning, an increase in the initial dye concentration leads to
increase the adsorption rate and capacity. This may arise from an increase in the driving
force of the concentration gradient with increasing initial dye concentration [89]. Since
the adsorption capacity at equilibrium lies in a narrow range values (2.25-2.75) with using
Co =250 — 500 mg/L, an initial dye concentration of 250 mg/L was used throughout this

work. The equilibrium adsorption time was used at 200 min.
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Figure 4.4 Effect of various initial concentrations (Co) of lac dye solution on adsorption
capacity of lac dye on BFs: (a) Co=50, (b) Co= 150, (c) Co= 250, d) Co=350 and e) Co=
500 mg/L. Dyeing conditions are pH = 3, MLR = 1:200, dyeing time = 200 min and
dyeing temperature = 30°C.
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4.3.3 Effect of material to liquor ratio (MLR)

For dyeing process, the dye molecules are normally transferred from the dye
liquor to the fiber in a uniform and efficient manner. The rate of dye uptake by the fiber
is significantly increased by the movement of the dye liquor relative to the fiber [90]. The
effect of material to liquor ratio (MLR) on the adsorption of lac dye onto bamboo fibers
is shown in Figure 4.5. It is found that an increase in volume of dye solution results in an
increase of the dye adsorption capacity at equilibrium. This indicates that BFs is loosely
packed in the higher volume of dye solution and the dye solution readily moves onto BFs
surface. In this work, the highest adsorption capacity at equilibrium of lac dye is observed
for dyeing system with the MLR of 1:200. Therefore, one of the dyeing conditions of
dyeing process used throughout this work is carried out at MLR = 1: 200.
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Figure 4.5 Effect of MLR of lac dye solution on adsorption capacity of lac dye on BFs:
(@ MLR = 1:120, (b) MLR = 1:160, and (c) MLR =1:200. Dyeing conditions are pH =
3, Co =250 mg/L, dyeing time = 200 min and dyeing temperature = 30°C.
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4.3.4 Effect of temperatures

The influence of dyeing temperatures at 30, 45 and 60 °C on the adsorption
of lac dye onto controlled and PEl-treated BFs are shown in Figures 4.6 and 4.7,
respectively. For the controlled BFs dyeing system, the amount of dye adsorbed per gram
BFs is different at different dyeing temperatures. At initial stage of the dyeing process,
the adsorption rate increases with increasing dyeing temperature indicating a kinetically
controlled process [91, 92]. Normally, the mobility of the dye molecule increase with
temperature due to an increase in kinetic energy. At equilibrium, the amount of the dye
adsorbed onto controlled BFs dyeing at higher temperature is lower than those of dyeing
at lower dyeing temperature. This indicate the dyeing process is controlled by an
exothermic process for the controlled BFs dyeing system. For PEI-treated BFs system,
the increase in dyeing temperature slightly affect the adsorption capacity at temperature
of 45°C and 60°C as shown in Figure 4.7. This is due to that the interaction effect between
lac dye molecules and PEI-treated BFs is predominant. However, the highest adsorption
capacity at equilibrium is observed at dyeing temperature of 30°C.

In summary, the optimal conditions obtained from this study are pH = 3.0, Co
= 250 mg/L, MLR = 1:200, dyeing time = 200 min and temperature = 30 °C. These

conditions are used for study of the kinetic and thermodynamics of lac dyeing on BFs.
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Figure 4.6 Effect of dyeing temperatures on adsorption capacity of lac dyeing on
controlled BFs: (a) 30 °C, (b) 45 °C and (c) 60 °C. Dyeing conditions are pH = 3, Co =

250 mg/L, MLR 1:200, dyeing time = 200 min.
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Figure 4.7 Effect of temperatures on adsorption capacity of lac dye on PEI-treated BFs:
(@) 30 °C, (b) 45 °C and (c) 60 °C. Dyeing conditions are pH = 3, Co = 250 mg/L, MLR
1:200, dyeing time = 200 min.
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4.4. ATR-FTIR spectra of lac dyed BFs systems

For lac dyeing system, the FTIR spectrum of lac dyed on controlled BFs and
PEI treated BFs are shown in Figure 4.8 Characteristic peaks of laccaic acids and
erythrolaccin corresponding to C=0 streching vibration absorption peak of ketone at 1639
cmt, O—H streching vibration absorption peak at 1421 cm™ of phenol and O—H streching
vibration at 3314 cm™ of carboxyl grops in anthraquinone are observed. For lac dyed
PEI-treated system, most of the absorption bands appears as same as those observed for
controlled BFs . It is seen that the absorption peak of N-H bending group of the amine
bands at 1573 cm™ is diminished after dyeing (Figure 4.8b). The result indicates that the
both of NHJ and NH3of PEI can from the interaction with carboxyl group of lac dye
electrostatic interactions schematically proposed in Figure 4.9. This interaction result in
the diminution of N-H bending group as seen from no significant change in FTIR spectra
of the lac dyed controlled- and PEI-treated BFs.
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Figure 4.8 ATR-FTIR spectra of lac dyed BFs systems on (a) controlled and (b) PEI-
treated BFs.
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Figure 4.9 Proposed schematic diagram of BF-PEI-lac dye interaction.

4.5. Morphology of lac dyed BFs systems

The SEM micrographs of lac dyed BFs systems are illustrated in Figure 4.10.
For the controlled BFs (Figure 4.10a) after dyeing with lac dye, the rough surface is
clearly observed for both lac dyed BFs systems. Especially, larger rought surface area of

the PEI- treated BFs is seen as shown in Figure 4.10b indicating the better adsorption
ability of controlled BFs.

¥

xles 908

Figure 4.10 SEM micrographs of lac dyed BFs systems on (a) controlled and (b) PEI-
treated BFs.
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Figure 4.11 shows optical image of controlled ( Figure 4.11a) and PEI treated
BFs after dyeing in comparison with undyed system. For lac dyeing system, the
adsorption capacity of lac dye absorb on PEI treated BFs ( Figure 4.11c ) significantly
increases when compared with the controlled BFs ( Figure 4.11b), as seen from the

progressing increase in integrity of color.

1cm

|

g
b 1cm

Figure 4.11 Images of controlled BFs (a), controlled BFs dyed with lac (b), and PEI-
treated BFs dyed with lac (c). The dyeing conditions are Co = 500 mg/L, pH =3, MLR =
1:200, dyeing temperature = 30°C and dyeing time = 200 min).

4.6 Adsorption isotherms
4.6.1 Langmuir isotherm

The equilibrium adsorption isotherm is fundamental in describing the
interaction behaviour between solutes and adsorbents, and is important in the design of
an adsorption system [93]. Figures 4.12 and 4.13 show the linear plots of 1/ge versus
1/Ce obtained from Langmuir equation this model for the controlled BFs and PEI treated
BFs systems, respectively. The values of Q (the maximum amount of the dye per unit
weight of fiber to form complete monolayer coverage on the surface) and b the Langmuir
constant related to the affinity of binding sites are respectively calculated from the
intercepts and slopes of different straight lines. The experimental data for the adsorption
of lac dye on BFs were fitted to a linear form of Langmuir isotherm (Eq. 2.3). The data
for the adsorption of lac dyeing on controlled BFs and PEI treated BFs at 30, 45 and 60
°C are listed in Tables 4.1. From the data in shown table 4.1, it is found that the adsorption
capacity (Q) of lac dye at higher temperature decreased with increasing temperature
indicating that the process is exothermic. The good fit is observed for the adsorption data
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of lac dye onto controlled BFs and PEI treated BFs at 30, 45 and 60 °C (correlation

coefficient, R? > 0.99). As expected for exothermic process, the Q values decrease with

increasing temperature. Morever, the b values indicated that the controlled BFs and PEI

treated BFs has a maximum affinity for lac dye at lower temperature.
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Figure 4.12 The Langmuir adsorption isotherms of lac dye onto controlled BFs under
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Figure 4.13 The Langmuir adsorption isotherms of lac dyed onto PEI treated BFs under

dyeing temperatures of (a) 30 °C, (b) 45 °C and (c) 60 °C.

Table 4.1 The Langmuir adsorption isotherm of lac dye onto PEI treated BFs.

Temperature (°C) Q (mg/g) b R?
Untreated system
30 4.88 3.58 x 1073 0.9979
45 3.81 2.95x 107 0.9970
60 2.59 3.23x10°% 0.9975
PEI-treated system
30 158.73 3.62 x 1073 0.9970
45 113.64 4.25 %107 0.9980
60 78.13 6.05 x 107 0.9993
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4.6.2 Freundlich isotherm

The Freundlich equation was also applied for the adsorption of lac dyeing by
the equation (2.6). The linear plots of In ge versus In Ce is shown in Figure 4.14 for the
controlled BFs and Figure 4.14 for PEI treated BFs. The Qf and 1/n can be respectively
determined from intercept and slope of the plot as listed in Table 4.2. The magnitude of
the exponent 1/n gives an indication of the favourability of adsorption. Values, of n > 1
obtained represent favourable adsorption conditions [94]. The Qs values decreased with
increasing temperature which again supported an exothermic process. The Freundlich
equation is not likely fit well with the experimental data, when compared with the
Langmuir equation as seen from the lower correlation coefficient (R? > 0.98) obtained

from Fruendlich isotherm.
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Figure 4.14 The Freundlich adsorption isotherms of lac dyed onto controlled BFs under
dyeing temperatures of (a) 30 °C, (b) 45 °C and (c) 60 °C.
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Figure 4.15 The Freundlich adsorption isotherms of lac dyed onto PEI treated BFs
under dyeing temperatures of (a) 30 °C, (b) 45 °C and (c) 60 °C.

Table 4.2 The Freundlich adsorption isotherm of lac dye onto PEI treated BFs.

Temperature (°C) Qr (mg/g) n R?
Untreated system
30 0.12 1.88 0.9959
45 0.06 1.71 0.9950
60 0.05 1.83 0.5883
PEI-treated system
30 1.11 1.27 0.9937
45 1.29 1.42 0.9848
60 1.39 1.52 0.9950
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4.7 Kinetics of adsorption
4.7.1 Pseudo-first-order kinetics

Lagergren’s pseudo first order Kinetics of adsorption [95] corresponding to
equation (2.8) is firstly studied. A straight line of In (ge - qt) versus t suggests the
applicability of this kinetic model to fit the experimental data. The first-order rate constant
ke and equilibrium adsorption capacity ge (cal) at three different temperatures were
calculated from the slope and intercept as shown in Figures 4.16 - 4.17. The calulated
Kinetic parameters are presented in table 4.3. The lac dyeing onto BFs is considered to be
pseudo first-order with high correlation coefficients above 0.99 at 30°C as shown in Fig.
4.16. In addition, the ge which is the adsorption capacity, agreed very well with both

experiment and calculation as listed in Table 4.3.

15

1.0 (a)

y =-0.1162x + 0.8457
- R? = 0.9942

G
'0
Ko
£
-1.0 y =-0.1201x + 0.0884
R?=0.9179
-1.5
-2.0
y =-0.241x - 0.233
R? = 0.9413
-2.5
] 1 2 3 4 5 6 7 8

time (min)

Figure 4.16 Plot of the pseudo-first-order kinetics for lac dye onto controlled BFs under
dyeing temperatures of (a) 30 °C, (b) 45 °C and (c) 60 °C.
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Figure 4.17 Plot of the pseudo-first-order kinetics for lac dye onto PEI treated BFs
under dyeing temperatures of (a) 30 °C, (b) 45 °C and (c) 60 °C.

4.7.2 Pseudo-second-order Kinetics

The pseudo second-order kinetic model expressed by the equation (2.10) is
also applied for kinetic investigation. The plots of pseudo second-order Kinetics are
shown in Figure 4.18 for controlled BFs and 4.19 for PEI treated BFs dyeing system. The
slope and intercept from the plot of (t/qt) versus t are the pseudo secondorder rate constant
(k2) and ge, respectively [96]. The kinetic parameters obtained from the plots are shown
in Table. 4.3. The correlation coefficients for the pseudo second-order kinetic model for
controlled BFs and for PEI treated BFs are mostly less than those of the pseudo first-order
kinetic model. However, a large difference in equilibrium adsorption capacity (qe)
between the experiment and calculation is observed, indicating that the adsorption
behavior is not likely to be a pseudo second-order. The calulated kinetic are as presented
in Table 4.3. Lac dyeing onto controlled BFs and PEI treated BFs is considered to be
pseudo first-order as seen from high correlation coefficients for controlled BFs and PEI
treated BFs. In addition, the calculated value of ge is nearly the same as experimental
value. The obtained results indicate that the adsorption behavior follows the pseudo first-

order Kinetics.
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Figure 4.18 Plot of the pseudo-second-order kinetics for lac dyed onto controlled BFs
under dyeing temperatures of (a) 30 °C, (b) 45 °C and (c) 60 °C.
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Figure 4.19 Plot of the pseudo-second-order kinetics for lac dyed onto PEI treated BFs
under dyeing temperatures of (a) 30 °C, (b) 45 °C and (c) 60 °C.
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Table 4.3 The kinetic parameter of calculated using pseudo-first- and pseudo-second-

order models.

Kinetics Pseudo-first-order model Pseudo-second-order model
parameter 30°C 45°C 60 °C 30°C 45°C 60 °C
Untreated system

Qe, EXP 2.30 1.30 1.05 2.30 1.30 1.05
Qe, cal 2.24 1.03 0.74 1.00 1.07 3.23
Ky 1.01 x101 0.97x10! 216x10* - - -
ks - - - 522 x 10 6.52x10*' 0.26x10*
R? 0.9942 0.9179 0.9412 0.9901 0.9923 0.9248
PEI-treated system
e, EXP 32.70 30.25 30.10 32.70 30.25 30.10
Qe, cal 36.11 30.61 44.98 70.42 60.60 161.29
ki 0.74x10* 1.04x10' 278x10? - - -
k> - - - 515x10* 7.99x10* 1.39x10*
R? 0.9942 0.9926 0.9587 0.8345 0.7746 0.4086

4.8 Thermodynamics of adsorption
4.8.1 Determination of activation energy

As discussed above, the adsorption behavior is likely to obey the the pseudo
first-order adsorption mechanism. The rate constant (ki) at different temperatures listed
in Table 4.4 are then applied to estimate the activation energy of the adsorption of lac
dyeing on bamboo fiberss by the Arrhenius equation (Equation 13). The slope of the plot
of In ky versus 1/T (Figure 4.17) is used to evaluate Ea. For controlled BFs and PEI treated
BFs system, R? obtained from the calculation are high enough. So, the values of calculated
activation parameters are reliable. The rate constants (ki) are found to respectively
increase with increasing temperature. The Ea of the PEI treated BFs system is much higher
than that of the controlled BFs system. The magnitude of activation energy gives an idea
about the type of adsorption which is mainly physical or chemical. The physisorption
processes usually have energies in the range of 5-40 kJ/mol while higher activation
energies (40-800 kJ/mol) suggest chemisorption [97]. It is seen that, the value of
activation energy of the treated BFs system (36.74 kJ/mol) increases as compared with

the controlled system (20.94 kJ/mol). This means that the treated BF system still behave
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physisorption. However, the increase in Ea value of the treated system indicates that the

treated system nearly approaches to the chemisorption.
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Figure 4.20 Arrhenius plots for the adsorption of lac dyed onto controlled BFs.
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Figure 4.21 Arrhenius plots for the adsorption of lac dye onto PEI treated BFs.

Table 4.4 The activation parameters for the adsorption of lac dyeing on untreated and
PEI treated BFs at 30°, 45° and 60°C.

Temperature Untreated BF system PEIl-treated BF system
(°C) ki Ea (kJ/mol) R? ki Ea (kJ/mol) R?
30°C 0.1009 0.0740
45°C 0.0973 20.94 0.6894 | 0.1038 36.74 0.9113
60°C 0.2163 0.2784
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4.8.2 Determination of thermodynamics parameters
From the Eyring equation [98], the enthalpy (AH*) and entropy (AS*) of
activation can be calculated from the slope and intercept of a plot of In (k1/T) versus 1/T
(Figure 4.20). According to equation 14, the value of AG* can be calculated. The results
of all activation parameters are shown in Table 4.5. It is seen that for the controlled and
PEI-treated systems, the negative values of AH* obtained indicates that lac dye adsorption
is an exothermic process and the positive values of AG* indicates that lac dye adsorption

is non spontaneous process while the negative entropy value (AS¥) reflects the interaction

between lac dye and BFs.
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Figure 4.22 Van’t Hoff plot for the adsorption of lac dye onto controlled BFs.
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Figure 4.23 Van’t Hoff plot for the adsorption of lac dye onto PEI treated BFs.

Table 4.5 Thermodynamic parameters for the adsorption of lac dyeing on untreatedand
PEI treated BFs at 30°, 45° and 60°C.

T Untreated BF system PEI-treated BF system
AG* AS* AH? AG* AS* AH*
(oc) RZ RZ
(kJ/mol) | (/molK) | (kJ/mol) (kJ/mol) | (I/molK) | (kJ/mol)
30° 11.89 2.05
45° 13.62 -114.88 -22.92 | 0.9722 2.49 -29.72 -6.96 | 0.9203
60° 15.34 2.94
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4.9 Fastness properties

Fastness testing for test the fastness properties of lac dye on controlled BFs and
PEl-treated BFs were examined followed from ISO (International Organization for
Standardization). The color fastness to washing 1ISO 105-C10 : 2006 (E) at 40 °C, 30 min
used stand soap solution 5 g/L was carried out. From the result of color change as shown
in table 4.6, it is found that the staining ability of lac dyed for PEI-treated BFs are slightly

better than those for controlled BFs.

Table 4.6 The color fastness to water and to washing of lac dyed BFs systems for
controlled and PEI-treated BFs.

Controlled BFs PEI-treated BFs
to water to washing to water to washing
Color change (Rating) 4 1-2 4-5 2
Color staining (Rating) 4-5 4-5 4-5 4-5
- Acetate 4-5 4-5 4-5 4-5
- Cotton 4-5 4-5 4-5 4
- Nylon 4-5 4-5 4-5 4-5
- Polyester 4-5 4-5 4-5 4-5
- Acrylic 4-5 4-5 4-5 4-5
- Wool 4-5 4-5 4-5 4-5

* Rating for color fastness have 5 levels as the followed: 5 = No color change / staining,
4 = Slightly color change / staining, 3 = Noticeable color change / staining, 2 =
Considerable color change / staining, 1 = Excessive color change / staining.
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4.10 Comparision of adsorption capacity between untreated and PEI-treaeted
bamboo fibers.

BFs are negatively charged due to the presence of carboxyl and hydroxyl-groups
[99], whereas the lac dye has hydroxyl-groups and carboxylic group in molecule and
therefore also presents a negative charge [100]. Hence, the binding of the negatively
charged dye molecules to the fibers is not favoured electrostatically, attempts to improve
the surface of BFs were undertaken [101]. Therefore, in this work PEI as a mordant for
enhancement the adsorption capacities of lac dye on BFs was used. From the present
result, it is found that the use of PEI as amordant can improve the adsorption capacities
of lac dye on BFs. In order to compare the results of adsorption capacities, the dye
adsorbed per gram on BFs for controlled and PEI-treated BFs are shown in Figure 4.24.
The adsorption capacities with a present of PEI can be improved up to ~ 20 times that of

the controlled system.

35 -
30 -
25 -
L 20-
o
o
E‘ 15 Controlled BF
o PEl-treated BF
=3
10 -
5 -
0 . B i
30 (°C) 80

Temperature

Figure 4.24 Effect of PEI on the adsorption of lac dye onto controlled BFs and PEI-
treated BFs.
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CHAPTER 5

CONCLUSIONS

In this work, the effect of polyethyleneimine (PEI) as a mordant on adsorption
behavior of lac dyeing on bamboo fibers was investigated. The effects of pH, dyeing
temperature, material to liquor ratio (MLR), contact time and initial lac dye concentration on
adsorption capacity were studied. The isotherm, kinetics and thermodynamics of the
adsorption were also investigated. The conclusions of the present study can be drawn as
follows:

1. The optimum conditions of lac dyeing on BFs was found as pH = 3, initial dye
concentration = 250 mg/L, MLR = 1:200, dyeing time = 200 min and dyeing temperature =
30°C.

2. The FTIR band of PEIl-treated BFs at 1573 cm™ confirmed the achievement of
treatment. However, the same peak is disappeared for lac-dyed PEI-treated BFs.

3. The use of PEI as a mordant significantly improved the adsorption capacity of lac
dye. The adsorption capacity at equilibrium was about 20 times that of the controlled system.

4. Rough surface was clearly observed for the untreated BFs whereas the controlled
BFs surfaces became smoother. After dyeing with lac dye, the rough surface using from the
coating of lac dye was clearly observed.

5. The adsorption behavior was found to fit well with Langmuir isotherm. The
adsorption were Kkinetics likely to be pseudo-first-order reaction.

6. The adsorption behavior indicated a kinetically controlled process. From
thermodynamic studies, the physisorption, exothermic and non-spontaneous processed were

observed.
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The calibration curve of lac dye solution
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Figure Al The calibration curve of lac dye solution, used for determination of absolute
concentration on lac dye solution.
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The calibration curve of PEI + CuSOa solution
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Figure B1 The calibration curve of PEI + CuSO4 solution, used for determination of absolute
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Table C1 Amount of PEI adsorbed on BFs at equilibrium (mg/g BFs).

o PEI adsorbed on bamboo fibers at equilibrium
Temperature (°C) .
(mg/g fibers)
30 1.25 (£ 0.25)
45 1.42 (+ 0.38)
60 1.33 (£ 0.29)

The amount of initial concentration for PEI solution were 1000 mg/L, CuSO4 0.5 %
w/v, MLR 1:200, 12 h on bamboo fibers.
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Effect of pH on adsorption of lac dye on BFs
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Table D1 The adsorption data of amount of dye adsorbed per gram at equilibrium of
controlled BFs by different pH are dyeing concentration = 250 mg/L, MLR = 1:200, dyeing

temperature = 30°C and dyeing time = 200 min.

pH Co Ce (Co—Ce) ge (Mg/g BFs)
1 264.70 264.2 0.50 0.1
2 254.45 249.7 4.75 0.95
3 254.45 245.95 8.50 1.7
4 229.20 224.7 4.50 0.9
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Effect of initial concentration on adsorption of lac dye on BFs
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Table E1 The adsorption data of amount of dye adsorbed per gram at equilibrium of
controlled BFs by different initial concentration are pH = 3, MLR = 1:200, dyeing
temperature = 30°C and dyeing time = 200 min.

Dyeing time Dye adsorbed per gram of BFs
(min) 50 mg/L 150 mg/L 250 mg/L 350 mg/L 500 mg/L
1 0.1 0.15 0.25 0.35 0.65
2 0.15 0.25 0.45 0.95 0.95
3 0.2 0.35 0.65 1.15 1.2
4 0.25 0.45 0.8 1.3 14
5 0.3 0.55 0.95 1.45 2.05
6 0.35 0.65 1.15 1.6 2.2
7 0.4 0.75 1.3 1.7 2.3
10 0.45 0.8 14 1.8 2.4
12 0.5 0.85 15 1.9 2.5
15 0.55 0.9 1.65 2 2.55
20 0.6 0.95 1.75 2.1 2.6
30 0.65 1 1.85 2.15 2.65
40 0.65 1.05 1.9 2.2 2.7
50 0.65 1.1 1.95 2.25 2.75
60 0.65 1.15 2 2.3 2.8
80 0.65 1.2 2.05 2.35 2.8
100 0.65 1.2 2.15 2.4 2.8
130 0.65 1.2 2.25 2.45 2.8
150 0.65 1.2 2.3 2.45 2.8
200 0.65 1.2 2.3 2.45 2.8
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Effect of MLR on adsorption of lac dye on BFs
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Table F1 The adsorption data of amount of dye adsorbed per gram at equilibrium of
controlled BFs by different MLR are pH = 3, dyeing concentration = 250 mg/L, dyeing
temperature = 30°C and dyeing time = 200 min.

Dyeing time Dye adsorbed per gram of BFs
(min) MLR 1:120 MLR 1:160 MLR 1:200
1 0.50 0.40 0.25
2 1.15 0.60 0.45
3 1.30 0.75 0.65
4 1.45 0.90 0.80
5 1.55 1.05 0.95
6 1.65 1.20 1.15
7 1.70 1.35 1.30
10 1.75 1.50 1.40
12 1.80 1.65 1.50
15 1.85 1.75 1.65
20 1.90 1.85 1.75
30 1.95 1.95 1.85
40 2.00 2.05 1.90
50 2.05 2.10 1.95
60 2.10 2.15 2.00
80 2.10 2.20 2.05
100 2.10 2.20 2.15
130 2.10 2.20 2.25
150 2.10 2.20 2.30
200 2.10 2.20 2.30
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Effect of temperature on adsorption of lac dye on BFs
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Table G1 The adsorption data of amount of dye adsorbed per gram at equilibrium of
controlled BFs and PEI treated BFs by different temperature are pH = 3, dyeing concentration
=250 mg/L, MLR = 1:200 and dyeing time = 200 min.

Dye adsorbed per gram of BFs

Dyeing time
(min) Controlled BFs PEI treated BFs

30°C 45°C 60°C 30°C 45°C 60°C

1 0.25 0.40 0.50 2.55 3.05 3.25
2 0.45 0.50 0.65 4.90 4.70 7.90
3 0.65 0.60 0.70 6.35 7.70 9.55
4 0.80 0.65 0.75 8.75 9.90 12.65
5 0.95 0.70 0.80 10.75 11.85 16.40
6 1.15 0.75 0.85 13.00 14.10 20.30
7 1.30 0.80 0.90 14.70 16.20 22.85
10 1.40 0.85 0.95 18.45 19.05 28.05
12 1.50 0.90 1.00 21.00 20.90 28.55
15 1.65 0.95 1.05 23.00 22.90 29.30
20 1.75 1.00 1.05 25.95 25.40 29.60
30 1.85 1.05 1.05 26.90 26.80 29.80
40 1.90 1.10 1.05 28.70 28.00 30.10
50 1.95 1.15 1.05 30.40 28.85 30.10
60 2.00 1.20 1.05 32.35 29.45 30.10
80 2.05 1.30 1.05 32.70 30.25 30.10
100 2.15 1.30 1.05 32.70 30.25 30.10
130 2.25 1.30 1.05 32.70 30.25 30.10
150 2.30 1.30 1.05 32.70 30.25 30.10
200 2.30 1.30 1.05 32.70 30.25 30.10
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Table H1 Langmuir adsorption isotherm of lac dyeing on controlled and PEI-treated BFs by
different temperature are pH = 3, dyeing concentration = 250 mg/L, MLR = 1:200 and dyeing
time = 200 min

Controlled BFs PEI treated BFs
Co

Ce 1/Ce Qe 1/Qe Ce 1/Ce (e 1/Qe

Temperature = 30°C
150 142.45 0.0070  1.65 061 3720 0.0269 18.90 0.0529
250 248.70  0.0040 2.30 043 7520 0.0133 32.70 0.0306
350 33445 0.0030 2.60 0.38 97.45 0.0103 43.00 0.0233
500 46220 0.0022  3.10 0.32 156.70 0.0064 57.40 0.0174

Temperature = 45°C
150 137.45 0.0073 1.10 0.91 4245 0.0236 17.25 0.0580

250 229.20 0.0044 155 0.65 79.45 0.0126 29.25 0.0342
350 30295 0.0033 1.75 0.57 119.70 0.0084 39.00 0.0256
500 44320 0.0023 2.20 045 184.70 0.0054 47.85 0.0209

Temperature = 60°C
150 138.95 0.0072 0.80 1.2500 4145 0.0241 15.70 0.0637

250 227.70 0.0044 110 09091 9745 0.0103 2840 0.0352
350 32345 0.0031 135 0.7407 11845 0.0084 32.95 0.0303
500 44820 0.0022 150 0.6667 19420 0.0051 42.65 0.0234
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Table H2 Fruendlich adsorption isotherm of lac dyeing on controlled and PEI-treated BFs
by different temperature are pH = 3, dyeing concentration = 250 mg/L, MLR = 1:200 and

dyeing time = 200 min

Controlled BFs

PEI treated BFs

« Ce InCe e Inge Ce InCe Qe INge
Temperature = 30°C
150 14245 49590 1.65 05008 37.20 3.6163 18.90 2.9392
250 248.70 55162 230 0.8329 7520 4.3202 32.70 3.4874
350 33445 58125 260 09555 9745 45793 43.00 3.7612
500 46220 6.1360 3.10 1.1314 156.70 5.0543 57.40 4.0500
Temperature = 45°C
150 13745 49233 110 0.0953 4245 3.7483 17.25 2.8478
250 229.20 54346 155 04383 79.45 43751 29.25 3.3759
350 30295 57136 1.75 0.5596 119.70 4.7850 39.00 3.6636
500 44320 6.0940 220 0.7885 184.70 5.2187 47.85 3.8681
Temperature = 60°C
150 138.95 49341 080 -0.2231 4145 3.7245 15.70 2.7537
250 227.70 54280 110 0.0953 9745 45793 2840 3.3464
350 32345 57790 135 0.3001 11845 4.7745 3295 3.4950
500 448.20 6.1052 1.50 0.4055 19420 5.2689 42.65 3.7530
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Table 11 The pseudo-first-order kinetics of lac dyeing on controlled and PEI-treated BFs by
different temperature are pH = 3, dyeing concentration = 250 mg/L, MLR = 1:200 and dyeing
time = 200 min.

Controlled BF;

PEI treated BF;

Time
Qe ol 0e-Cle In (Qe-l) Qe ol Ce-0e In (Ge-p)

Temperature = 30°C
0 2.3 0.00 2.30 0.8329 35.85 0.00 35.85 35.85
1 2.3 0.25 2.05 0.7178 35.85 2.55 33.30 33.30
2 2.3 0.45 1.85 0.6152 35.85 4.90 30.95 30.95
3 2.3 0.65 1.65 0.5008 35.85 6.35 29.50 29.50
4 2.3 0.80 1.50 0.4055 35.85 8.75 27.10 27.10
5 2.3 0.95 1.35 0.3001 35.85 10.75 25.10 25.10
6 2.3 1.15 1.15 0.1398 35.85 13.00 22.85 22.85
7 2.3 1.30 1.00 0.0000 35.85 14.70 21.15 21.15

Temperature = 45°C
0 1.3 0.00 1.30 0.2624 30.25 0.00 30.25 3.4095
1 1.3 0.40 0.90 -0.1054 30.25 3.05 27.20 3.3032
2 1.3 0.50 0.80 -0.2231 30.25 4.70 25.55 3.2406
3 13 0.60 0.70 -0.3567 30.25 7.70 22.55 3.1157
4 13 0.65 0.65 -0.4308 30.25 9.90 20.35 3.0131
5 13 0.70 0.60 -0.5108 30.25  11.85 18.40 2.9124
6 13 0.75 0.55 -0.5978 30.25  14.10 16.15 2.7819
7 13 0.80 0.50 -0.6931 30.25 16.20 14.05 2.6426

Temperature = 60°C
0 1.05 0.00 1.05 0.0488 30.1 0.00 30.10 3.4045
1 1.05 0.50 0.55 -0.5978 30.1 3.25 26.85 3.2903
2 1.05 0.65 0.40 -0.9163 30.1 7.90 22.20 3.1001
3 1.05 0.70 0.35 -1.0498 30.1 9.55 20.55 3.0229
4 1.05 0.75 0.30 -1.2040 30.1 12.65 17.45 2.8593
5 1.05 0.80 0.25 -1.3863 30.1 16.40 13.70 2.6174
6 1.05 0.85 0.20 -1.6094 30.1 20.30 9.80 2.2824
7 1.05 0.90 0.15 -1.8971 30.1 22.85 7.25 1.9810
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Table 12 The pseudo-second-order kinetics of lac dyeing on controlled and PEI-treated BFs
by different temperature are pH = 3, dyeing concentration = 250 mg/L, MLR = 1:200 and

dyeing time = 200 min.

Controlled BF;

PEI treated BF;

Time
Qt t/q: Ot t/q:
Temperature = 30°C
1 0.25 4.00 2.55 0.3922
2 0.45 4.44 4.90 0.4082
3 0.65 4.62 6.35 0.4724
4 0.80 5.00 8.75 0.4571
5 0.95 5.26 10.75 0.4651
6 1.15 5.22 13.00 0.4615
7 1.30 5.38 14.70 0.4762
Temperature = 45°C
1 0.40 2.50 3.05 0.3279
2 0.50 4.00 4.70 0.4255
3 0.60 5.00 7.70 0.3896
4 0.65 6.15 9.90 0.4040
5 0.70 7.14 11.85 0.4219
6 0.75 8.00 14.10 0.4255
7 0.80 8.75 16.20 0.4321
Temperature = 60°C
1 0.50 2.00 3.25 0.3077
2 0.65 3.08 7.90 0.2532
3 0.70 4.29 9.55 0.3141
4 0.75 5.33 12.65 0.3162
5 0.80 6.25 16.40 0.3049
6 0.85 7.06 20.30 0.2956
7 0.90 7.78 22.85 0.3063
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Table J1 The activation parameters for the adsorption of lac dyeing on untreated and PEI

treated BFs at 30°, 45° and 60°C.

Temperature (T)

Controlled BFs

PEI treated BFs

°K T K1 Inky k1 Inky
303 0.0033 0.1009 -2.2936 0.0740 -2.6037
318 0.0031 0.0973 -2.3300 0.1038 -2.2653
333 0.0030 0.2163 -1.5311 0.2784 -1.2787
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Table K1 Thermodynamic parameters for the adsorption of lac dyeing on untreated and PEI

treated BFs at 30°, 45° and 60°C.

Controlled BFs

PEI treated BFs

.
T Qe/Ce
(°K) Qe InKc Qe Ce InK¢
(Ke)
303 0.0033 2.30 248.70 0.0092 -4.6833 32.70 75.20 0.4348 -0.8328
318 0.0031 1.30 242.95 -5.2305 30.25 74.45 0.4063 -0.9006
333 0.0030 1.05 256.70 0.0041 -5.4991 30.10 88.95 0.3384 -1.0835
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Table M1 The color fastness to water and to washing of lac dyed controlled-BFs.

R 0092-1/58 | CLIENT'S REQUIREMENT
COLOR FASTNESS TO WASHING : ISO 105-C10: 2006 (E) TEST NO.A(1) (40°C, 30 MINUTES)
COLOR CHANGE (RATING) 1-2 ¢
COLOR STAINING (RATING) -
- ACETATE 4-5
- COTTON 4-5
- NYLON 4-5
- POLYESTER 4-5
- ACRYLIC 4-5
- WOOL 4-5
REMARK(S): - SOAP SOLUTION : STANDARD SOAP 5 g/l.
- RATING 5 = NO COLOR CHANGE / STAINING
4 - SLIGHTLY COLOR CHANGE / STAINING
3 = NOTICEABLE COLOR CHANGE / STAINING
2 = CONSIDERABLE COLOR CHANGE / STAINING
1 = EXCESSIVE COLOR CHANGE / STAINING
COLOR FASTNESS TO WATER : ISO 105-E01 : 2010(E)
COLOR CHANGE (RATING) 4 -
COLOR STAINING (RATING) ”
- ACETATE 4-5
- COTTON 4-5
- NYLON 4-5
- POLYESTER 4-5
- ACRYLIC 4-5
- WOOoL 4-5
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Table M2 The color fastness to water and to washing of lac dyed PEI-treated BFs.

| R 0093-1/58 | CLIENT'S REQUIREMENT
| COLOR FASTNESS TO WASHING : ISO 105-C10: 2006 (E) TEST NO.A(1) (40°C, 30 MINUTES)
COLOR CHANGE (RATING) 2 -
COLOR STAINING (RATING) .
- ACETATE 4-5
- COTTON 4
- NYLON 4-5
- POLYESTER 4-5
- ACRYLIC 4-5
- WOoOoL 4-5
REMARK(S): - S0AP SOLUTION : STANDARD SOAP 5gfl.
- RATING 5 = NO COLOR CHAMNGE / STAINING
4 = SLIGHTLY COLOR CHANGE / STAINING
3 = NOTICEABLE COLOR CHANGE / STAINING
2 = CONSIDERABLE COLOR CHAMNGE / STAINING
1 = EXCESSIVE COLOR CHANGE / STAINING
COLOR FASTNESS TO WATER : ISO 105-E01 : 2010(E)
COLOR CHANGE (RATING) 4-5 =
COLOR STAINING (RATING) .
- ACETATE 4-5
- COTTON 45
- NYLON 4
- POLYESTER 45
- ACRYLIC 4.5
- WooL ! a5
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