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ABSTRACT

ABSTRACT

This thesis 1s concerned with a study on the effects of low temperature plasma
pretreatment and enzyme treatment as well as their synergy in order to modify the
properties of linen. Linen is more expensive due to the difficulties in processing and
it faces strong competition with other natural fibers. Fiber modification, preparation
and finishing treatments by environmentally friendly processes are essential in order
to minimize the chemical waste and associated disposal problem. Characterizations
of the modified linen have been carried out and the effects of the treatments have
been experimentally determined. Fiber bulk structure and properties have been
studied along with the mechanical properties, surface morphology and properties,
and dyeing properties of linen. A number of modern characterization techniques
have been applied such as the Environmental Scanning Electron Microscopy,
Atomic Force Microscopy, X-ray Photoelectron Spectroscopy and a downward

wicking measurement.

Low temperature plasma treatments were applied to linen with oxygen and argon
gases, various levels of discharge power and exposure time. It was discovered by X-
ray Photoelectron Spectroscopy that the surface oxygen content of the low
temperature plasma treated linen was increased, along with the formation of voids
and cracks on the fiber surface. The fabric weight loss increased with the exposure
time. No significant change in x-ray crystallinity and cuprammonium fluidity was
found. A slight reduction of the moisture regain was detected. Fabric water uptake
and strength first were increased and then decreased with the prolonged exposure
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whereas fabric bending rigidity, hysteresis and wrinkle recovery were slightly

improved.

Environmental Scanning Electron Microscopy illustrated the time series images of
flax surface appearance changed by the low temperature plasma treatment for the
first time. With the image processing techniques and Atomic Force Microscopy, a
comprehensive understanding of the surface morphology of low temperature plasma
treated flax fibers was achieved. The wetting properties of low temperature plasma
treated linen were studied by a downwﬁrd wicking experiment. Wicking properties
of linen were greatly improved by the application of low temperature plasma

treatment.

Further investigation was conducted in order to study the synergy of low temperature
plasma and enzyme treatment. Enzymes have been used extensively in cotton
textiles to remove small fiber ends from fabric surface, create a smooth fabric
appearance and introduce a degree of softness without using traditional chemical
treatments. The low temperature plasma pretreatment enhanced the effectiveness of
enzyme treatment. With an oxygen gas for 2.5 minutes exposure time, a faster
reaction rate and acceptable strength loss percentage were achieved. The surface
roughness created by the low temperature plasma treatment were further deepened
and smoothed by the enzyme treatment. Fabric yellowing occurred after plasma
exposure and the whiteness was almost recovered after the enzyme treatment. An
increase of fabric water uptake was further provided by the enzyme treatment.
Fabric bending rigidity, hysteresis and wrinkle recovery were slightly improved by

both treatments. Low temperature plasma pretreatment improved dyeing



ABSTRACT

performance for a direct dye of small molecule size. However, an adverse effect of

dyeing performance was obtained after the enzyme treatment.

As a comparison, the study of enzyme treatment on mercerized linen was also
carried out. The factors concerned were the mercerization tension, concentration of
cellulase, incubation time and mechanical agitétion. Experimental results confirmed
that the effectiveness of enzyme treatment was strengthened by the mercerization
pretreatment. Higher reduction of fabric stiffness, minimization of the loss of tensile
strength, shortening of the original treatment time, complete removal of surface
fibrils and improvement of dyeing performance for direct dyes were achieved. On
the other hand, the effect of mechanical agitation on the efficiency of enzyme
treatment has been studied and the results revealed that the reduction of both bending
rigidity and hysteresis were achieved by .applying a higher mechanical agitation
during the enzyme treatment. It was found that low temperature plasma pretreatment
was more effective than the mercerization pretreatment in improving the

effectiveness of enzyme treatment.

The present thesis illustrates that the application of two environmentally friendly
processing technologies can achieve significant improvements of fiber properties in
terms of fabric wetting and dyeability, and moderate improvement of fabric strength,

wrinkle recovery, bending rigidity and hysteresis.
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CHAPTER 1

INTRODUCTION

1.1  BACKGROUND

Flax is a natural cellulosic fiber belonging to the group of bast fibers. It is derived
from the vascular bundles of plant stems which are used for food and water transport
in living plants. The fiber consists of long thick-walled cells overlapping and
cemented together by non-cellulosic materials to form continuous strands that may
run the entire length of the plant stem. Flax is one of the oldest fibers used by man to
manufacture textiles. In the modern world, however, the flax fiber faces the
challenges of technological developments and ecological concerns at all stages of
production, processing and end-uses. Modernization of its processing technology
and wide application of the fiber in many fields are important for maintaining and

improving its competitiveness.

New methods of fiber modification by means of both physical and chemical
techniques have been explored. Concerning~ the operational safety and
environmental protection, two kinds of new technology have been introduced to the
textile industry to replace some of the existing chemical treatments. The first kind is
the gas phase finishing processes. Among them, low temperature plasma has been
used in modifying the fiber surface properties. The second kind is enzymatic
treatment. For cellulosic materials, cellulase treatments have been a focus of interest

for cotton finishing to improve the fabric softness, as well as to simplify the
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manufacturing processes. Both of them have been considered as promising

alternatives to replace some of the traditional wet treatments {29, 97, 116, 242].

Processing by plasma assisted techniques is being increasingly used in various areas
of production and manufacturing such as the automotive, aerospace, biomedical
industries and in the fabrication of microelectronic components. Exposure of
materials to suitable low temperature plasma for a short period of time can cause
both chemical and physical changes of the surface layers so as to provide a desirable
surface without degrading the bulk properties greatly [97]. The accessibility of
crystalline regions will be increased by the introduction of cracks on the fiber surface

after the low temperature plasma treatment.

On the other hand, enzymes have been used in a variety of applications ranging from
production of food and beverages, formulgtion of detergents, to the processing of
pulp, leather and textiles. For instance, enzymes have been applied to processes of
desizing and denim washing. The cellulase enzyme treatment can remove fibrils on
fabric surface so that a softer handle, Smoother; more lustrous and clearer fabric
surface appearance can be achieved. Fébrics free from surface hairiness and neps
have a lower tendency to pill. Furthermore, fabric wettability may be retained and
the colour definition of dyed goods become clearer. Enzymes are completely
biodegradable and aré always used in low concentrations, thus they pose no disposal

problems.

Most of the studies of the low temperature plasma or enzyme treatment have been

concentrated on cotton and to a much lesser extent on flax fiber. Flax fiber has a

2
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high crystallinity and unique morphological structure, these features will largely
affect the course of modification. There exist many knowledge gaps in our current
understanding such as the effect of low temperature plasma treatment on the fiber
bulk structure and properties, fabric properties, surface properties, wetting

characteristics and fiber surface morphology of flax.

Moreover, previous research showed that the structural features of cellulosic
materials influenced the rate and extent of cellulose enzymatic hydrolysis. Two of
the most important structural features of fibers are crystallinity and surface area.
Structural changes of the cellulose substrate by pretreatments will influence the
course of the subsequent process [29]. The progress in the development of effective,
pretreatment has been very limited, especially the low temperature plasma and

mercerization pretreatments on linen have not been explored.

Therefore, the major aims of the investigation are to characterize the variations in the
structure and properties of the fibers and fabrics modified by the low temperature
plasma and enzyme treatment. A range of advanced analytical instruments and
characterization techniques will be employed for the comprehensive and systematic

investigation.

1.2 OBJECTIVES
This thesis is concerned with an investigation of the effects of low temperature
plasma and enzyme treatments on linen. The principal objectives of the thesis are as

follows:
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i

(1) To examine the effects of low temperature plasma treatments on the fiber Bulk
structure and properties, surface morphology and properties, and mechanicai
properties of its resultant fabrics. It is aimed to improve the fiber proper;ies in
terms of fabric wetting and dyeability, fabric strength, wrinkle recovery, bending

rigidity and hysteresis;

(2) To obtain a comprehensive morphological and topographical study of low

temperature plasma treated flax fiber by using a range of instrumental techniques;

(3) To develop a downward wicking measuring technique to characterize the wetting

properties of low temperature plasma treated linen;

(4) To study the effectiveness of enzyme treatments enhanced by the low

temperature plasma and mercerization pretreatments.

1.3 METHODOLOGY

In order to achieve the objectives, the following methodologies will be adopted:

(1) A literature review will be conducted aiming to gain the background knowledge

and recent development in the relevant areas.

(2) Low temperature plasma will be applied to linen under different treatment
conditions. Preliminary investigations will be conducted to establish suitable

working conditions and procedures.
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(3) A range of advanced dnalytical techniques such as XPS, SEM, ESEM, AFM, etc.
will be used to obtain a comprehensive evaluation of the surface morphology and
chemical composition of the low temperature plasma treated flax fibers as well as
other fiber and fabrics properties. Appropriate experimental methods and

procedures will be established.

(4) Various testing methods will be used to investigate the wetting characteristic of
low temperature plasma treated linen. The changes of wetting properties will be
related to the changes in fiber morphology, bulk properties and surface

properties.

(5) Linen will be pretreated by low temperature plasma or mercerization prior to
enzyme treatments. The effect of the pretreatments will be explored and the
effectiveness will be assessed in terms of the changes in fiber bulk structure and
properties, mechanical properties, surface morphology and properties, and dyeing

properties.

1.4  SCOPE OF THESIS
The thesis comprises eight chapters. Chapter 1 introduces the background

information, objectives, methodology and scope of the thesis.

In Chapter 2, results from a literature survey are presented on the processing of
" techniques of flax fiber, chemical composition, morphological structure, fiber

properties and fiber modification technologics as well as the characterization
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techniques. The results highlight the needs for further investigation of flax fiber

modification through low temperature plasma and enzyme treatment.

Chapter 3 describes an experiment on low temperature plasma treatments of linen
with oxygen and argon gases, two levels of discharge powers and various exposure
times. A range of analytical methods are used to examine their effects on the
properties of linen including fluidity, x-ray crystallinity, moisture regain, fabric
weight loss, fabric strength, surface chemistry by XPS analysis, surface morphology
by SEM observation, fabric whiteness, fabric water uptake, fabric bending properties

and wrinkle recovery.

Chapter 4 presents a study of fiber surface changes brought about by the low
temperature plasma treatment using an Environmental Scanning Electron
Microscopy (ESEM) and Atomic Force Microscopy (AFM). Suitable operational
parameters are selected to examine the fiber surface without being affected by the
action of the electron beam degradation. Changes of fiber diameter and fabric weight
loss are studied along with the surface morphology characterized by ESEM, SEM
and AFM. Moreover, a quantitative description of the surface topography of low
temperature plasma treated flax fibers is obtained by the use of image processing

techniques.

~ Chapter 5 investigates the wetting property of low temperature plasma treated linen.
First, it describes the measurement of surface contact angles and the determination of
critical surface tension by the Zisman’s plots. Moreover, the wicking abilities of low

temperature plasma treated linen are compared experimentally with a upward water

6
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uptake and a downward water wicking methods. The experimental set-up and testing
procedures are developed and the experimental results are discussed in terms of the

conditions of low temperature plasma treatments.

In Chapter 6, an experiment is presented on the application of enzyme treatment to
low temperature plasma pretreated linen. Oxygen and argon gases are applied for
various periods of exposure time. Measurements cover fluidity, x-ray crystallinity,
moisture regain, fabric weight loss, fabric strength, XPS analysis, SEM observation,
fabric whiteness, fabric water uptake, fabric bending properties, wrinkle recovery and
dyeing properties with direct dyes before and after enzyme treatment. The
effectiveness of low temperature plasma pretreatment is assessed based on th;

measured properties before and after the enzyme treatment.

Chapter 7 explores the application of enzyme treatment on mercerized linen. The
experimental factors concerned are the mercerization tensions, concentrations of
cellulase, incubation times and levels of mechanical agitation. Changes are
determined experimentally in x-ray crystallinity, moisturg regain, fabric weight loss,
fabric thickness, fabric strength, fabric bending properties, SEM observation and
dyeing properties with direct dyes. The effectiveness of mercerization pretreatme;_nt

1s assessed.

In Chapter 8, it summaries the major results and findings of the present work, and
draws conclusions. The remaining problems are outlined and possible future

research work are recommended.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

Flax is a bast fiber used to manufacture linen textiles. At the end of the 1970s, flax
was almost forgotten in many western European countries and it was anticipated that
the fiber would disappear from the market altogether. However, in the 1990s flax
has made a comeback to become one of the biggest fashion stories of the decade.
The reasons behind this include the positive physiological properties possessed by
the fiber such as good heat conductivity and excellent moisture transport combined
with the characteristic rustic structure of linen products which offer comfortable
wear properties and fashion prestige. More and more people embrace the 'return to
nature' trend and environmental sustainability. Besides the progress of flax fiber
technology, the world ecological awareness and the new products developed

- specifically for flax fiber have also contributed to the comeback of linen [149, 156].

As a fabric, linen is mainly used for furnishing, tableware, handkerchiefs, drying
cloths with relatively smaller amounts for apparel, canvas, tenting and industrial
fabrics. Recently, there has been a rising demand for linen outer-wear garments. To
increase its end uses in certain existing areas and other new areas, research efforts
are needed for product development as well as improvement of technical aspects of

processing [91-92].
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In this chapter, fiber processing, fiber molecular structure, morphological structure,
properties of the linen are reviewed. A review of the fiber modification treatments
will be presented to explore the possibility of applying new modification techniques
to linen. In the later section of this chapter, a range of new analytical equipment will

be described for the characterization of fiber structures and properties.

2.2 FLAXFIBER

2.2.1 Fiber Processing

Flax fiber is a natural vegetable fiber based on cellulose and it comes from the stem
of an annual flax plant called Linum usitatissimum which belongs to the family of
Linaceae. 1t grows in many temperature and sub-tropical regions of the world and it

is the most important bast fiber having a long tradition of use [51].

Flax fibers lie in bundles within the inner bark of the stem, therefore, they must first
be degraded to facilitate the mechanical removal of the woody core so as to allow the
fiber bundles to further sub-divide to become sufficiently fine for spinning. In
common with other bast fibers, flax is subjected to a biological process known as
retting in which fungi and bacteria selectively attack the binding materials by
secreting highly specific enzymes in order to achieve the removal of fiber from plant

stem [99].

Dew-retting is the most common process employed for the flax fiber. After
harvesting, the flax plant is spread on the field for over a period of 3-7 weeks during
which the retting organisms grow in the warm, moist conditions of the straw swathe.

Since dew-retting is a natural air-drying technique and can be easily mechanized, it
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can replace the older water-retting process in which the flax straw is steeped in tanks
of water for several days. However, a favorable climate is required for the action of
fungi in the case of using dew-retting. Certain disadvantages of using dew-retting
include the dependence of geographical regions with appropriate temperatures for
retting, coarser and lower quality fibers than with water retting and occupation of
agricultural fields for several weeks. Moreover, retting is also carried out by treating
the flax straw with chemical solutions such as caustic soda, sodium carbonate, soaps
and dilute mineral acids. In general, chemical retting of the straw is a more costly
process than biological retting and with poor fiber quality. Because of the
disadvantages of the other methods, researchers have expended considerable efforts
in the 1980s to develop an enzyme retting system to control the retting process to

produce fiber of consistent quality [9-10, 15, 99-100, 115 , 220, 222-224, 248].

When the retted straw is dried, the fiber bundles shrink away from the brittle woody
core. The fiber will be removed mechanically by the processes of “breaking’ and
“scutching”. The flax straw contains about 25-30% of fiber based on the dry, reited
straw weight [15, 100]. Then, the scutched fibers are combed to separate the long
fibers from the short fibers by “hackling” processing. The shorter fiber removed is
called “tow” which is the raw material for coarser yams. The long flax is called
“line” which is used for the spinning of very fine yarns. The fibers are drawn
through a series of pins that separate the fibers and leave them in a parallel
arrangement. Fibers are drawn from hackling machines into a sliver for spinning
inte yarn. This careful and relatively slow processing sequence contributes to the

high cost of fine linen [99-100].

10
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There are two methods of spinning flax, ie., dry spinning and wet spinning,
Versatile, high-draft and long-staple spinning frames are used to spin flax to form
sliver. Dry spinning, usually from tow, is used for the production of coarser yarns
with the limited fineness of around 65 tex or 25 linen “lea”. Lea is the traditional
linen yarn count and is the number of 300 yards lengths equivalent to one pound
weight. Dry-spun yarns are quite soft and open-structured. Wet spinning is used to
produce finer yarns either from the high-quality tow or from line. The smooth wiry
yarn produced is much stiffer than the dry-spun yarns because the binding materials
softened by wetting are still present on the yarn when dry. Most of the coarser dew-
retted flax on the rove bobbin before spinning will undergo a chemical treatment,
either an alkali boil or a full bleach. The effect of this is to upgrade the fiber quality
by assisting fiber subdivision and enabling the fine yarns to be spun from a given

raw material. Wet-spun yarns require a costly drying process [99-100].

Flax possesses adhering particles of plant tissue, gums, pectins and coloring matters,
Chemical treatment is required to bleach its natural greyish brown colour. A scour

in a boiling sodium carbonate solution can remove most of the soluble impurity [99].
The optimum scouring process condition recommended for linen has been worked
out using sodium carbonate along with surfactant for 30 minutes near the boil
(95°C). This results in saving chemical cost without any adverse effect on quality.
On the other hand, discontinuation of the use of caustic soda in an existing mixed
alkali scour process has been advised in order to save chemical costs and avoid

adverse effect on quality [92, 100].

Linen can be bleached with weak solutions of hypochlorite, peroxide or chlorite

11
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which can oxidize the remaining colored impurities and give fabric the required
degree of whiteness [99-100, 141]. Although bleaching of flax-based textiles is
more or less equivalent to that of cotton-based textiles, two main factors need to be
considered. Firstly, flax contains 15-20% natural impurities in contrast to cotton
which acquires only 5%. Secondly, flax is more sensitive to alkali and oxidizing
bleaching agents when compared with cotion. This is why bleaching of flax-based
textiles is more lengthy and requires more care and precautions than cotton-based
textiles [75]. Further modifications in bleaching recipes forA achieving similar
whiteness like cotton have been attempted, i.e., sodium chlorite-sodium
hypochlorite- no rinse-hydrogen peroxide. By using this combination, it has been
found to be the best arrangement in terms of cost and quality [91]. Alternatively, a

hydrogen peroxide/urea system can also be used for bleaching of linen [75].

Linen can be dyed or printed to high levels of fastness with vat dyes or reactive dyes,
and aftractive cross-dyed effects can be obtained with blends [99-100]. The strong
consumer demand for natural linen fabric without any dyeing involved can further
enhance the awareness of environmental safety of linen [138]. To mest the
specification and consumer needs, linen may be made crease resistant, flame
retardant, stain repellent or water repellent by the application of resin finishes {99].
As an apparel fabric, linen is very comfortable and non-allergenic. The use of
knitted fabrics extends its applications beyond warm weather and has the major

advantage of not wrinkling unlike linen woven fabric [138].

12
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2.2.2 Fiber Molecular Structure

Bast fibers including flax are natural vegetable fibers based on cellulose. They are
derived from the vascular bundles of plant stems which are used for food and water
conduction in the living plant. The fibers are constructed of long thick-walled cells
overlapping and cementing together by non-cellulosic materials to form continuous
strands that may run the entire length of the plant stem. The process of retting or
degumming can release the strands of bast fibers from the cellular and woody tissue

of plaﬁt stem.

The nature and chemical composition of flax fiber are affected by the retting process
as shown in Table 2.1. The main factors are generic characteristics of the plant,
conditions of growth, type of soil, age, part of the plant from which the sample
originates, mode of cultiva‘ttion, and the atmospheric conditions to which the fibers
are directly exposed. To some extent the wide divergence in values may also be due
to different methods employed for the determination of a particular component.
Héterogeneity in both chemical and structural composition has a direct bearing on
the fiber properties and surface morphology of fiber [194]. Plant breeding work has
been successful in producing varieties of flax with high fiber content which are
resistant to pests and diseases and will stand up well in bad weather. Agricultural
research has established the optimum sowing density for flax seed and the correct
balance of fertilizers and weed control agents, all of which have further helped to

increase fiber yields [99].

.The structure of flax is made up of multiple cells meaning that the fiber cells are

found in bundles of multiple cells and bound together by natural polymers variously

13
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called resins, gums, cementing materials, encrusting materials and middle lamella
[194]. Cellulose is a poijrsaccharide or polymeric sugar that can be represented by
the simple formula (C¢H 00s5),. When cellulose 1s completely hydrolyzed in diiute
acid solution, it produces the simple sugar glucose which has the molecular formula
C¢H;06. In comparing the two formulae, the repeating unit in cellulose is

anhydroglucose.

Table 2.1: Chemical composition of flax fibers [15, 92, 108, 194]

Unretted flax Retted flax
Cellulose Content 56.5% 64.1%
Hemicellulose 15.4% 16.7%
Pectin 3.8% 1.8%
Lignin 2.5% 2.0%
Water Soluble Material 10.5% 3.9%
Fat and Wax 1.3% 1.5%
Moisture 10.0% 10.0%

Cellulose is a highly polycrystalline material without forming any discrete crystals
like those glucose from which it is derived. Native cellulose fibers consist of
crystalline fibrils varying in complexity and length. This fibrillar structure is
interspersed with material in which the chain molecules are less well ordered than in
a crystal. The same molecule may participate in both crystalline and less crystalline
material along different portions of its length. Native cellulose contains very little
genuine non—cryétalline material. The amorphous region is generally believed to be

mainly the accessible surface of some of its crystalline fibrils.

Five allomorphic forms of cellulose have been identified, but only cellulose I and
cellulose II are important in textile processing. Cellulose I is the form found in
nature and cellulose II is the thermodynamically more stable form produced when
cellulose is regenerated from solution or subjected to the process of mercerization.

14
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Crystallite orientation is determined more easily by x-ray diffraction methods.
Extensive evidence can be obtained using infrared spectroscopy, deuterium
interchange technique and electron diffraction. The dimensions of monoclinic cell
are approximately: a = 0.835nm, b = 1.03nm (fiber axis), ¢ = 0.79nm and § = 84° in
the case of cellulose I. The unit cell of cellulose II is also monoclinic with average
dimensions being a = 0.814nm, b = 1.03nm, ¢ = 0.914nm and B = 62°. The X-ray
diagram of purified flax is much more distinct and of better resolution than that of

unpurified flax [221].

The outer layer of flax has a Z spiral, followed by an S layer in the thick middle wall,
and another Z layer towards the center. The spiral angle has been estimated to be
6.5°. Unlike cotton, there are no reversals in the directions of spirals along the fiber
length. On treatment with NaOH solution of mercerization, the cellulose [ pattern of
purified flax is completely transformed to cellulose II pattern. The degree of
crystallinity of flax is estimated to be 70% with the degree of polymerization around

2190-2420 and specific gravity of 1.50-1.55g/cm’ [15].

2.2.3 Fiber Morphological Structure

The flax fibers lie in bundles within the inner bark of the stem between the woody
core and the thin outer skin as shown in Figure 2.1. In a cross-section there are
usually about thirty bundles, each containing between 10-40 individual or ultimate
flax fibers 2-3cm in length and 15-20pum in diameter. The ultimate flax fibers are
bound together within the bundles, and the bundles are also bound to the stem by
pectins [100, 194]. The flax plant grows up to a meter tall in temperate climates and

has a single slender stem that is devoid of side branches other than those which bear
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the flowers [99]. When the plants have flowered and the seeds are beginning to
ripen, the crop is pulled up with the roots either by hand or by mechanical pullers.
About one-quarter of the stem consists of fiber. Flax fiber strands in the scutched
state vary in length from a few centimeters {tow fiber) to as much as one meter

(line). By the time the fiber reaches the spinning stages, it will be broken down in

length [51].

. ri"* AR < T R o TR :
Figure 2.1: Cross-section of the stem of a flax plant shows the bundles of fiber
cells lying below the surface layer [100]

Commercial flax is in the form of brundles of individual fiber cells held together by a
natural binding material. Scutching and hackling tend to break up the coarse bundles
of fibers as they exist in the bast, but do not separate the fiber strands into their
individual fiber cells. Flax is usually yellowish-white colour, but the shade of the
raw fiber varies considerably depending upon the conditions under which it has been

retted, e.g. dew-retted fiber is generally grey.

When the flax fiber is observed under microscope as shown in Figure 2.2, the fiber
cells appear as long transparent, cylindrical fubes which may be smooth or striated

lengthwise but they do not have the convolutions. The width of the fiber may vary
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several times along its length. There are swellings or ‘nodes’ at many points, and the
fibers show characteristic cross-markings. The fiber cell has 5 iumen or canal
running through the center; the lumen is narrow but clearly defined and regylg; ip
width. The end of the fiber usually tapers to a point. The cell walls of the flax fiber
are thick and polygonal in cross-section. High quality flax has elementary fibers in
the shape of polygon with 3-7 sides [206]. Immature and poor fiax fibers are more

oval in cross-section and the cell walls are thinner. The lumen of the immature fiber

is relatively larger than that of the mature fiber [51].

) ; Tl i o AR . i ¥ i S bl o
Figure 2.2: Cross-sectional and longitudinal view of flax fibers
as seen under scanning electron microscope [218]

2.2.4 Fiber Properties

Flax is usually soft and has a lustrous appearance. The more it is washed, the softer
it will be [135]. Luster can be improved as the wax and other surface materials are
removed. Flax is a strong and particularly inextensible fiber which can be stretched
only slightly as tension increases. Its tenacity ranges between 5.5 and 6.5g/d. The
-elongation at break is approximately 1.8% in dry and 2.2% in wet condition. Within

17
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its small degree of extensibility, flax is an elastic fiber which will tend to return to its
original length when tension is released. It has a high degree of rigidity and can

resist bending. Flax is about 20% stronger when wet than dry [51].

The comfort quality of linen involves its cool nature and its ability to absorb
perspiration, both of which are related to the structure of the fiber bundle. Little air
is trapped between the fibers, and water is retained by capillary action between the
fibers {229]. Itis a good conductor of heat and so this is the reason why flax sheets

feel so cool [51].

Its hygienic, anti-electrostatic and UV preventing properties are needed to prevent
the UV radiation or electrostatic fields around human beings (work with computers
and electronic devices) [150]. Higher UV-Protection Factors can be provided by the
fibers containing natural pigments, lignin and hemicelluloses which act as UV
radiation absorbents [185]. Garments made from flax are particularly suitable for
hot climates, and also these fibers can be blended with other types of fibers to
provide a great variety of fabric properties. Non-static and non-allergic, linen is
even claimed to reduce muscle tension {162]. Linen does not have the electrostatic
properties like many fibers do, so linen textiles do not have greater affinity for

attracting lint, hair and other foreign particles than many textiles do.

The advantages of linen fabrics are seen in its strength, durability, stability, low
pilling tendency and low release of individual fiber lint. The moisture regain of flax
* fiber at standard conditions is 7% [15]. The physiological properties of flax can be

characterized as having a pleasant and cooling feel which makes it suitable for
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wearing in hot weather [149]. However, the poor dry crease recovery is an inherent
property of the pure linen fabric. The reason for this is due to the compact fiber
structure and high cellulose crystallinity which make linen particularly susceptible to
wrinkling and causes it to react more sensitively to intensive finishing than other
cellulose fibers [156]. Fortunately, linen creasing is the natural feature which
provoked the designers and wearers to use it, since the decision to buy textiles

largely depends on the image and identification [162].

2.3 FLAX FIBER MODIFICATION T.ECHNOLOGY

Continuous development of fiber processing has been carried out in an attempt to
improve the quality of the final products. The flax fiber processing technologies are
mainly ‘borrowed’ from the conventional system used generally for cotton fiber. For
example, mercerization is one of the most commonly used prebaration steps in the
dyeing and finishing of cotton yarns and fabrics [99]. Improved luster, crease
resistance and dye uptake can be achieved by mercerization with the caustic soda
solution.  Alternatively, liquid ammonia treatment can be used for quality
improvement. Previous investigations have shown that these two treatments are

particularly suitable for linen to improve its quality [43-44, 142, 153].

With the increase in environmental concerns, modification techniques through dry
processing or physical means offer more advantages than traditional chemical wet
processing. Typical textile fibers have large surface-to-volume ratios, so the surface
structure of fibers greatly influences many properties of materials made from them.
Additionally, the surface structure of individual fibers often significantly affects their

processing behavior during manufacture of other materials. For these reasons,
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surface modification techniques which can transform these materials into highly
valuable finished products have become an important part of the industries. In recent
years, many advances have been made in developing surface treatments to alter the
chemical and physical properties of fiber surface without affecting bulk properties.
Modern surface modification techniques include treatment by flame, corona,

plasmas, photons, electron beams, ion beams, x-rays and Y rays.

Surface modification of cotton by low temperau'lre plasma ftreatment shows
promising prospects in improving fiber properties. Exposure of materials to suitable
plasma can cause both chemical and physical changes in their surface layers but
without interfering with the bulk propérties simply because of the very low range of
penetration. These changes can produce more reactive surfaces and affect the
surface properties of the material while maintaining the desirable properties of the

bulk material [97, 188].

On the other hand, fabric conformability and aesthetics are always the ultimate aims
pursued by consumers and ﬁnishers.- A new concept for making cotton fabric sofier
and smoother is by means of enzyme treatment. It is a kind of treatment using
cellulases to decompose the fluff and fibrils on the cotton fabric surface. Through
this action to remove the fluff and fibrils, the fabric can be made very soft and its

drapeability can also be improved [49].

20



“CHAPTER 2; [ITERATURE REVIEW

2.3.1 Low Temperature Plasma Treatment

2.3.1.1 Low temperature plasmas

Plasma is defined as the ionization state of a gas mixture consisting of ions, electrons
and electrically neutral particles, in which the number of positive and negative
charge carriers is the same. In other words, plasma, on the whole, is electrically
neutral [198, 236-238]. The ionized gas system displays significantly different
physical and chemical properties compared to its neutral condition. Theoretically,
plasma is referred to a ‘fourth state of matter’ and is characterized in terms of the
average electron temperature and the charge density within the system [48, 97, 128,

250].

The plasma can be divided into hot plasma and cold plasma (low temperature
plasma). High temperature plasmas are at thermal equilibrium. In low temperature
plasma, the fast moving electrons are at extremely high temperature but the other
plasma species and substrates to be activated are at ambient temperatures. Although
electron temperature rises over several tens thousand K, gas temperature remains at
100K [17, 133, 198, 257, 260-261]. The low temperature plasma is commonly used
in material modification. It can be generated by gaseous electric discharge to
provide a source of high energy electrons without excessive heating, and is highly
reactive chemically [198, 260-261]. The substrates are therefore subjected to
bombardment with energetic particles which impart both physical and chemical
changes to the treated surfaces. Free electrons which receive increased energy from
the imposed electric field generate new chemically-active species of atoms, ions and
free radicals through collision with neutral gas molecules. In this way, highly

energetic electrons can initiate chemical reactions in the discharge vessel [14, 137].
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Gas specific alterations on a surface layer can be achieved by means of surface
bombardment with ions, electrons and other high energy particles which knock

fragments out of the surface of the polymer material and respectively vaporize it

[198].

Depending on the gas pressure, two different forms of discharges are generated
which are known as corona and glow discharges. Corona discharge is generated at
gas pressures equal to or near to atmospheric pressure with an electromagnetic field
at a voltage of higher than 15kV and frequency in the 20-40kHz range for most
practical applications today. The glow discharge is generated at the gas pressure in
the 0.1-10MPa range with an electromagnetic field at a lower voltage of 0.4-8.0kV
and a very broad frequency range of 0-2.45GHz [197-198]. As a result of the
possible introduction of different types of gases, specific chemical modifications of
the textile surface may be obtained [152]). Corona discharges are suitable for flat
products and continuous processing routes, while glow discharges are suitable for all
kinds of textile products and their efficiency does not depend on the time elapsed
between the treatment and further processing. Strictly speaking, both forms of
discharges should be regarded as a source of ‘low temperature plasma’, but today
most papers use the term ‘plasma’ for its brevity to describe the glow discharge only
[151, 197-198]. In the present thesis, low temperature plasma will be referred as

‘plasma’ unless specified.

In the case of glow discharge, various plasmas with different ionization extents can
be produced. The species produced carry high kinetic energy (up to 10eV) [198].

Although the kinetic energy is high, the temperature of the plasma is relatively low.
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The activating particles in plasma will lose the energy once they interact with the
polymer material. As a result, the penetration of plasma into the polymer material is
rather shallow (1004) and the interior of the material is only slightly affected. Thus
plasma species carries high kinetic energy and bombards the polymer causing
sputtering or etching effect on the surface. The bombardment alters the surface

characteristics of the polymer material. [21, 136, 260-261, 273].

Two principal processes of material ablation that frequéntly occuring are the
physical sputtering and chemical etching. Sputtering of materials by an inert gas
such as argon is a typical example of the former case, which is essentially a
momentum-exchange process. The energy of the impinging Ar" is transferred to the
colliding atom and dislodges the atom from the crystalline structure, transferring its
energy to a neighboring atom. This energy transfer process continues until one of
the atoms is knocked out into the vapor phase. . Chemical etching involves the
chemical reaction of the impinging species with region of polymer surface which
then enable smaller structural units to be dislodged, such as oxidation by oxygen

plasma [276].

2.3.1.2 Generation of low temperature plasma

The low temperature plasma is electrically neutral and is generated by electrical
discharge, high frequency electromagnetic oscillation or high-energy radiation.
Electrical discharge is commonly used in industrial application. The simplest
- reactors may consist of opposed parallel plate electrodes in a chamber that can be
maintained at low pressure, typically ranging from 0.01 to 1 Torr (1.33-133Pa) as

shown in Figure 2.3 [80].
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Figure 2.3: Diagram of a simple plasma reactor [80]

The system has the provision for continuously introducing a feed gas and a port for
pumping. A source of radio frequency power coupled to the electrodes creates a
plasma. Reactive radicals and ions are generated by this electrical discharge.
Material on the electrode surface is exposed to reactive, neutral and charged species.
Some of these species combine with the substrate to form volatile products that
evaporate, thereby etching the substrate [80]. The low temperature plasma is usually
excited and sustained electrically by direct current (DC), radio frequency (RF), or
microwave (MW) -power applied to a gas. The chemistry in a low temperature
plasma is controlled mainly by electron temperature and charge density. Therefore,
as long as identical conditions can be achieved, the typé of discharge used to create
plasma is of little importance. The choice of a specific method and equipment to
produce discharge is determined by the requirements of flexibility, process

uniformity, cost and process rates [97].
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The low temperature plasma modifies the physical and chemical nature of fiber
surface and surface morphology. Altefations of surface characteristics of material
are mainly grouped into three categories namely surface wetting, surface chemical
composition and surface morphology [272-273]. Plasma susceptibilities of certain
materials have been comrelated with their chemical structure, particularly the
presence of bonds involving the electro-negative elements such as oxygen. By
means of plasma treatment, gas-specific alterations of fiber surface layers can be

obtained [55, 198, 277].

Modification of polymer surfaces by plasma treatment has been studied and known
for some times. After low temperature plasma treatment, all polymers show a mass
loss. The magnitude of loss is dependent on the gas type, gas flow rate, gas pressure,
machine power, treatment time, fiber structure and chemical constitution [97, 188,
255, 275, 277]. Three types of plasma treatments may be defined which are
governed by the nature of the gas or the vapor used. One is the surface modification
under the influence of the glow discharge. It is mostly performed with non-
polymerizing gases such as noble gases, nitrogen, oxygen, hydrogen, ammonia or
water vapor. Polymer surfaces are modified through the processes such as oxidation,
ablation and crosslinking. It should be recognized that the ablation supplies the gas
phase with various chemical, some of which may be able to form deposits especially
in the mixtures with non-reactive gases such as hydrogen or ammonia. The second
is plasma polymerization which is the deposition of a thin and highly crosslinked
polymer film on the material surface when subjected to the glow discharge by using
organic, organosilicone or organometallic vapors. The deposition of these films is

the main factor modifying the polymer surface in these cases. The third is the
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plasma grafting after an activation of the surface by means of plasma treatment [188,

251,277].

The above processes strongly depend on the nature of the gas or the vapor used in
the glow discharge. Moreover, the ﬂow rate during low temperature plasma
treatment can affect the production of plasma species while the system pressure can
affect the energy of the plasma species. If the pressure is high, the probability of
collision between plasma species will be increased leading to the loss of energy of
the species before interacting with the material. Furthermore, the intensity of plasma
is a combined factor of pressure and discharge power. The breakdown energy
necessary to produce plasma varies from one gas to another. Therefore, the initiating
energy is not a constant and is primarily dependent on the nature of the gas.
Normally, the higher the discharge power applied, the more kinetic energy the

plasma species will carry, resulting in a strong intensity of plasma action [275].

The duration of treatment plays an important role in plasma treatment. In general,
the longer the duration of treatment, the more severe the modification of the material
surface, e.g. sputtering or etching. A longer duration will not only affect the material
surface but also provide an opportunity for the plasma species to penetrate into the
interior regions of the material. This may alter the morphology of polymer material.
However, when the treatment duration is too long, this will adversely affect the
material and therefore careful control of treatment duration is required [275].
Furthermore, the plasma susceptibility is directly related to the constitution of the
corresponding fibers which will have different weight loss under similar plasma

exposure {255, 277). The estimation of the influence of operation parameters by
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plasma etching has shown that the discharge power and treatment time are important

factor in determining the results of textile modification [207].

2.3.1.3 Application of low temperature plasma treatment to cellulose materials

Low temperature plasma has been shown to be an effective means of modifying the
surface properties of textiles such as wool and cotton [17, 21, 32, 96-97, 133, 136-
137, 154, 188, 193, 195-198, 208-209, 231, 234, 244, 253, 255, 261, 274-275]. It
has also proposed as an alternative scouring process of the cellulosic materials [93,

2501.

The glow discharge treatment for fibers was first applied to cotton by Stone ef. al. in
1962 [231], who found that glow discharge in the presence of air increased the water
absorbency and strength of cotton fiber. Analysis showed a slight decrease in the
wax content of the irradiated cotton fiber, and also the waxes were degraded by
exposure to the plasma. Samples of irradiated cotton fiber felt rough and fibers were

difficult to separate from each other.

Byrme et. al. in 1972 [32] attempted the glow discharge polymerization of various
vinyl monomers including fluoro-compounds onto cotton and other fabrics, and were
able to show interesting modifications of fiber properties such as improved water

repellency of cotton.

Jung et al. in 1977 [137] investigated the effect of argon cold plasma on water
absorption of cotton. The rate of wetting increased until it reached twice that of the

untreated cotton. Although the treated cotton was not visibly different from the
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untreated cotton, x-ray photoelectron spectroscopy (XPS), infrared absorption
spectroscopy (IR) and electron spin resonance (ESR) analyses revealed that its
surface was oxidized. The same research group also investigated the effect of
plasma treatment on the wicking characteristics and water absorption of cotton and

cotton/polyester toweling [136].

In 1981, they investigated the effects of cold plasma of argon, nitrogen, air [17] and
ammonia [260-261] in glow and after glow on the surface characteristics of cotton.
The cotton treated with argon, nitrogen or air plasma was found to absorb water and
oils at faster rates and possess a different feel as compared to the untreated cotton.
Analyses by SEM, XPS, IR, chemiluminescense, ESR and other chemical methods
indicated that the treatment might have led to the formation of carbonyl groups, o
hydroxide groups and free radicals on the surface of cotton. On the other hand, the
ammonia plasma treatment resulted in the introduction of nitrogen to the cotton,
possibly due to the formation of amide structures. The ammonia-treated fabric
exhibited a modest increase in conditioned wrinkle recovery and no changes in wet
recovery. The possibility is that, like liquid ammonia treatment, ammonia plasma

might cause changes in the crystalline lattice of the cellulose.

Wakida et. a/. in 1989 [255] found that natural fibers, in particular cellulosic type,
showed high levels of free radicals which were induced after plasma treatment with

various gases as detected by ESR measurement.

Goto et. al. in 1992 [93] looked at the possibility of dewaxing grey cotton fabric by

low temperature oxygen plasma treatment instead of the conventional wet scouring
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process. They reported that the quality of scoured cotton produced by the glow
discharge method was almost the same as those scoured by the conventional method.
A practical batch type equipment was proposed with the capacity to process the

cotton fabric in 160cm width.

Kubota er. al. in 1994 [154] modified the cotton fiber by means of low temperature
plasma of air, oxygen and argon leading to decreased flexural rigidity and increased
suppleness. Water absorption increased as well as the crease resisfance, drying rate
and degree of crystallinity. Values for equilibrium moisture regain, dyeability of
reactive dye and direct dye decreased. Soil release increased after the air and oxygen
plasma treatment. Tear strength retention of the treated cotton fabric was 73.8% in

warp and 77% in weft direction.

Vladimirtseva et. al. in 1995 [250] proposed the application of low temperature
plasma to the preparation processes of linen. The method allows for the preservation
of fabric durability, natural coloring of the flax fibers and imparts higher
hydrophilicity to the materials. Unbleached fabrics were exposed under the air
plasma of glow discharge followed by washing in hot water. This technology is
characterized by ecological friendliness, guarantees a high level of linen
hydrophilicity and preserves the natural silver-grey colour of flax fabrics and their

durability.

Hua et al in 1997 {126, 281] treated the pure cellulose samples with argon and
oxygen RF plasma under various external plasma parameter conditions. It was

found that plasma parameters such as power and pressure had a significant influence
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on the plasma initiated surface. Argon plasma treatments initiate reactions mainly
associated with the cleavage of C1-C2 linkages leading to the formation of C=0 gﬁd
0-CO-O groups, while oxygen plasma treatments are associated with more intense
pyranosidic ring C-O-C bonds splitting mechanisms. This opens up practical ways

for tailoring the surface characteristics of cellulosic substrates.

2.3.1.4 Advantages and disadvantages of low temperature plasma treatment

Plasma ftreatments have become important industrial processes in surface

modification with the following advantages [39, 74, 151, 251]:

(1) Modification can be confined to the surface layer without modifying the bulk
properties of the polymer. Typically, the depth of modification is several
hundred angstroms [188, 273, 277].

(2) Excited species in gas plasma can modify the surfaces of all polymers,
irrespective of their structure and chemical reactivity.

(3) Modification is fairly uniform over the whole surface.

(4) By selecting the appropriate gas, it is possible to choose the type of chemical
modification for the polymer surface.

(5) Using gas plasma can avoid the problems encountered in wet chemical
techniques such as restdual solvent on the surface and swelling of the substrate.

(6) It may eliminate or reduce the water consumption and related costs such as those
associated with water -usage for treatments and subsequent washing-rinsing
operations, water heating and effluent pollution.

{7} It may reduce the cost of chemicals and auxiliary products used.

(8) Overall preparation time will be reduced and a quick response to the market will

be facilitated.
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The disadvantages of the plasma processes are as follows [39]:

(1) Most plasma treatments have to be carried out in vacuum except corona
discharge. This requirement increases the cost of operation.

(2) The processing parameters are highly system-dependent; the optimal parameters
developed for one system usually cannot be adopted for another system.

(3) The scale-up of an experimental set-up to a large production reactor is not a
simple process.

(4) The plasma process is extremely complex; it is difficult to achiéve a good
understanding of the interactions between the plasma and the surface necessary
for a good control of the plasma parameters such as RF frequency, power level,

gas flow rate, gas consumption, gas pressure, sample temperature and reactor

geometry.

In summary, the application of low temperature plasma treatment to the textile
industry can improve or replace several pre-treatment processes such as desizing,
scouring, bleaching and mercerizing for cotton material. It also can be used to
replace some chlorine-based wet treatments and improve dyeing processes of wool.
Permanent properties may be added to the textile substrate such as flame-retardant
and crease resistance. Improvement of the adh_esion power for binding agents used
in pigment dyestuffs may be etched as may increases in the adhesion forces for
. bonding or coating fabric. This include the increase of the binding capacities for
non-textile materials with textiles, i.e., twisted tyre cords twists with rubber [120,

133, 151-152].
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2.3.2 Enzyme Treatment

2.3.2.1 Enzymes

An enzyme can be defined as a soluble or colloidal organic catalyst produced by an
animate object, plant, animal or microbe. Enzymes which are protein in nature are
also considered as bio-catalysts {20, 205]. In general, catalysts participate in a
chemical or biochemical reaction in such a manner that they remain unchanged at the
end of the reaction. Enzyme action is specific and will only participate in very
iﬁdividual reactions of substrate. For example, the enzyme amylase degrades starch
only whereas enzyme cellulase cannot degrade any compound other than cellulose.
Thousands of enzymes have been isolated, purified and even crystallized, and a large
number are being used to benefit human beings. The most common types of
enzymes used by the textile industry are amylase, peroxidases, protease, cellulase,
pectinases and lipases. All constituents of natural fibers such as cellulose,
hemicellulose, pectin and protein are biodegradable with enzymes to a greater or
lesser extent. Thus, they can be utilized in the textile world to bring about specific

changes and modifications [20].

2322 Enzymatic reaction of cellulase

Cellulase is capable of breaking the 1,4 B-glucosidic bonds of cellulose as shown in -
Figure 2.4 [19, 36, 114, 190, 205, 242]. Natural cellulases are secreted by various
fungi and bacteria as complex mixtures of three majdr kinds namely endoglucanase
(EG, EC 3.2.1.4), exocellobiohydrolase (CBH, EC 3.2.1.91) and beta glucosidases
(EC 3.2.1.21). These natural mixtures can be described as “total crude™ cellulases

(TC) [49, 76].
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Figure 2.4: Simplified hydrolysis of a cellulose molecule by cellulase [189]

A general model for the action of different components of TCs is shown in Figure
2.5 [49]). First, EGs cause random hydrolytic chain scission at the most accessible
points of cellulose chains, producing one new reducing end group and one new non-
reducing group at each point of scission (this is often known simply as “endo”
activity). Second, CBHs split cellobiose from the non-reducing ends of cellulose
chains, leaving a new non-reducing end group that can be further attacked by CBH
action; it therefore proceeds in a stepwise mahner along cellulose chains (this is also

known as exoglucanase activity or simply ‘exo’ activity). Thirdly, beta glucosidases

hydrolyzes cellobiose to form glucose [36, 49, 76, 242].
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Figure 2.5: Enzymatic degradation of cellulose by cellulase [49]

Since the large molecular enzyme complex is difficult to penetrate into the interior
sttucture of cellulose, therefore the enzymatic action can only take place
preferentially on the surface where cleavage of cellulose chains occurs. Micro-fibrils
such as the free standing fibers are broken down under the influence of biocatalytic
degradation and the additional effects of mechanical agitation. In order to produce
such mechanical agitation, it is essential that suitable processing machinery is used,
e.g. drum, winch, jet, over-flow machines or similar equipment. Machines without
sufficient mechanical washing action such as pad-roll, beam, jigger or open—width

washing ranges limit the applicability of the technology [205].

The ability of an enzyme is highly dependent on its environment. For example,
cellulases from different organisms and even the same organism may function
differently under the same condition. Hence, it is necessary to obtain information

about the function and performance of an enzyme under the desired conditions. The
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most important factors that affect enzyme are pH, temperature activity, temperature
stability, specific activity, substrate binding, product inhibition, substrate specificity
and synergy with other components [49]. Like other weight loss treatments, there is
an inevitable loss of strength of the fabric. If the process is not precisely controlted,
it may induce severe damage to the fabric. Moreover, because the concept is rather

new, trials must be made to find out the optimum working conditions.

2.3.2.3 Application of enzyme treatment to cellulose materials

Major applications of biotechnology in the textile industry include [101, 226]:

improvement of fiber properties and plant varieties used in the production of

textile fibers,

- improvement of the properties of animal fibers,

- novel fibers from bio-polymers and genetically modified micro-organisms,

- replacement of harsh and energy-demanding chemical textile processing by
enzymes,

- environmentally friendly routes to textile auxiliaries such as dyestuffs,

- novel uses for enzymes in textile finishing,

- development of low energy enzyme based detergents,

- new diagnostic tools- for the detection of adulteration and quality control of

textiles,

- ‘waste management.

This concept of bio-polishing was first developed in Japan regarding to cellulase
treatment of woven fabric [270-271]. The term bio-polishing has been selected by

Novo Nordisk to describe a novel finishing treatment for cellulosic fabric [189-190].
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It is referred to the finishing of cellulosic materials with the aid of cellulases to
achieve the finishing objectives such as elimination of surface hairiness in the
pretreatment of fabrics for printing in order to produce sharp outlines; reduction of
lint build-up on fabric surfaces thereby lowering the pilling tendency; removal of
pills; achievement of a soft handle, luster, smoothness and good quality appearance:

and the used-look for the denim fabric {205].

Bio-polishing upgrades the fabric quality so that the fabric continues to' look and feel
new even after extensive use. This a very important feature of the bio-polishing
concept to explain why people throw away their T-shirts with unacceptable surface
appearance due to fuzz and pills [19]. Aiaart from the desirable product
characteristics, another main reason for this wide application of enzymes is the
steady increase in environmental awareness by the consumers and legislators as the
enzymes are environmentally friendly and do not impose environmental threats.
Moreover, the substrate-specific reactions of enzymes offer the possibility of
controlling the reaction in such a way that no undesirable side reactions take place

[205].

Cellulase products are available for textile industry from at least 12 different sources
{242]. For the enzyme to be most effective, reaction, pH and temperature must be
optimized. In general, there are three major commercial classifications of cellulase
enzymes based on optimal pH and temperature ranges. Acid, neutral and alkaline
are the categories that are used for textile applications. Acid and neutral enzymes
are currently the most popular enzymes used in garment and fabric applications.

‘Alkaline cellulase is being incorporated into some home laundry detergent products
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to aid in stain removal and to improve surfaces after multiple laundering [190, 242].

Acid cellulase exhibits the most activity within the pH range of 4.5-5.5 at a
temperature of 45°C-55°C while neutral cellulase requires pH of 5.5-8.0 at 50°C-
60°C. To obtain the best results, pH adjustments should be made using an
appropriate buffering system that will compensate for any fluctuation such as
residual alkalini&y in the fabric. The hydrolysis of cellulase is not instantaneous. In
addition to optimal pH and temperature, an incubation period is required. The length
of this period is dependent on the substrate as well as the enzyme dosage. Heavier
fabrics and lower enzyme concentrations require longer incubations. The incubation

time may be reduced if the dosage is increased [190].

After incubation, the reaction is stopped by deactivating the enzyme. This may be
accomplished by adjusting the pH to 10 or increasing the temperature to 75°C for 15
minutes. Either of these actions will distort the physical structure of the enzyme and
render it useless for further activity. Cellulase enzymes are biodegradable and
usually used at relatively low concentrations, therefore they do not contribute
significantly to waste accumulations. These factors make enzymes a favorable

alternative to conventional finishing chemical [189-190].

Advances in biotechnology have made a new range of enzymes available for the
textile industry. In the last decade, intensive development and research have been
carried out on cellulosic fibers such as cotton, linen, ramie and regenerated cellulose
[11, 29, 36-38, 45-46, 54, 71, 109, 113, 148, 184, 205, 226, 242, 245). As a result,

many enzyme based processes and products came out to the market such as aged
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look denim garments and pills-free cotton fabrics. The cellulase treatment made the
‘stonewash’ effect on denim fabric a reality, eliminating the use of pumice stones
and associated problems such as irregularly lightened areas by excessive mechanical

abrasion on the fabric surface [105, 146-147, 182-183, 241-243].

In order to enhance the reactivity of cellulose due to the catalytic reaction, physical
and chemical pretreatments were employed [27-28, 43, 52, 82, 144, 172, 179, 186,
258, 279]. One example of chemical pretreatment is mercerization which used for
cotton and flax yarn to reduce the fiber crystallinity [27-28, 43, 172, 179, 186] and
increases accessibility and yarn strength while tension was applied during the
treatment [43]. The relationships between low temperature plasma and enzyme
treatment as well as their effect on the mechanical and dyeing properties of wool and
cotton fabrics were studied [279]. Besides, the cellulases can be used for the textile

recycling to remove the cellulosic fiber constituent from the textile waste [184].

Tyndall et. al. in 1990 [241-242] reported a method of improving softness and
surface appearance of cotton fabrics and garments by cellulase enzyme treatment.
Comparison was made with the use of cellulase alone, cellulase in combination with

stones and the regular stone washing.

Buchle-Diller et. al. in 1994 [29] investigated the enzymatic hydrolysis of cotton,
linen, ramie and viscose rayon fabrics. X-ray crystallinity and moisture sorption of
the samples did not change after the treatment, indicating that the mechanism of
endwise attack of the cellulase occurred at the accessible cellulose chain on the

crystallite surfaces. Pores of the amorphous regions are often too narrow for the
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large enzyme molecule to effectively penetrate. A$ a result, the ratio of crystalline to
less ordered regions does not change upon enzymatic degradation. Additionally,
mechanical tests demonstrated the increase of stretchability and decrease of stiffness
of the fabrics and the mobility of yarns within the samples. Moreover, the effect of
enzymatic hydrolysis, acid hydrolysis on the slack and tension mercerized cotton
varn was investigated [28]. It appeared that higher accessibility and decreased
crystallinity of the cellulose structure after slack mercerization were the dominating

factors for the acceleration of enzymatic hydrolysis.

Koo et. al in 1994 [148, 254] investigated the enzymatic hydrolysis by cellulase
enzyme in the presence of dyes on cotton fabrics. The results showed that both
direct and reactive dyes on the fabric apparently inhibited the enzyme reaction
whereas vat dyes did not. The enzyme was more reactive for the mercerized cotton
than for the non-mercerized cotton. The enzyme treatment significantly reduced
both tear strength and dye take-up of the fabrics. Moreover, both anionic and
cationic surfactants apparently inhibited the cellulase reaction whereas nonionic
surfactants did not inhibit the cellulase reaction. These actions have been attributed
to the electrostatic interactions between the charged inhibitory compounds and the

cellulase enzyme in a treatment solution and on the cotton fabric.

Chikkodi ef. al. in 1995 [45-46] studied the effects of bio-finishing on cotton/wool
blended fabrics by treating it with both cellulase and protease enzymes using two
different concentrations. The result showed that the fabric strength, weight and
abrasion resistance were reduced whereas the resistance to wrinkling, pilling and

shrinkage resistance were increased.
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Cavaco-Paulo ez al in 1996 [36] and 1998 [37], implicated that fabric processing
history, fabric construction, the level of applied mechanical agitation, the choice of
enzyme composition and enzyme concentration were important to determine the

consistency and quality of the enzymatic treatment on cotton fabric.

Heikinheimo et. al. in 1998 [113] evaluated the effects of the individual cellulase
enzyme on the properties of different types of cotton fabrics. The properties of
enzyme treated fabrics depended not only on the type and concentration of enzyme

used, but also on the structure of fabric being treated.

Hartzell et al [109-110] and Li er. al [103, 159] in 1998 reported the use of
enzymatic scouring to improve cotton fabric wettability. A combination of pectinase
and cellulase significantly improved water wetting and retention properties which
were similar to those of commercially scoured cotton fabrics. On the other hand,
celtulase treatments on the scoured fabrics further enhanced water wettability and
whiteness of fabric, however, fabric weight, thickness and strength were

significantly reduced.

The effect of cellulase enzymatic pretreatment on the efficient alkaline scouring of
cotton fabrics was studied by Csiszar et. al. in 1998 [53-54]. The cellulase enzymatic
complex made the residual seed-coat fragments more accessible to scouring
chemicals. The effect of enzymatic treatment on the removal of seed-coat fragment
from desized cotton fabrics was also significant. The tiny fibers that attach the seed-
coat fragments to the fabric were hydrolyzed by the enzyme, facilitating the removal

of these impurities from the fabric surface. Sawada et al. in 1998 [216-217] also
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reported the scouring abilities of a pectinase enzyme system. The quality of scouring

by this method was better than that of the conventional alkaline scouring system.

The common cellulosic fibers used in textiles are cotton, flax, ramie and the
regenerated fibers derived from pulp such as Tencel and rayon are good candidates
for cellulase treatment. The applications of enzyme treatment td bast fibers includes
fiber extraction and retting of jute, flax, hemp and mesta fibers, degumming of ramie
fiber, fiber pre-treatment in the batching stage in industry, desizing and enzyme

bleaching {9-10, 16, 20, 31, 101, 115-116, 222-224, 226-227, 248].

2.3.2.4 Advantages and disadvantages of enzyme treatment

Enzyme treatments have become important industrial processes with the following

advantages:

(1) The processing is fairly environmentally friendly with minimal usage of
chemicals.

(2) The fabric becomes softer to touch and the improvements are long-lasting.

(3) More uniform stone washing effects are achieved with a shorter treatment time

and no addition of pumice stones to the washing machine required.

The disadvantages of the enzyme processes are as follows:
(1) The treatment will reduce the fabric weight and strength.
(2) The processing parameters such as pH and temperature are required to be

carefully controlled.
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2.4 CHARACTERIZATION TECHNIQUES

It has been shown in Section 2.3 that both low temperature plasma and enzyme
treatment cause the modification of fiber properties. Characterization of the
modified linen should be carried out to determine the effects of modification. The
effects of surface modification on the functional properties of polymeric materials

are shown in Figure 2.6.

D
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Flgure 2. 6 Effect of surface modlﬁcatlon of polymer of ﬁber prOpertles [257]

There are many techniques to evaluate the fiber characteristics with regard to fiber
modifications. Therefore, it is necessary to select the appropriate techniques
complying with the purpose to detect the changes brought about by the
modifications. The experimental work may cover different aspects such as bulk
structure and properties, surface morphology and properties, related mechanical

properties and dyeing properties as shown in Table 2.2.
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Table 2.2: Characterization techniques used to examine the effect of
modifications on fiber properties

Bulk Structure and Surface Morphology and Other Related Fabric and
Properties Properties Dyeing Properties
Cuprammonium fluidity XPS Fabric strength
X-ray crystallinity SEM Fabric bending properties
Moisture regain ESEM Wrinkle recovery
Fabric weight loss AFM Dyeing properties

Fabric whiteness Color fastness

Fabric water uptake

2.4.1 Changes in Bulk Structure and Properties

The flax fiber bulk structure and properties can be examined by the measurements of
cuprammonium fluidity, x-ray crystallinity, moisture regain and fabric weight loss.
The x-ray crystallinity, calculated based on the ratio of the amorphous and
crystalline region of the cellulosic fiber [27, 83, 221], was used to cxamine the
degree of modification on the fiber bulk structure. Meanwhile, the degree of
polymerization (DP) can indicate the degree of fiber damage caused by modification
treatment as damaged fibers will have a lower DP. The DP is indirectly estimated
from the viscosity of a liquid in which a predetermined amount of fibers has been

dissolved [247] according to a standardized method {25].

Moisture regain has often been utilized to evaluate the structural change of the fiber
[81, 177]. Moisture exists in both amorphous and surface crystalline regions of the
fiber. The reduction of fiber accessible or less ordered regions after the modification
can be reflected by the value of moisture regain [12]. The fabric weight loss is a key

indication of the severity of the applied treatment.
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2.4.2 Changes in Surface Morphology and Properties

In general, the structure and morphology of the topmost surface layers (several
nanometers thick) are different from those of the bulk polymer. Therefore,
comprehensive surface analysis is needed to correlate the surface structures.
Advanced analytical techniques can be used to characterize the fiber surface
morphology and properties. Changes brought about on the fiber surface can be
studied by the X-ray Photoelectron Spectroscopy (XPS) analysis, conventional
Scanning Electron Microscopy (SEM), Environmental Scanning Electron
Microscopy (ESEM) and Atomic Force Microscopy (AFM). Infrared Spectroscopy
(IR), Electron Spin Resonance (ESR) and Chemiluminescence (CL) can also be used
to characterize the changes in surface characteristics of fibers [17, 137]. Moreover,
measurement of fabric whiteness [1] and fabric water uptake can be used to

determine the surface properties of the modified linen.

X-ray photoelectrqn spectroscopy (XPS) can give information regarding to both the
location and oxidation state of atoms [17, 93, 137, 143, 154, 209, 215]. This
technique yields qualitatively information concerning the chemical composition
(elemental analysis), chemical state (bonding and oxidation) and location of atom
types within the sample. The technique involves measuring the kinetic energy £y of
the emitted photoelectron and from this calculating the electron binding energy Ej.
The value of the electron binding energy enables the emitting atoms and oxidation

states to be identified and ascertained.

Scanning electron microscopy (SEM) is a powerful tool to observe the fiber surface

morphology. The SEM micrographs are produced by collecting the secondary
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electrons emitted by the sample due to the bombardment of the electron beam. The
collected secondary electrons yield the production of the micrograph that provides
surface information. Particularly for polymers with low atomic numbers, metallic

coatings are normally applied to eliminate charging effects of the sample [160].

Environmental Scanning Electron Microscope (ESEM) was developed to overcome
some of the disadvantages of the regular SEM instrument [232]. The development
of ESEM has satisfied the long-time desire of researchers to view specimens and
processes in their natural state. Samples in ESEM no longer have to be observed at
ultra-high vacuum. ESEM permits a higher resolution of sample image at relatively
high pressures than the conventional SEM. This relatively new modification of SEM
allows materials to be examined in the presence of gases or liquids, and whose
specimens do not require conductive coatings [33, 50, 232]. The development of the

machine itself has been published in a series of papers [56-58, 61-63, 65-66].

Apart from textiles, research by ESEM has been made on other areas including the
study of fresh and living plant materials, wetting and drying of papers,
microstructure in ceramics and composites, and the corrosion studies of stainless
steel piping [24, 67, 82, 225]. In textile research, many of the initial developments
of ESEM have been carried out mainly on wool [57, 59-60]. Besides, it has been
used for studying the time series images of textile absorption and structure change
under wetting and heating condition [232]. Methods have also been developed for

observing the transverse swelling of cellulosic fibers [134].
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The in-situ examination of material surfaces is not possible when using the
conventional SEM since the conductive coating and high vacuum environment are
essential. Moreover, ESEM is a powerful tool for observing the structural change in
textile materials under various treatment conditions such that ‘on-going’ examination

(time series images) of treatment effect is possible to carry out.

A new microscopic method, Atomic Force Microscopy (AFM) has been used to
study the surfaces of different carbon fibers ﬁnd compared the results with those
from SEM [161, 228]. Imaging surface features ranging from macroscopic scale
(hundred of microns scale) down to angstroms by these techniques look very
attractive. It has been shown that AFM gives a more direct approach to

microtopography.

AI'M is based on the principle that intermolecular repulsive force or attractive force
between the scanning tips and the fiber surface gives a more direct surface
visualization. Better resolution of surface features by AFM is undoubted [161]. It
has been used for imaging the surface of wool scales to give a complementary views
of surface features [192]. At present, AFM has been widely used to study ceramic
" and metal surfaces, little attention has been _given to textile fibers, especially for

quantifying the micropores created by the low temperature plasma etching.

Modification of fabric wetting properties is expected as a result of the alteration of
fiber surface and changes in surface chemical groups brought about by the surface
modifications [17, 54, 93, 109, 136-137, 154, 159, 216, 231, 250]. Vertical wicking

methods have been used extensively for determination of water uptake of textile
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materials [18, 69, 73, 86, 104, 130, 145, 203). During verﬁcal wicking, there are
several factors which affect liquid flow. Wicking in a vertical capillary will reach to
a ceiling due to gravity. To minimize the gravity effect on the vertical wicking
measurement, Miller et. al. [165] has developed and propo.sed a set-up where the
liquid path is downward. It is also useful to determine the effect of surface

modification treatments on fabric water uptake properties generally.

2.4.3 Changes in Other Related Fabric Properties

The surface and bulk properties of fiber play an important role on the fabric
mechanical properties. The tensile strength, bending properties and wrinkle
recovery are often measured by conventional test methods [3, 13] as an indication of

the changes occurring [29].

2.44 Changes in Dycing Properties

Since most of the textile goods are dyed, it is important to study their interaction
with dyes especially after treatments. In a previous study, two direct dyes with
different molecular size and shape were used to illustrate the changes in dyeing
properties of treated materials [44, 155]. CI Direct Red 81 is a dye of a low
molecular weight with a faster rate of diffusion while the other-is CI Direct Green 26
with a non-linear shape and slower rate of diffusion. Using projections from
molecular models, it was assumed that the area occupied by a molecule of CI Direct
Red 81 was 30nm® while the CI Direct Green 26 was 67.5nm’ [155]. Dyeing
behavior of the linen includes the exhaustion curve, dyeing rate (half time of dyeing)
and final exhaustion at the equilibrium of dyeing [1], along with the colorfastness to

washing of dyed linen can be evaluated [2, 5-6, 249].

47



CHAPTER 2: LITERATURE REVIEW

All the above measurements were carried out under the standard condition (65% RH
and 21°C). All the samples included both untreated and treated were conditioned for
24 hours before characterization. The paired comparison f-test was used to

determine whether any statistical significant difference occurred with a confidence

limit of 95%.

2.5 CONCLUSION

Flax fibers have unique molecular and morphological structures. Although all
cellulosic fibers are of identical chemical composition, there are some major
differences in the fine structure and morphology of these fibers which will largely
~ determine the course of modification. A flax fiber has higher crystallinity and the
pitch of the spiral structure is less than cotton. Furthermore, spiral reversal and
convolutions only occur in cotton. Significant differences in their pore structures
and crystallite sizes have also been found. In contrast to cotton which consists only
of a single cell, linen is made up of a multiple cellular system. Multi-cellular fiber

contains natural gums and resins that keep the entire cells together.

Attempts have been tried at modify the properties of linen which aim to simplify the
preparation and finishing processes. In order to minimize the chemical waste and
associated disposal problem, modification of fibers through dry or environmentally
friendly processing is essential if we are replace the harsh and energy-demanding
chemical processes. Previous studies have been concentrated on cottoﬁ. From the
review of flax fiber processing and the modification treatment, only a few attempts

have been reported on the use of low temperature plasma and enzymatic treatment.
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The major drawbacks of the commercialization of enzymatic hydrolysis by cellulase
are the relatively low reaction rates and the high cost of the enzyme [258]. Low
temperature plasma treated fabric appears to cause alteration of surface morphology,
chemical composition and surface wetting properties while the mercerized fabric
appears to have the higher accessibility and decreased crystallinity of the cellulose
structure, which are the dominating factors for the acceleration of enzymatic
hydrolysis [46]. Hence, these two processes may be promising candidates for the

pretreatment of enzymatic reaction.

The recent developments in the advanced characterization techniques have provided
many powerful tools such as XPS, ESEM and AFM. However, it was also found
that main applications to date have been limited to wool owing to its popularity and
special surface features. There has been a gap in research where such applications of
these advanced techniques may help to determine effectively the effects of fiber

modification on the surface properties of flax fiber.

Therefore, the major objectives of the present thesis are to study the effects of low
temperature plasma and enzyme treatment, as well as their possible synergy, in order
- to modify the structure and properties of linen. With the recent development of
_ analytical instruments and the above mentioned characterization techniques, the

effects brought about by the applied treatments will be investigated systematically.
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CHAPTER 3

LOW TEMPERATURE PLASMA TREATMENT OF LINEN

3.1 INTRODUCTION

Low temperature plasma treatment has been used as an effective means of modifying
the surface properties of natural textile fibers such as wool and cotton [17, 32, 96-97,
136-137, 154, 188, 198, 209, 231, 255, 260-261]. It was also proposed for the
scouring process of cellulosic materials [93, 250]. Exposure to a suitable plasma can
produce a more reactive surface and thus affect the surface properties of the material
while maintaining the desirable properties of the bulk material {97, 188]. Two
principal processes of material ablation frequentljf occur during the plasma surface
modification are physical sputtering and chemical etching. Sputtering of materials
by an inert gas, e.g. argon, is a typical example of the former case, while the latter
involves the chemical reaction of the impinging species with the dislodging elements

such as oxidation by oxygen [276].

By means of plasma treatment, gas-specific alterations of fiber surface layer can be
obtained [198, 277]. Plasma susceptibilities of certain materials have been correlated
with their chemical structure, particularly the presence of bonds with electro-negative
elements such as oxygen. The effect is dependent on the machine power, gas type,
gas pressure, treatment time and fiber structure. Alterations of surface characteristics
of material by low temperature plasma are mainly due to the prominent surface

property discrimination caused by ion bombardment. The evidence of the alterations
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has been grouped into three categories namely surface wetting, surface chemical
composition and surface morphology [272]. These changes may lead to desirable

enhancement in dyeability, color shade, handle and water take up.

Among the cellulosic fibers, flax does not have the versatility of cotton. Flax has a
compact structure and a high cellulose crystallinity. It is more expensive partly due
to the difficulties of textile processing. Linen fabric made from flax tends to have
harsh handle. Numerous attempts have been tried to improve fiber properties,
processing performances and final product. The current practices of wet spinning
and finishing have disadvantages such as high energy cost, requirement of special
spinning machine, waste water disposal and environmental pollution. It is highly
desirable to modify the fibers through the dry processing such as low temperature
plasma treatment. In the past, little information has been reported in the liter_ature on
such modification although the plasma treatment has already been applied to the
natural fibers such as cotton and wool. This chapter reports the results of the recent

investigation on low temperature plasma treatment of linen fabrics.

3.2 EXPERIMENTAL DETAILS

3.2.1 Sample Preparation

Scoured and semi-bleached linen woven fabric used in this experiment was supplied
by a fabric manufacturer in China. Fabric weight was 154g/m* with a sett 21/20 per

cm {54/50 per inch) and yarn count 118tex/118tex (14lea/14lea).

A plasma Polymerization System SPP-001 (Showa Co. Ltd., Japan) with a radio

frequency of 13.56Mhz was used for this study. The fabric samples {(20cm x 20cm)
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were placed between the pair of water-cooled electrodes and exposed to oxygen or
argon plasma at a pressure of 15Pa for various exposure times of 2.5, 5, 10, 20, 40
and 60 minutes respectively. The treated fabric sample was removed from the

chamber and then conditioned under the standard condition (65% RH and 21°C) for
The sample used for x-ray photoelectron

24 hours before characterization.
spectroscopy (XPS) analysis was stored in a sealed storage bag and then tested within

4 hours after the plasma treatment.

Fire 3.1: Plasma Polymerization System

Theoretically, plasma is characterized in terms of the average electron temperature

and the charge density within the system [48, 97, 128]. Plasma diagnostic often used

to obtain the information about the state of the plasma by means of experimental
Appropriate and reliable

examination of the physical processes occurring in it.
diagnostic tools are therefore necessary to provide an understanding of the plasmas

i, and the actual phenomena taking place, which in turn will enable the control of the

The diagnostic techniques can be classified into ex-situ and in-situ

process.
techniques. The most used techniques for plasma diagnostic are mass spectrometry,
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electric probes and optical methods [80, 97]. Due to the unavailability of the
measuring equipment and the limitation of the reaction chamber as well as the time
constraint, the measurement of the plasma density and eclectron temperature is not
possible in the present thesis. However, fabric surface temperature under plasma

treatment has been measured and will be discussed.

Oxidation is known to cause evolution of heat during the plasma treatment and lead
to thermal degradation [277]. Therefore, a preliminary study was carried out to
determine the appropriate level of power and exposure time in order to avoid
excessive heating of fibers. Thermax irreversible temperature indicators were
attached to the fabric samples prior to the plasma treatment. During the treatment,
when the fabric surface temperature was above the indicating point, the indicator
became darker. Triplicate readings were obtained for each condition and the mean

values were recorded.

Figure 3.2 shows the temperature change of the fabric surface during the plasma
treatment with three levels of power and two gases. For both‘ gases, oxygen and
argon, higher temperatures were recorded when using higher levels of discharge
power. The fabric surface temperature increaseci with time until reaching a stable
level and remained almost constant afterwards. In addition, the oxygen plasma was
associated with a slightly higher temperature than the argon plasma. Intensive
heating of the material took place when using 300W discharge power for both types
of gas, and the temperature was quite close to the onset of thermal degradation

temperature of cellulose materials [111]. In order to minimize the effect of over-
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A

heating, the discharge powers of 100W and 200W were selected for the rest of the

experiments.

140
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0 { :
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Figure 3.2: Fabric surface temperature measured by Thermax irreversible temperature
indicator (&) Untreated sample, (#) Oxygen plasma 100W, (0) Argon plasma 100W,
(M) Oxygen plasma 200W, (0J) Argon plasma 200W,

(®) Oxygen plasma 300W, (O) Argon plasma 300W.

3.2.2 Material Characterization Procedures
3.2.2.1 Bulk structure and properties
The determination of cuprammonium fluidity of linen was carried out according to
BS3090 [25] and the average of three measurements was reported for each sample.
X-ray crystallinity was measured by the Philips PW3710 diffractometer using CuK,
radiation at an operating voltage of 40kV and current of 35mA from angles 5° to 30°.
Pellets were prepared from 0.25g ground fibers [27] and the crystallinity ratio was
calculated [221] according to the equation:
Cr.R.=1-1/L,

where I, is the minimum intensity of 29bemeen 18° and 19°,

15 is the maximum intensity of crystalline peak at 2 & between 22° and 23°.
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Moisture regain of the fabric sample was determined according to ASTM D2654-89a
[12] and twelve specimens were measured for each type of sample. The fabric
weight loss was determined based on the conditioned weight at 65% RIH and 21°C
before and after the plasma treatment, and the average of twelve readings was taken.
Fabric strength was measured by an Instron tensile tester model 4466 according to
ASTM D5035-95 [13] under the standard testing atmospheric condition with the
cross-head speed of 304mrn/minute_. The width of sample was 5.08cm (2 inch) and
the gauge length was 7.62cm (3 inch), and the results obtained were the average

values of ten specimen readings.

3.2.2.2 Surface morphology and properties
Surface chemical composition analysis was conducted by the PHI 5600 XPS System
(Perkin-Elmer) with an AlKa source at 14kV and 25mA. The residual pressure in
the chamber was approximately 3 x 10®Pa. The kinetic energy E of the emitted
photoelectron was measured and the electron binding energy Ep was calculated using
the following relationship:

Eg=h,-E;

where h, is the photon energy.

The derived value of the electron binding energy enables the emitting atoms to be
identified so that the oxidation state can be ascertained. In addition, the spectral line
intensities allow the relative abundance of species on the surface to be determined
[143]. Surface charge build-up was corrected by considering the Cy; peak at 285eV.
The relative peak areas of the Cj, spectra were determined by the wave form

separation.
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Scanning electron microscopy (SEM) examination was carried out on the spots of
gold coated fabric surfaces randomly selected from different areas of the untreated
and treated fabrics using the Lecia Cambridge Stereoscan 440 at 10kV. Change of
fabric whiteness after the plasma treatment was quantified by CIE Whiteness index.
Measurement of fabric whiteness using an Elrepho 2000 reflectance
spectrophotometer (DataColor International) according to AATCC Test Method 153-

1985 [1]. The results reported were the average vatues of three readings.

Fabric water uptake, the ability of a fabric to absorb watér through a wicking or
capillary action, was measured according to DIN 53924 [73] with a specimen size of
200mm x 25mm. Depth of fabric immersion in the reservoir was 20mm and the test
duration was 5 minutes. The results obtained were the average of ten readings.
Fabric water uptake was calculated by the following equation:
W=MxH/100

where H is the height (mm) of distilled water wicked above the reservoir level,

M is the weight of distilled water wicked above the reservoir level relative to

the conditioned weight of H length of the fabric strip.

3.2.2.3 Other related properties

Fabric bending properties were measured by a KES-FB2 instrument from Kato Tech.
Co. Ltd. The sensitivity was selected at 5x1 to provide the full-scale reading of
50gfcm. Twelve samples were measured and the sample width was 10cm. The
bending rigidity was calculated from the slope between the curvature K = 0.5cm’™

and 1.5cm’!, and the bending hysteresis was calculated at the curvature K = 0.5cm™.
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Wrinkle recovery was measured according to AATCC66 (under 500g for 5 minutes)
with a specimen size of 1.5cm x 4cm [3]. The values reported were the average
results in the warp and weft directions. Results were expressed as the average

wrinkle recovery percentage of twelve samples.

All the above measurements were carried out under standard conditions. The paired
comparison f-test was used to determine whether any statistical significant difference

occurred with a confidence limit of 95%.

3.3  RESULTS AND DISCUSSIONS

3.3.1 Bulk Structure and Properties

3.3.1.1 Fluidity and x-ray crystallinity

The experimental results of the cuprammonium fluidity test are shown in Table 3.1
and suggest a slight reduction of the degree of polymerization of the cellulose chain
with prolonged exposure of plasma as reflected by higher fluidity values. However,
based on the paired comparison /-test of the untreated sample, these differences are
not significant statistically. When comparing the control with all the plasma treated
sample, no significant change in crystallinity ratio can be found from all the cases
under investigation. This indicates that the plasma ablation may attack only the ends
of accessible chains on the crystallite surface and amorphous regions, and does not

cause any significant change in the fiber bulk crystallinity.
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Table 3.1: Cuprammonium fluidity, x-ray crystallinity and moisture regain
of oxygen and argon plasma treated samples

Plasma exposure time, min.
Untreated 2.5 5 10 20 40 60

Oxygen Plasma, 100W.

Cuprammonium fluidity 17.7 18.6 - - - - 18.4
CV% 2.7 0.6 (.5

X-ray crystallinity (.81 0.82 - - - - 0.81
CV% 09 1.1 0.3

Moisture regain, %. 7.7 74 75 14 75 74 73

CV% 3.3 40 25 22 26 26 44

Oxygen Plasma, 200W.

Cuprammonium fluidity : 16.7 - - - - 17.9
CV% 1.6 0.8

X-ray crystallinity 0.80 - - - - 0.81
CV% 1.3 ' 0.7

Moisture regain, %. 74 14 74 74 13 7.4
CV% 4.5 2.3 3.5 2.8 3.8 2.1

Argon Plasma, 100W.

Cuprammonium fluidity 16.9 - - - - 17.8
CV% 1.1 1.2

X-ray crystallinity 0.81 - - - - 0.81
CV% 1.5 1.2

Moisture regain, %. 73 75 74 713 15 7.4
CV% 24 1.6 2.5 2.6 2.6 25

Argon Plasma, 200W.

Cuprammonium fluidity : 18.1 - - - - 193
CV% 0.6 0.5

X-ray crystallinity 0.80 - - - - 0.82
CV% 1.4 0.1

Moisture regain, %. 1.5 75 74 13 15 74
CV% 2.3 3.8 3.0 3.7 2.6 3.3

3.3.1.2 Moisture regain

Table 3.1 shows the moisture regain of fabric samples measured before and after the
plasma treatment. Only a slight reduction is found after 2.5 minutes of plasma
exposure for all cases and no further reduction can be observed even when the
exposure time is prolonged to 60 minutes. All the treated samples exhibit a similar
reduction of moisture regain when subjected to different types of gas with various
powers and exposure times. Owing to the very little changes occurring in x-ray

crystallinity and degree of polymerization, a small decrease in moisture regain may
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reflect a reduction in the accessible or the less ordered regions of the fiber. This may
be due to the removal of amorphous regions on the fiber surface caused by the

plasma etching within the limited depth of penetration.

3.3.1.3 Fabric weight loss

Figure 3.3 shows the plot of fabric weight loss against exposure time at two levels of
discharge power. In the case of oxygen plasma, the weight loss increases with both
the discharge power and treatment time. When doubling the power from 100W to
200W, nearly twice the weight loss is obtained which is also. linearly correlated with
the exposure time. The highest weight loss occurs with 200W oxygen plasma
followed by the 100W oxygen plasma, and the 200W and 100W argon plasma
samples for 60 minutes of exposure. In the case of argon plasma, it seems that there
is no significant difference between the weight loss rates at 100W and 200W. The
oxygen plasma treatment brings about a much higher loss (10.3%) than the argon

plasma (1.7%) under the same conditions (200W, 60 minutes).
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Figure 3.3: Percentage of fabric weight loss after oxygen and argon plasma treatment
(E) Untreated sample, (#) Oxygen plasma 100W, (¢) Argon plasma 100W,
(W) Oxygen plasma 200W, (£1) Argon plasma 200W.
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3.3.1.4 Fabric strength

Figure 3.4 shows the plot of fabric strength against exposure time. In the first 10
minutes, the fabric strength increases slightly and then decreases with the exposure
time. This initial increase of strength may be due to the effects caused by the plasma
etching on the fiber surface such as roughening of fiber, thereby increasing the inter-
fiber friction. For the oxygen plasma, a significant reduction is found after 20
minutes of exposure and the reduction is more severe at 200W discharge power.
Fabric strength of the argon plasma treated samples change only slightly even after a

prolonged exposure for 60 minutes.
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Figure 3.4: Fabric strength of samples after oxygen and argon plasma treatment
(&) Untreated sample, (4) Oxygen plasma 100W, (0) Argon plasma 100W,
(®) Oxygen plasma 200W, ((3) Argon plasma 200W.
The results of x-ray crystallinity, cuprammonium fluidity and moisture regain
indicated that the treatments employed for this study did not alter the bulk structure
of the flax fiber. However, the surface bombardment by electrons, ions and excited
atoms can cause the breakage of polymer bonds making the resuiting polymer

fragments more easily crosslink with each other. This crosslinking may lead to the
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formation of a brittle polymer layer which can act as a crack initiator [97]. Besides,
ultraviolet light can cause oxidation reaction which may severely damage the fiber.

The level of degradation is reflected by the measured values of fabric strength.

The relationship between the percentage of strength loss and weight loss is shown in
Figure 3.5. Apart from the initial increase in fabric strength after a short period of
exposure time, fabric weight loss is linearly correlated Iwith the strength loss. A
similar phenomenon was observed when ramie was exposed to air plasma {277)].
Excessive strength loss occurs when the exposure time to a ogygen plasma is beyond
20 minutes at 200W discharge power. Under this condition, tendering (with possible
formation of oxycellulose) may occur to the prolonged plasma treated cellulose at

elevated temperature.
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Figure 3.5: Fabric strength loss percentage as a function of fabric weight loss percentage
(8) Untreated sample, (#) Oxygen plasma 100W, (0) Argon plasma 100W,
(M) Oxygen plasma 200W, (O) Argon plasma 200W.
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3.3.2 Surface Morphology and Properties

3.3.2.1 XPS analysis

The oxygen and argon plasmas are known to be effective in modifying fiber surfaces
and improving the hydrophilic properties by inducing polar functional groups such as
-CO-, -C=0 and -COOH [93, 154]. Thus the x-ray photoelectron spectroscopy
(XPS) analysis was applied to provide more information concerning the changes in
f:hemical composition (via elemental analysis) and the chemical state (via bonding
and oxidation) of atom types on the fabric surface (a typical penetration depth of

sampling is 3-5nm) qualitatively and quantitatively.

Table 3.2 shows the relative intensities of Cj; and O representing the chemical
composition percentages on the fiber surface. It is found thﬁt all the plasma
treatments can lead to lower Cys and higher Oy, intensities except argon plasma at
200W for 2.5 minutes. As a result, the O;/C;s ratio {oxygen to carbon ratio)
increases considerably for most of the cases. For the samples treated with a shorter
exposure time (2.5 minutes), the change in chemical composition is not very

significant with respect to all gases and discharge power levels.

Table 3.2: Relative intensities of chemical composition percentages
of surface atoms of linen treated with oxygen and argon plasma

Relative intensities of chemical composition, %. Cis Qs 0,/Cys
Untreated Linen 67.65 32.35 0.48
Oxvypen Plasma

100W, 2.5min. 62.50 37.50 0.60
100W, 60min. 52.12 47.88 0.92
200W, 2.5min. 67.32 32.68 0.49
200W, 60min. 47.38 52.62 1.11
Argon Plasina

100W, 2.5min. 67.58 3242 0.48
100W, 60min. 61.02 38.98 0.64
200W, 2.5min. 68.85 31.15 0.45
200W, 60min. 44.03 55.97 1.27
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After a prolonged exposure for 60 minutes, the Q;/C; ratio increases significantly in
the ascending order of 100W argon plasma < 100W oxygen plasma < 200W oxygen
plasma < 200W argon plasma. From this result, it can discriminate the effect into
two different aspects according to the discharge power used. After 60 minutes of
exposure at a lower discharge power (100W), the oxygen plasma is more effective
than the argon plasma in terms of increasing the O,/Cjs ratio. The higher
incorporation of oxygen components into the fiber structure under the oxygen plasma
is achieved. It is initially assumed that the oxygen plasma at a higher discharge
power will further lead to stronger incorporation of oxyg;en atoms on the fiber
surface. However, the results showed that the argon plasma was more effective than
the oxygen plasma (200W, 60 minutes) at the higher discharge power. This
phenomenon might be related to the slow ablation rate of the physical sputtering
caused by the argon plasma. Under the same condition of 200W discharge power for
60 minutes, the weight loss for the oxygen plasma treated sample is 10.3% while the
weight loss for the argon plasma is only 1.7%. As a result, the oxidized components
that could not be removed effectively by the argon plasma etching would accumulate
on the fiber surface. This will be further examined in Section 3.3.2.3 concerning

fabric yellowing.

Chemical states of atoms represented by the relative peak area can be obtained by the
wave separation of Cj; spectrum. The carbon (.:omponent was further divided into
four sub-components assuming that peak 1 at 285¢V corresponding to -CH, peak 2 at
286.5¢V to -CO-, peak 3 at 287.9¢V to -C=0 and peak 4 at 289.1eV to -COOH [209,
215]. Figure 3.6 illustrates the wave separation of Cy; and the relative peak areas of

chemical component percentages are shown in Table 3.3.
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Figure 3.6: Curve fitting of C,, spectra of linen exposed to plasma (peak 1, peak 2, peak 3
and peak 4 correspond to -CH, -CO-, -C=0 and -COOH respectively) )
(1) Untreated, (2) Oxygen plasma 100W, 2.5min, (3) Oxygen plasma 100W, 60min,
(4) Oxygen plasma 200W, 2.5min, (5) Oxygen plasma 200W, 60min,
(6) Argon plasma 100W, 2.5min, (7) Argon plasma 100W, 60min,
(8) Argon plasma 200W, 2.5min, (9) Argon plasma 200W, 60min.
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Table 3.3: C,; spectra of linen treated with oxygen and argon plasma

Relative peak area of chemical component, % -CH -CO- -C=0 -COOH
Untreated Linen 456 409 12.4 1.1
Oxygen Plasma

100W, 2.5min. 484 269 13.9 10.8
100W, 60min, 272 386 16.3 17.9
200W, 2.5min. 634 172 10.6 8.8
200W, 60min. 536 241 7.9 14.4
Argon Plasma

100W, 2.5min. 527 239 13.4 10.90
100W, 60min. 653 156 9.0 10.1
200W, 2.5min. 67.1 14.2 99 8.8
200W, 60min. 73.8 9.6 5.5 11.1

The -COOH component is increased dramatically on the fiber surface after being
treated with either the oxygen or argon plasma. The -CH component is also
increased after being exposed to the argon plasma under all the conditions and to the
oxygen plasma under most of the conditions, except for the oxygen plasma at 100W
for 60 minutes. The results agree with the previous findings on low temperature
plasma treatment of cotton fiber [154]. The increment of oxidized and -CH
components was attributed by the increase of free radical intensity and the breakage

of glucoside bonds to form the activated carbonyls on the fiber surface respectively

[154, 276].

Different discharge power levels and gases seem to provide various degrees of polar
group incorporation. Higher percentages of -C=0 and -COOH incorporation were
found for the oxygen plasma than the argon plasma when using lower discharge
power for both 2.5 minutes and 60 minutes exposure. These results are in agreement
with the previous results where at low discharge power, the oxygen plasma is more

effective than the argon plasma in terms of increasing the O,4/Cj; ratio.
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When using higher discharge power (200W) with shorter exposure time as shown in
Table 3.2, the increment of oxidized component is smaller than that with the lower
discharge power (100W). The amount of increment for oxygen plasma is higher than
those of the argon plasma at the same power and time. The reverse is observed when
the exposure time reaches 60 minutes in the case of -COOH. In the case of argon
plasma, the component of -CH is significantly increased (refer to Table 3.3)
especially when a higher discharge power is used. This may be explained by the
accumulation of -CH due to the slower ablation rate and lower weight loss value.
Perhaps, it may be assumed that the argon plasma mainly provides physical
sputtering while the oxygen plasma provides chemical etching. This explanation is
consistent with the previously observed phenomenon that the -CH component
increases sharply after argon plasma exposure and the oxidized component increases

tremendously with the oxygen plasma treatment [154, 276].

In the case of using higher discharge power (200W), the oxygen plasma induces

10.3% weight loss with a Oy/Cy, ratio of 1.11 and 53.6% of -CH component, while

- the argon plasma induces only 1.7% weight loss with the O,/C; ratio of 1.27 and

1 73.8% of -CH component. It demonstrates that the strong incorporation of oxygen

component by the oxygen plasma under this condition is offset by the high weight
loss. Thus the hypothesis of oxidized (yellowed) component accumulation can be
adopted. The higher value of -CH for the argon treated sample implies that physical

sputtering is the main effect provided by the argon plasma.

: In the case of using the lower discharge power (100W), the oxygen plasma induces

- 6.7% weight loss with an O,/C; ratio of 0.92 and 27.2% of -CH component, while
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the argon plasma induces 1.5% weight loss with an OQ/C,; ratio of 0.64 and 65.3%
of -CH component. It indicates that a strong incorporation of oxygen component by
the oxygen plasma under this condition can be retained since the weight loss is not
severe. The principal effect of the argon plasma is the breakage of cellulose bonding
with less oxidizing effect when lower discharge power is used. Therefore, the
hypothesis of oxidized component accumulation cannot be applied when lower

discharge power (100W) is used.

3.3.2.2 SEM observation

Figure 3.7 shows the SEM micrographs of samples treated with oxygen plasma
illustrating a progressive change in the fiber surface morphology with the treatment
time. It reveals the formation of voids and cracks on the fiber surface caused by the
plasma ablation. Progressive pitting and surface damage appear on the fiber surface
and the surface area is significantly increased when using a higher discharge power
(200W). It seems that certain spots on the fiber surface are more susceptible to
etching resulting in the formation of cracks with a pronounced empty corncob
structure. The typical dimension of the surface structure is in the micrometer range.
The effect becomes more significant when the sample is treated at the discharge
power of 200W rather than 100W. Cracks and micro-pores rstart to appear on the
surface of the sample which has 1.6% weight loss at 200W and 10 minutes of
exposure. The voids and cracks become more pronounced as the exposure time is
increased. The enlarged cracks at 200W, 40 minutes and 60 minutes (corresponding
to 7.0% and 10.3% weight loss respectively) are perpendicular to the fiber axis and

similar to an empty corncob.
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Figure 3.7: SEM micrographs of oxygen plasma treated linen
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Figure 3.8: SEM micrograps of argon plasma treated linen
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When comparing to the o‘x'jfgen p)iasma, the argon plasma is not so effective in
changing the surface morphology as shown in Figure 3.8. This might be due to the
relatively slow rate of physical etching introduced by the argon plasma samples as

reflected by the lower weight loss values, i.e., ranging from 0.2% to 1.7%.

The changes in fiber surface morphology observed after the plasma treatment could
be explained by the localized ablation of the surface layer. The presence of micro-
pores indicates the predominant effect of the oxygen plasma (chemical etching) on
the fiber surface. Differential etching of crystalline and amorphous regions might be
the origin of the roughness. This process leads to an almost complete breakdown of
relatively small numbers of molecules on the surface into very low molecular
components which eventually vaporize in the low pressure system when the exposure
time is prolonged. As a result, the development of cracks and voids perpendicular to

the fiber axis is similar to the case of air plasma treated synthetic fibers [277].

3.3.2.3 Fabric whiteness

Figure 3.9 shows the reduction of fabric whiteness against the plasma exposure time.
The yellowness increases with higher discharge power and longer exposure time.
Thié increase of yellowness is less severe with the oxygen plasma at 100W even
when the exposure time is prolonged to 60 minutes, but severe yellowing takes place
when using 200W discharge power. The argon plasma makes the fabric yellower

than the oxygen plasma for all cases under investigation.
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Figure 3.9: Reduction in whiteness of fabrics treated with oxygen and argon plasma
(8) Untreated sample, (4) Oxygen plasma 100W, (0} Argon plasma 100W,
() Oxygen plasma 200W, ({3) Argon plasma 200W.
On one hand, it is expected that the oxidative effect brought about by the oxygen
plasma should be more prominent than that by the argon plasma in terms of fabric
yellowing. On the other hand, a higher ablation rate caused by the oxygen plasma
may lead to the subsequent and fast removal of the yellow component. The
differences in yellowness brought about by the oxygen and argon plasma might be
due to the slower ablation rate of the inert gas (argon gas) resulting in the
. accumulation of more yellow oxidized component on the fiber surface. This
| explanation is supported by the higher weight loss value of the oxygen plasma

 treated sample as discussed in Section 3.3.1.3.

However, this observation seems to be partially related to the O;4/Cy; ratio measured
by XPS. The explanation that the accumulation of oxidized components occur under
higher discharge power and it is not occur under lower discharge power as the

desqending sequence of the O;/Cs ratio is 200W argon plasma, 200W oxygen
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plasma, 100W oxygen plasma and 100W argon, at 60 minutes of exposure support
the whiteness results. Thus comparing the results obtained, it is shown that the first
two cases using higher discharge power were matched but not for the latter two
samples using lower discharge power. ‘Apart from the 0y4/C;; ratio, the percentage
of -CH component seems to match the sequence of fabric yellowness. The result
shows that the sample treated with 100W argon plasma is yellower than that with
_ IOQW oxygen plasma after 60 minutes of exposure even though the latter one has a
higher Oy/C); ratio. Moreover, the -CH percentage of the sample treated with 100W
| argon plasma is much higher than that with 100W oxygen plasma [154]. Therefore,
in addition to the lower weight loss (slow ablation), the 100W argon plasma could

“make a fabric yellower than the 100W oxygen plasma.

3.3.2.4 Fabric water uptake
‘Irradiation of fiber in the plasma may cause the introduction of polar groups onto the
fiber surfaces, thereby increasing the rate of water uptake and making it more water
absorbent. The effect of oxygen and argon plasma on linen fabric water uptake is
shown in Figure 3.10. Similar to cotton [136], a significant improvement of fabric

water uptake is found after being exposed to both types of gas for all cases.

The highest rate of increment of fabric water uptake can be achieved and the fabric
water uptake value is nearly double when using 100W discharge power at 5 minutes
of argon plasma or 100W discharge power at 10 minutes of oxygen plasma. The
fabric water uptake then declines from the peak but it is still higher than that of the

untreated sample. There is no significant difference between sample exposed to two
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types of gas in most of the cases when using the same discharge power level. Higher

fabric water uptake appears to occur when the discharge power is lower (100W).
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Figure 3.10: Effect of oxygen and argon plasma on fabric wickability
(8) Untreated sample, (#) Oxygen plasma 100W, (0) Argon plasma 100W,
(M)} Oxygen plasma 200W, (1) Argon plasma 200W.
The wettability of the material depends on the surface morphology (roughness and
dimension) and its polarity. The plasma modification of the fiber surfaces causes an
increase in surface area and a reduction of fiber fineness leading to an increase in
capillary effects. Both the SEM observations and weight loss measurements showed
that the changes were progressive with time. Apart from the capillary effect,
increased hydrophilic characteristics with the incorporation of polar groups, as

reflected by XPS results, can explain the changes of fabric water uptake.

Fabric water uptake increases in all cases after a short exposure time. As the weight
loss percentage and the changes in fiber surface appearance are not significant, thus
the causes of these increases should only be attributed to the change in surface

hydrophilic properties. This increases occurred when the oxidized components and
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especially -COOH, increased significantly after a short exposure time of 2.5 minutes
in all cases. This agrees with the previous study [209] that these groups play an

important role in increasing the hydrophilic properties of the fibers.

However, after a prolonged exposure, the initial increase of fabric water uptake was
reversed in all cases. The results appear to be contradictory to the findings obtained
from SEM, weight loss and XPS measurements. They show that the prolonged
exposure can lead to surface pitting and reduction of fiber fineness as reflected by the
higher weight loss percentage especially in the case of oxygen plasma as well as
higher 0,/Cs ratio. The adverse degradation effect of prolonged exposure on the
fabric strength caused by the oxygen plasma treatment is attributed to the tendering
as shown in Figure 3.4. This may have a relation to the reduction of fabric water

uptake increment that also occurs after 10 minutes of exposure.

In order to study the effect of storage time (under standard conditions) the after the
plasma treatment, a further study was carried out by using two fabric samples treated
by the oxygen and argon plasmas respectivelyz at 100W for 5 minutes. The results
shown in Table 3.4 indicate that the effect of storage time on the fabric water uptake
is small within the range from 0 to 1000 hours. The highest fabric water uptake of
the sample is found at zero storage time which can probably be explained by the
drying effect of the treatment. The fabric was dry initially when removing it from the
plasma chamber because the moisture content of the fiber was removed during the
vacuum process of plasma treatment. Thus a maximum fabric water uptake is
expected from the immediate measurement. As the moisture content of the sample

reaches its equilibrium, the stable fabric water uptake values can be obtained.
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_ Table 3.4: Water uptake of fabrics treated with oxygen and argon plasma
as functions of storage time

Storage time after Oxygen Plasma: Argon Plasma:
plasma exposure, h. 100W, Smin. (CV%) 100W, 5min. (CV%)
0 702 (6.6) 66.1 (5.8)
] 61.1 (4.1) 62.8 (4.8)
10 61.7 (5.8) 63.5 (4.9)
24 563 (6.5) 55.6 (6.4)
100 58.7 (5.3) 60.2 (5.9)
1000 60.7 (7.0) 57.1 (6.2)

3.3.3 Other Related Fabric Properties

3.3.3.1 Fabric bending properties

The bending rigidity and hysteresis of the fabric against exposure time are shown in
Table 3.5. The reduction of fabric bending rigidity and hysteresis caused by the
oxygen plasma is not significant at 100W discharge power, but the effect becomes
more noticeable at 200W discharge power especially at 2.5 minutes of exposure
time. Afterwards, the two bending properties are slightly increased. Similar profiles
are also found when using the argon plasma but the time employed for the lowest
bending rigidity and hysteresis to appear is 10 minutes of exposure time at 200W

discharge power.

When plasma etches the fiber surface, the breakage of polymer molecules will occur,
thus making the fiber more soft and flexible for bending. Higher discharge power
(200W) 1s more effective in the breakage of polymer molecule for both gases.
- However, the sample subjected to the prolonged exposure under the plasma

condition would lead to over drying and hardening, as well as cross-linking which in
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turn affected the reduction of bending rigidity adversely. This phenomenon was also

reflected by the reduction of fabric strength and water uptake.

Table 3.5: Bending rigidity, bending hysteresis and wrinkle recovery
of oxygen and argon plasma treated samples

Plasma exposure time, min.
Untreated 2.5 5 10 20 40 60

Oxvygen Plasma, 100W.

Bending rigidity, gfcm®*/cm. 068 064 066 068 067 071 069
CV% 8.4 59 83 85 10.7 7.3 8.9
Bending hysteresis, gfcm/cm. 054 051 053 055 056 056 057
CV% 2.1 11.5 8.3 8.7 10.5 8.4 8.1
Wrinkle recovery, %. 25.1 272 262 265 263 270 268
CV% 7.1 6.8 5.9 57 50 4.9 6.2
Oxygen Plasma, 200W.
Bending rigidity, gfcm*/cm. 051 056 0.60 058 051 050
CV% 6.5 5.0 5.7 8.2 8.5 10.9
Bending hysteresis, gfcem/cm. 041 045 051 047 040 037
CV% 11.7 64 59 9.8 72 16.9
Wrinkle recovery, %. 271 269 274 276 280 285
CV% 5.4 5.6 34 4.8 3.2 5.4
Argon Plasma, 100W.
Bending rigidity, gfem®cm. 071 071 056 075 0.74 0.80
CV% 6.6 9.0 9.0 31 4.3 5.8
Bending hysteresis, gfcm/cm. 060 060 048 072 069 0.75
CV% 6.8 7.0 10.6 6.2 55 3.9
Wrinkle recovery, %. 286 279 280 274 269 258
CV% 5.6 5.6 7.6 5.8 1.7 6.1
Argon Plasma, 200W.
Bending rigidity, gfem*/cm. 0.69 069 054 076 074 0.73
CV% 6.4 5.1 4.7 34 6.3 71
Bending hysteresis, gfcm/cm. 0.58 058 045 067 0.67 064
CV% 5.7 74 6.6 6.4 5.0 6.0
Wrinkle recovery, %. 262 280 273 264 264 250
CV% 6.4 5.0 0.1 5.0 5.0 37
3.3.3.2 Wrinkle recovery

Table 3.5 shows the fabric wrinkle recovery percentage as a function of plasma
exposure time. A slight improvement is found after 2.5 minutes of plasma exposure
for all cases but no significant change can be observed after the exposure time of 60
-minutes. The plasma treatments do not change the wrinkle recovery of the linen
significantly.
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34 CONCLUSION

It has been shown that the exposure of linen to the oxygen or argon low temperature
plasma will result in the change of the surface morphology and chemical property.
By employing XPS to quantify the change in both chemical composition and
chemical state, it was found that the oxygen content (O,¢/Cj; ratio) of the plasma
treated samples was dramatically increased particularly at higher discharge power
(200W) for both gases at 60 minutes of exposure. SEM inves.tigation revealed that
the cracks and voids appeared on the fiber surface after being exposed to the oxygen
plasma at 200W discharge power and to a less extent at IIOOW. However, the
appearance of cracks and voids was less noticeable when using the argon plasma.
Fabric whiteness was reduced after being exposed to the argon plasma at the higher
discharge power. No significant change in degree of polymerization and crystallinity
occurred to the samples as shown by the x-ray crystallinity and fluidity tests. A
slight reduction of the moisture regain was detected in all the treated samples after
2.5 minutes of treatment. The loss of fabric weight and strength increased with the
exposure time for both levels of power, and the effects were more severe when using
the oxygen plasma. A significant reduction of fabric bending rigidity and hysteresis
was achieved after 2.5 minutes of oxygen plasma or 10 minutes of argon plasma
exposure. With regard to the type of gases used, the fabric treated with the oxygen
plasma generated higher heat level and also suffered higher weight loss and strength
losses when compared with the argon plasma treated sample, although a higher level
of yellowing was found in the argon plasma treated sample. More severe effects
were obtained by using 200W discharge power except the case of fabric water

uptake.
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Considerable initial improvement of water fabric water uptake was achieved during
treatment and the effect remained almost constant with the storage time up to 1000
hours. Maximum improvement of fabric water uptake was achieved by exposing the
fabric sample to the oxygen plasma for 10 minutes or to the argon plasma for 5
minutes at a discharge power of 100W. It was observed that the prolonged exposure
time, irrespective of the type of gas and power, did not give beiter fabric water
upt_akes and might even cause adverse effects on the fabric such as excessive
reduction of fabric strength, increased bending stiffness and reduction in fabric water
uptake. In conclusion, low temperature plasma with short treatment times on linen
was very effective for surface modification as shown by substantial increases of polar
group contribution and water uptake. Furthermore, a slight irﬁprovement of fabric
strength, bending rigidity, hysteresis and wrinkle recovery could be achieved,
without interfering the bulk fiber structure and with minimal loss of fabric weight

and whiteness.
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CHAPTER 4

SURFACE CHARACTERIZATION OF FLAX FIBER
TREATED WITH LOW TEMPERATURE PLASMA

41 INTRODUCTION

The surface properties of materials are often the important determinants of their
usefulness, and many of the chemical treatments now in use are aimed at modifying
these properties [94, 161]. The important properties of polymer materials such as
adhesion, friction, wetting, swelling, penetrability and biological compatibility are
strongly influenced by their surface characteristics. In general, the structure and
morphology of the topmost surface layers (several nanometers thick) differ from
those of the bulk polymer. Therefore, a comprehensive surface analysis is needed to
correlate the surface structures with the physical or chemical property [7, 158, 160,

219].

The microscope has played an important part in formulating structural concepts in
polymeric materials. Scanning Electron Microscopy (SEM) is traditionally used for
this purpose [94, 161, 228]). It is an important instrument for the observation,
analysis and examination of phenomena occurring at the micrometer and sub-
micrometer scales. Since textile fibers have diameters within this range, thus SEM is
a powerful tool for examining the structural features of fibers. It produces a high
resolution and depth of field images of the sample surface [232]. While SEM has
been firmly established as a standard analytical tool, however, there have been some
limitations on its application [33]. The in-situ examination of material surfaces

under ambient condition is not possible using the conventional SEM since a
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conductive coating and high vacuum environment are employed. Environmental
Scanning Electron Microscopy (ESEM) is a relatively new instrument and there is
very little published information on textile application. As the conductive coating of
the sample under a high vacuum evacuation is not necessary with the ESEM, it
allows viewing of textile materials without any extensive sample preparation and

possible change of structural details. ESEM can be employed to observe the

* structural change in textile materials under various treatment conditions so that the

‘on-going’ examination (time-series images) of treatment effects can be studied.

The invention of the Scanning Probe Microscopy (SPM) created a new research tool

. to study the material surface down to the atomic scale. Scanning Tunnelling

Microscopy {STM) and Atomic Force Microscopy (AFM) are the most advanced
scanning probe methods to provide atomic-resolution images. At present, STM has
been used for analyzing metallic and semi-conducting surfaces. The most important
feature of STM is the real space visualization of the surfaces or the atomic scale.

The image is converted to either the spatial variation of the tunnelling current or the

spatial variation of the tip height. The tunnelling current decreases exponentially

with increasing distance between the tip and sample. HoweVer, the STM application

is mostly limited to metals and semi-conductors since tunnelling currents are

employed [160-161].

To enable the characterization of insulating surfaces, AFM was invented. By using
this technique, an image presents a three-dimensional profile of inter-atomic force
between a sharp probe and surface atoms. It gives a more direct approach to the

microtopography of the fiber surface [160-161]. It has been found to have much
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broader application than STM and is currently the dominant scanning probe

technique.

For textile materials, it is important to understand their appearance in the natural
state since it can be easily changed under the ultra-high vacuum condition
experienced under SEM. Therefore, the potential application of using ESEM and
AFM should be explored for the examination of processing effects on textiles. In
this chaf)ter, the surface morphology and topography of flax fibers treated by plasma

treatment will be studied by using ESEM, SEM and AFM techniques.

4.1.1 Surface Morphology Study by SEM and ESEM

4.1.1.1 SEM imaging technique

In SEM, a very fine probe of electrons with energies up to 30-40 kV is focused at
and scanned over the surface of the specimen as a raster or parallel line. When the
primary electron beam strikes the specimen, a number of different emissions and
absorption processes occur. The emission of low energy secondary electrons from

the uppermost layers of the specimen is important for signal induction.

The secondary electrons are collected, processed and translated continuously on a
cathode ray tube or monitor. For each point where the electron beam strikes the
specimen and generates secondary electrons, a corresponding intensity is displayed
on the viewing monitor. The brightness of the point is directly proportional to the
number of secondary electrons generated from the specimen surface. The electron
beam is scanned rapidly over the specimen, the numerous minute points appear to

blend into a continuous-tone image composed of many density levels or shades of
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gray where light and dark areas give the impression of depth. The magnification
produced by the SEM is the ratio between the dimensions of the final image

displayed and the field scanned on the specimen [22, 262].

In addition to the production of secondary and back scattered electrons, the
interaction of the specimen with the beam generates Auger electrons and x-rays.
These emissions, a characteristic of particular atoms, can be used to identify surface
elements of the specimen. The various products of the interaction are shown
schematically in Figure 4.1. These are (1) Secondary electrons, (2) Reflected or
Backscattered electrons, (3) Transmitted electrons, (4) X-radiation, (5) Auger
electrons, (6) Cathodoluminescence radiations, (7) Absorbed (specimen) current. Of
these, (3) are used for imaging in transmission electron microscopy, (1) and (2) in
scanning electron microscopy, whilst (4)-(7) can provide additional analytical

information about the specimen in other type of microscope [262].

Primary electron beam

Y (1) Secondary electrons

(4) X-rays (2) Backscattered electrons

(5) Auger electrons
(6) Cathodoluminescence

(7) Absorbed (specimen)

(3) Transmitted electrons

/Zrharged particles
;f_H—P’hotons

Figure 4.1: Photon and charged particle emissions from an electron-bombarded surface [262]
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It has been shown that a moving electron can be regarded as a moving charged
particle or as a radiation with associated wavelength. The wavelength of the
radiation varies inversely with the square root of the accelerating voltage, therefore
the electron wavelength is in fact many orders of magnitude shorter than that of
light. Thus, a 100kV electron has a wavelength of 0.0037nm. The significance of
the electron wavelength in the resolving power relationship is shown as follows:
do = 0.6). / nsina,

where d, = minimum resolvable separation in the object,

A = wavelength of the illuminant,

o = half-angle subtended by the objective at the object,

n = refractive index in the space between object and objective lens.

This relationship can be used to work out the theoretical limit of resolution of any
microscope system. The product nsine is called the numerical aperture (NA) of the
objective lens, and is usually engraved by the manufacturer in the lens mount. It is
obvious if an electron objective lens of NA1.4 was available, then a 100kV eléctron

microscope would be capable of resolving detail as fine as 0.016nm or about a

hundredth 6f the size of an atom [262].

In the SEM, the object detail is sampled point by point continuously and the
resolving power of the instrument is directly determined by the smallest area where
it can sample, i.e., by the diameter of the electron probe. Minimizing the probe
diameter requires a system of ienses with small aberrations and high electrical
stability. In practice, the smallest probe which can formed with enough electrons in

it to be useful depends on the focal length or working distance of the final probe-
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forming lens, the electron gun and the operating voltage. For a conventional
tungsten-filament gun with a working distance of about 10mm and the smallest
usable probe size of about 3-4nm, the secondary electron resolving power is between
3.5nm and 7nm. Better resolving power is only obtainable by working with a

stronger lens or brighter electron source [33, 262].

The entire column of SEM is normally under a high vacuum environment for the
passage of the high energy primary electrons down to the column as well as to

permit the low energy secondary electrons to travel to the detector with the minimal

beam-scattering effects [22, 232, 262]. Electron microscopy has a high resolution

but requires special sample preparation, and the electron beam may damage polymer
samples [95, 160, 232]. Therefore, it is necessary to coat non-conducting specimens
with a thin layer of gold, carbon or other conductor so as to provide a path to earth
for the negative charge imparted by the electron beam. This is to overcome
‘charging effects’ (the sporadic discharge and deflection of the electron beam caused
by the accumulated negative charge in the specimen) and to prevent thermal and/or
electrical breakdown of the specimen. However, the conductive coating prevent the
possibility of subsequent treatment of the specimen and subsequent re-examination

of the same area of the specimens is not possible.

The other limitation of the conventional SEM used for hydrophilic materials is that it
1s necessary to operate the microscope under a high vacuum in order to obtain an
image. Any specimen containing moisture or volatile substances will therefore be
desiccated before being studied and the image obtained may not represent the true

natural state of the material [95].
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4.1.1.2 ESEM imaging technique

ESEM is a modification of SEM which allows materials to be examined in the
presence of gases or liquids, and whose specimens do not require conductive
coatings [33, 50, 232]. ESEM permits a higher resolution of sample image at
relatively high pressure than a conventional SEM. The development of the machine

itself has been described in a series of papers [56, 58, 61-63, 65-66].

Essentially, ESEM operates by having a differential-pumped specimen chamber
placed very close to a pressure-limiting aperture at the bottom of main electron
optical column. The main electron optical column operates under a standard vacuum
condition such that when the electron probe passes through the aperture, it is
scattered by the gas molecules present in the short space between the aperture and
the specimen [64, 95]. The primary electron beam hits the specimen causing the
emission of secondary electrons which are scattered to the positively charged
detector electrode. As they travel through the gaseous environment, collisions occur
between an electron and a gas particle which will result in emission of more

electrons and ionization of the gas molecules as shown in Figure 4.2 [33, 233].

The environmental secondary electron detector is mounted around the final pressure-
limiting aperture. A voltage is applied between the sample and the detector which
accelerates secondary electrons towards the detector. The increased number of the
electrons will effectively amplify the original secondary electron signal. The
detection process uses gas molecule and electron interaction for signal amplification

in imaging. The positively charged gas ions are attracted to the negatively based
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specimen and the excessive electron charge on the specimen surface, allowing the

non-conducting materials to be examined without any surface coating [33, 232]. .

Primary electron beam

Detector electrode

G = Gas molecules
= = Secondary electrons
+ = Positively charged gas ions

Figure 4.2: Interactions of primary electron beam with the emission of secondary electrons
and the gas molecules inside the sample chamber of ESEM [64]
The most common imaging gas used in the sﬁnple chamber is water vapor, it
enables viewing of non-coated hydrated samples. Reactive or other gases such as
oxygen, carbon dioxide, ethylene, hydrogen, propylene, styrene, acetone, toluene and
alcohol may be introduced in small quantities by injecting them directly over the
sample using the micro-injector. Alternatively, if they are stable to an applied
voltage, they may by used as the only gas in the sample chamber instead of the usual

water vapor [50, 64].

In textile research, the initial developments of ESEM have been carried out mainly

on wool research [57, 59-60]. In additional, it has been used for studying the time
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series images of textile absorption and structure change under wetting and heating
condition [232]. Methods have also been developed for observing the transverse
swelling of cellulosic fibers [134]. Apart from textiles, research has been made on
some other areas like the study of fresh and living plant materials, wetting and
drying of papers, microstructure in ceramics and composites, and the corrosion

studies of stainless steel piping [24, 33, 67, 85, 193, 225].

4.1.1.3 Preliminary .experiment

A preliminary experiment was carried out with the objective of studying the fiber
surface morphology under a low vacuum condition without gold coating. The time-
series experiment was conducted to investigate the changes of fiber surface
morphology between successive plasma exposures. Hence, suitable operational
parameters had to be chosen in order to retain the natural fiber properties and surface

morphology with a minimum of post irradiation.

4.1.1.3.1 Sample preparation

Various textile fibers such as wool, cotton, ramie, flax and plasma treated flax were
observed. Plasma treatment of flax fiber was conducted with a procedure specified
in Section 3.2.1. Fiber samples were fixed on a carbon-based, electrically-
conductive, double-sided adhesive tape and exposed to the oxygen plasma at a
pressure of 15Pa and 200W discharge power for 60 minutes. The sample was
removed from the chamber and then transferred to the ESEM chamber for

morphological characterization.
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4.1.1.3.2 Material characterization procedures

The instrument used was a Hitachi S-2380N Scanning Electron Microscope.
Samples were mounted on a stub with the carbon-based, electrically-conductive,
double-sided adhesive discs. The samples were viewed without drying and coating.

The specimen chamber pressure was 1Pa.

4.1.1.3.3 Operational parameters

Although the principle of ESEM is promising, it does not provide optimal operating
conditions for textiles in actual practice. The operational parameters, including the
accelerating voltage, working distance, chamber pressure, beam current, scanning
rate and magnification, are important to regulate properly in order to optimize the
resolution of the micrographs. ESEM fiber images often have bright edges with poor
contrast, and do not relate well to the images obtained from SEM. The sides of the
fibers appear brighter than the top because the low take-off-angle of the back-
scattered electrons travels at a longer distance than the high take-off-angle ones, a
fact which allows more ionizing collisions of the former than the latter [63]. Care
also has to be taken to ensure that the surfaces do not have water condensed on them

otherwise details of the fiber surface can be obscured [94].

Poor sample conductivity will cause the build up of surface electrons, producing
variations of surface potential or charging. Charging up of electrons on sample
surface will lead to various image distortions and excessively bright ‘over glow’
which prevents true image production. Poor conductivity also reduces thermal
dissipation which may lead to local sample movement or even heat damage [60, 94,

262]. In addition, low atomic density polymeric materials are readily penctrated by a
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high voltage electron beam causing a great loss of surface detail. Coating with a thin
layer of metal is the most widely used method to suppress charging and decrease
beam penetration in the conventional SEM [94]. As non-coated materials are studied
. by ESEM, the question arises as to what degree the examined surface remains

unaffected by the action of electron beam.

Firstly, the effects brought about by various types and intensities of beam depend on
several aspects such as the accelerating voltage, current intensity, scanning rate aﬁd
scanning mode (raster or other linen density, magnification). Secondly, the nature of
the sample chamber environment such as the pressure and temperature of the gas
need to be considered during examination. Thirdly, the specimen composition,
structure, texture and orientation also affect the level of beam irradiation [22, 60, 64,

84, 132].

Since the sample being investigated is a non-conducting material and no metal
coating has been applied to the sample, it would become charged by the primary
electron beam during scanning. When using a high gun voltage, the energy given by
. the charged electrons will be in the form of heat and the heating effect is frequently
- sufficient to cause a permanent damage to the specimen [262]. Low density polymer
' generally allows greater penetration of the electron beam than a sample of higher
. atomic number and density. If a high energy electron beam is used, the penetration
will produce signal from the areas of specimen below the surface resulting in the

~ formation of images of lower contrast with a loss of detail.
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Therefore, when examining organic and polymeric materials, it 1s necessary to
restrict the electron beam voltage to 10kV and refrain from prolonged examinations
at high magnifications so as to avoid producing localized thermal stresses in the
specimen caused by the electron beam. The use of lower voltages is especially
important when very thin specimens such as fibrillated or sectioned fibers are
studied. Even with coated specimens, low voltages are recommended to be an
additional means of reducing charging in fibers. However, the resolution of
micrograbhs will be decreased with the reduction of operation voltage [94, 225,
262]. Further reduction of the beam voltage to 5kV gives a detailed image but
reduces the resolving capability [94, 230]. Since resolution is lost by the use of low
voltage, care must be taken to set other parameters so as to give the greatest possible

resolution.

The use of a shorter working distance is another means of increasing resolution [22,
59, 62]. The working distance from the bottom of the objective lens to the specimen
surface is around 5-35mm in both SEM and ESEM {204]. Since beam scattering
will occur in the sample chamber of ESEM due to the presence of gas, therefore, the
electron beam should travel a minimum distance in the high pressure environment in
order to avoid the excessive beam scattering of the gas molecules. Pictures with
clearer quality can be observed at a high magnification with the usage of a suitable
beam voltage. With careful operation, acceptable resolutions can be obtained even at
very low voltages [94], thus the best compromise between the resolution of the detail
of interest and the minimization of onset of beam damage on the specimen under
different working conditions can be achieved. Under this condition, any minute

charging-up effect will be minimized.
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4.1.1.3.4 Results and summary of preliminary experiment

The first aim of the preliminary experiment was to undertake repeat observing of
both the untreated and treated fiber in order to minimize any damage caused by the
electron beam between each observation. The second aim was to establish the

optimum working conditions under which the post irradiation is minimal.

A secondary electron detector was employed by which the electrons emanated from
the upper 25 angstroms of the specimen surface and the related topoéraphical
information could be received [50, 225]. The pressure of the sample chamber was
1Pa. After a number of trials, acceptable quality of micrographs was obtained using
a working distance of 8mm [94, 230], operating voltage of 8kV with the emission

current of 30pA and the magnification could be up to x3000.

By repeating the observation of an untreated fiber over the same field of view at
various time intervals as shown in Figure 4.3, it was evident that the fiber damage
caused by the electron beam was not significant. The charging effect was not serious
and could be de-charged inside the chamber within a short period of time without
any observable damage. The surface appearance of the plasma treated fiber also
remained unchanged after the observation. When comparing the plasma treated
sample with the initial observation under ESEM in Figure 4.3 with the SEM
micrographs in Section 3.3.2.2, both exhibited a similar surface appearance after
ESEM exposure. Therefore, it is reasonable to assume that the initial exposure of

flax fiber under ESEM did not affect the features introduced by plasma treatment.
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(d)

Figure 4.3: Observation of flax fiber and oxygen plasma treated flax fiber
(15Pa, 200W, 60 minutes) under ESEM
(a) first observation, (b) second observation, repeated immediately,
(b) third observation, repeated after 10 minutes, and
(d) fourth observation, repeated afier 30 minutes.
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However, some damage appeared on the wool, cotton and ramie fibers. From the
micrographs, the image quality was not very clear with the appearance of overly
bright area as shown in Figures 4.4, 4.5 and 4.6. The extent of damage depended on
the accelerating voltage, current intensity, scanning rate, magnification and the
nature of the specimen. The micrographs were obtained at a lower accelerating
voltage of 5kV in order to reduce charging and damage to the fibres. The
magnification produced by a scanning electron microscope is actually the ratio
between the dimensions of the final image display and the field scanned on the
specimen. Since a smaller area would be scanned when a higher magnification was
used, thus the primary electron beam was brought to rest within the sample during
scanning. As a result, the localized thermal stress ;m the fiber would be increased
resulting in fiber damage. With the heat sensitive and low conductivity materials
being examined by ESEM without coating, the acceptablé image could therefore

only be produced with a limited magnification.

BT

Figure 4.4: ESEM micrographs of wool fibers

- i
£

Figure 4.5: ESEM micrographs of cotton fibers
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With the primary electron beam scanning the surface of the non-coated fiber,
permanent damage to the fiber due to the thermal degradation would occur [262].
The effect of fiber charging- and thermal degradation acting upon the fiber depends
on the electrical conductivity and the thermal resistance of the fiber. When
- compared to the cellulose materials, the conductivity of wool fiber is lower [111,
118, 178] and this might be the reason why the severe charging effect appeared.
Apart from the conductivity, the presence of lignin in the flax fiber also provides a
protection against the damage induced by the electron beam [84]. Moreover, flax
- fiber also has a higher thermal resistance temperatures than wool, cotton and ramie
[111], therefore, flax fiber is a good candidate for the morphological study under

ESEM [84].

4.1.2 Surface Topography Study by AFM

It is known that poor vertical sensitivity of SEM is related to the fact that only a
large intensity variation (in flux of secondary electrons) of over 5% can show
differences in contrast. Thus the image resolution detail is limited. For the Scanning
Probe Microscopy (SPM) like Atomic Force Microscopy (AFM) or Scanning
Tunneling Microscopy (STM), it is strongly dependent on Vsurface probe interaction
between the tip and surface, hence the vertical resolution is higher. More direct

surface visualization of fiber surface based on the registration of the intermolecular
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repulsive force can be achieved [161]. Moreover, the fibers cannot be modified or

treated for further studies afler SEM imaging as they have a coating on them [192].

AFM studies of carbon fibres have been compared with those from SEM and show
that the conductivity of carbon fibres permits direct visualization by SEM without
metallic coating. AFM enables more resolved three-dimensional surface profile to
be achieved [161, 228]. A complementary study of the surface features such as the
scale height of wool fibers was reported by using AFM [192]. For composites, wher
surface features of the reinforcing fibers are important in determine their interface
with the matrix, AFM and SEM have been used to obtain a better understanding of
surface topography of three different kinds of glass fibers [7]. The nano-scale
morphology, friction, adhesion and elastic modulus of a spin finish layer on- a

polypropylene fiber surface has also been studied by AFM [158].

4.1.2.1 Operating principles and main components of AFM
AFM can be used for non-coated or wet samples or even samples in solution. AFM
measures the repulsive or attractive force between a tip located at the end of a
cantilever and the sample on the basis of a cantilever deflection. Figure 4.7 shows
-the forces between the probe and sample when the probe approaches to the sample
surface. The spatial variation of the tip-sample repulsive force or that of the tip
height is converted into an image. Because the repulsive or attractive force is
universal, AFM is applicable to conducting as well as insulating materials. In
general, AFM enables one to detect surface morphology, nano-scale structures, and

molecular- and atomic scale lattices [77, 102, 160, 164].
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Figure 4.7 Force against distance curve observed in AFM experiment [72]

The AFM probes the surface of a sample with a sharp tip, a couple of microns long
and often less than 1004 in diameter. The tip is located at the free end of a .cantilever
that is 100 to 200um long. Forces between the tip and the sample surface cause the
cantilever to bend or deflect. A detector measures the cantilever deflection as the tip
is scanned over the sample, or the sample is scanned under the tip. The measured

cantilever deflections allow a computer to generate a map of surface topography.

The probe operating in AFM may be explained by considering the curve in Figure
4.7, where the force between two atoms as a function of separation are considered.
As the atoms are gradually brought together, they first weakly attract each other.
This attraction increases until the atoms are so close together that their electron
clouds begin to repel each other electrostatically. This electrostatic repulsion
progressively weakens the attractive force as the inter-atomic separation continues to

decrease. The force goes to zero when the distance between the atoms reaches a
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couple of angstroms, about the length of a chemical bond. When the total van der

Waals force becomes positive (repulsive), the atoms are in contact.

The slope of the van der Waals curve is very steep in the repulsive or contact regime.
As a result, the repulsive van der Waals force balances almost any force that
attempts to push the atoms closer together. In AFM, this means that when the
cantilever pushes the tip against the sample, the cantilever bends rather than forcing
the tip atoms closer to the sample atom-s. In addition to the repulsive van de Waals
force, two other forces are generally present during contact AFM operation namely
the capillary force exerted by the thin water layer often present in an ambient
conditioned ample and the force exerted by the cantilever itself. The capillary force
arises when water wicks its way around the tip, applying a strong attractive force that
holds the tip in contact with the surface. The force exerted by the cantilever is
similar to the force of a compressed spring. The magnitude of the capillary force
depends upon the tip-to-sample separation, the deflection of the cantilever and its

spring constant.

In a scanning probe microscope, the sample surface is scanned with the sharp probe
at a distance of less than a few nanometers or in mechanical contact. For scanning,
either the tip moves against the fixed sample or the sample moves against the fixed
tip. Since the nature of the probing interactions is different in STM and AFM, they
have different probes and detecﬁng mechanisms. The common parts of a scanning
probe microscope are a piezo-electrical scanner on which the moving element is
mounted, and a coarse mechanism by which the tip and sample are brought close

together so that the probing interactions can be measured with an appropriate
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detector. The detecied signal is used for feedback control to adjust the tip-sample

distance during scanning.

The schematic diagrams of the main components of AFM are shown in Figure 4.8.
The microscope head contains the scanner, coarse mechanism, probing tip and
detector. Instrument operations are performed through the electronic unit controlled
by the computer station. The software allows monitoring of the tip-sample approach,
and records the strength of the probing interaction as a function of the tip position,
before it converts the collected information into the image on the screen and stores
the data in the computer. Contemporary scanning probe microscopes are designed to

perform both STM and AFM measurements by simply switching the heads [160].
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Figure 4.8: Schematic representation of the main components of an AFM and the SEM
image of cantilever and tip [72]

The driving motion in scanning probe instruments is normally performed by a piezo-

electrical scanner which changes its dimension under an applied voltage. The
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strength of the local probing interactions between the tip and the sample becomes
measurable only when the tip is positioned close enough to the sample surface. To
prevent any possible damage of the sample by a tip-sample contact, the approach of

the tip to the sample should be delicate.

Initially, the tip and sample are put close to each other by manually rotating the high
precision mechanical screws which are incorporated into the microscope stage. This
procedure is facilitated by an optical control when a scanning probe microscope 1s
combined with an optical microscope or optical camera system. Closer approach is
performed by the stepper motor which brings the tip to the sample at the separations
that can be controlled by the scanner. The final adjustment of the tip and sample
separation to the value at which the probing interaction reaches the ‘set-point’ level
determined by the user is performed by the scanner. During scanning, the vertical
movement of the tip is adjusted according to the chosen feedback gain, while the
lateral motion proceeds independently. Conventionally, the fast and slow scanning

directions are taken to be the x- and y- direction respectively [160].

4.1.2.2 AFM imaging modes

The AFM imaging can be done in the contact (repulsive} mode, the non-contact
(attractive) mode or the tapping (intermittent) mode as shown in Figure 4.7. In
contact image (repulsive mode), the AFM tip is pressed against the surface, causing
the cantilever to deflect away from the sample. Thus the AFM tip makes soft
physical contact with the sample. The sample surface is tracked by the tip using a
feedback system that maintains a constant preset force on the cantilever by

controlling the sample height (z-coordinate) as the sample is rastered under the tip
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(x- and y- coordinates). The deflection of the cantilever is usually monitored
through the displacement of a laser beam reflected off the cantilever onto a
segmented detector. Imaging in the contact mode has been used to investigate wool,

glass and polypropylene fibers [7, 158, 192].

Non-contact (attractive mode) imaging maintains the AFM tip several nanometers

above the sample surface and detects the weak attractive forces that are present in

~ this region. An AC voltage is applied to the cantilever, causing it to oscillate.

. Variation of the cantilever resonance will occur if the attractive force as well as the

distance between the tip and sample (z-coordinate) are changed. Images of wool

. fibres are not taken in the attractive mode because these small forces cannot easily be

~ detected in liquid [192]. There is also a decrease in resolution from the repulsive to

the attractive mode because of the greater distance between the tip and the surface.

For soft materials, the application of the smallest force in the contact mode might
still damage the weak surface structures. One of the factors causing this problem is
the lateral force that the tip applies to the sample surface. To avoid this lateral force,

the tapping mode can be employed. In the tapping mode, the energy delivered to the

sample from the vibrating tip is determined by the amplitude of the free vibration

and the ‘set-point’ drop in the amplitude. When the sample approaches the vibrating

tip, they come into intermittent contact (tapping), thereby lowering the vibration

i amplitude. The amplitude drop is used for the feedback. In this mode, the tip-

~ sample lateral force is greatly reduced and the short tip-sample contact time prevents

inelastic surface change [160].
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Imaging in the contact mode is heavily influenced by frictional and adhesive forces
which can damage the sample and distort the image data. The non-contact mode
generally provides a lower resolution and can also be hampered by the contaminant
layer which can interfere with oscillation. The tapping mode reduces the lateral
forces by intermittently contacting the surface and oscillating with sufficient
amplitude to prevent the tip from being trapped by adhesive meniscus forces from
the contaminant layer [72, 187, 239]. Tapping mode AFM has become an important
technique since it overcomes the limitations of both contact and non-contact AFM

methods.

42  EXPERIMENTAL DETAILS

4.2.1 Sample Preparation for ESEM

The material used was the scoured and bleached flax fibers. The time-series
examination was illustrated by applying plasma treatment on a flax fiber with
various accumulated exposure times. Plasma treatment was conducted using the
same conditions as specified in Section 3.2.1. In each plasma treatment, fiber
samples were fixed on the carbon-based, electrically-conductive, double-sided
adhesive discs and exposed to oxygen or argon plasma at a pressure of 15Pa and
200W discharge power. After being treated for the pre-determined exposure time,
the sample was removed from the chamber and then transferred to the ESEM
chamber for morphological characterization. By repeating the plasma treatment, the
time-series examination of the surface with the accumulated exposure time varying

from Omin, 2.5min, 5min, 10min, 20min, 40min and 60min were carried out.

102



CHAPTER 4: SURFACE CHARACTERIZATION OF LOW TEMPERATURE PLASMA TREATED FLAX FIRER

For re-locating the fiber section in the time-series experiment, carbon adhesive tapes
perpendicular to the fiber axis was used with crossing-marks for reference. A

covering adhesive tape was put on the top of the fiber.

Fibers Background carbon adhesive disc

Adhesive tape for referencing

Adhesive tape for referencing
and cover

4.2.1.1 Material characterization procedures and operational parameters of
ESEM

A Hitachi S-2380N Scanning Electron Microscope was us_ed. Samples were

mounted on a stub covered with the carbon-based, electrically-conductivé, double-

sided adhesive discs. The samples were viewed by using ESEM without drying and

coating. The operational parameters of ESEM instrument are specified in Table 4.1

Table 4.1: Operational parameters of ESEM instrument

Operation Parameters

Working distance (mm) §mm
Accelerating voltage (kV) 8kV
Emission current (pA) 30pA
Beam scan time (s) 0.5s
Acquiring time (s) 80s
Chamber pressure (Pa) 1Pa
Magnification : up to x3000

Comparison of the structural identification and image quality was done by re-
examining the same sample using the conventional SEM. After the ESEM

examination, the 60 minutes treated samples were gold coated and viewed under
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Lecia Cambridge Stereoscan 440 SEM at 10kV which was operated at a pressure of

10" Torr.

4.2.1.2 Application of image processing technique
Imaging processing techniques were used to quantify the surface features of the
plasma treated fiber at different stages of treatment based on the ESEM micrographs.

MATLAB Imaging Processing software was used for quantitative analysis.

4.2.1.3 Determination of fiber diameter and fabric weight loss

Changes of fiber diameter with plasma exposure time were measured based on the
ESEM micrographs. The fiber diameter was determined before and after plasma
treatment. The difference in observed fiber diameter was used to calculate the fiber
diameter reduction percentage and the average of fifteen readiﬁgs was taken. Fabric
samples subjected to the plasma treatment with the corresponding exposure time and
other conditions as specified in Section 3.2.2.1 and discussed in Section 3.3.1.3 will
be used to compare with the reduction in fiber diameter. The paired comparison -
test was used to determine whether any statistical significant difference occurred

with a confidence limit of 95%.

4.2.2 Sample Preparation for AFM

Untreated, argon'and oxygen plasma treated flax fiber samples were imaged by AFM
to determine the nature of the surface features as well as the lateral and vertical
dimensions of the surface pits resulting from the plasma treatments. The fibers were
exposed to the oxygen or argon plasma at a pressure of 15Pa and 200W discharge

power for 60 minutes as described in Section 3.2.1. Afterwards, the sample was
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removed from the chamber and stored in a sealed nitrogen gas environmental before

characterization.

4.2.2.1 Material characterization procedures and operational parameters of
AFM

Individual flax fibers were mounted onto double-sided tape with the plasma treated

sides facing upwards and it would be imaged within 24 hours of being exposed to

air. The AFM imaging was preformed at CSIRO, Division of Wool Technology,

Australia, with a Digital Dimension™ 3000 Scanning Probe Microscope.

Measurements were conducted under room conditions.

The imaging was done with the fast scanning direction parallel to the fiber axis using
a Digital Instruments Etched silicon tip (TESP). The tip radius is S-lOnrr; while the
tip height is 10-15um. Tip half cone angle is 18° front, 25° back and 10° side. A
single beam cantilever was used with the corresponding length of 125um, 30um-

40pum width and 2.5pum-5um thick.

The reported scan area was 7.5um x 7.5um. AFM images were collected at 1Hz
with 512x512 pixels. Phase images were acquired at the séme time as the height
image. Images were flattened (3" order polynomial) to remove fiber curvature in the
slow scanning direction before the image analysis was taken. The ‘flatten’ command
removes the Z offset between scan lines and the tilt in each scan line by calculating a
third order least-squares fit for the selected segment and subtracting it from the scan
line. Bowing effects along the Y-axis are also removed. All images presented are

the original pictures without any filtering or contrast enhancement.
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43  RESULTS AND DISCUSSIONS
4.3.1 Effect of Plasma Treatment on the Surface Morphology Studied by SEM
and ESEM

4.3.1.1 Time-series observation of fiber surface morphology

ESEM was used to observe the time-series fiber surface appearance treated by
plasma for various accumulated exposure times. The micrographs in Figure 4.9 and
Figure 4.10 show the longitudinal views of flax fibers including nodes which are the
dislocations of the fibrils. The variation in fiber diameter depends on how many
fibrils are present in the fiber. The untreated fiber shows a slightly charging effect.
After plasma exposure over 5 minutes, the charging effect during ESEM observation
disappears. After an initial exposure to either argon or oxygen plasma, the change in
fiber appearance is not distinguishable. As thé exposure time is prolonged, the

e

change of fiber surface appearance becomes more obvious.
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Figure 4.9a: ESEM micrographs (x1000) showing the progressive etching by oxygen plasma
on flax fiber
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Figure 4.9b: ESEM micrographs (x3000) showing the progressive etching by oxygen plasma
on flax fiber
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Figure 4.10a: ESEM micrographs (x1000) showing the progressive etching by argon plasma
on flax fiber
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10min. ' " 60min.

Figure 4.10b: ESEM micrographs (x3000) showing the progressive etching by argon plasma
on flax fiber
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The micrographs of the fibers treated with the oxygen plasma illustrate a progressive
change of the fiber surface morphology with the treatment time as shown in Figures
4.9a and 4.9b. They reveal the formation of voids and cracks on the fiber surface
due to the plasma ablation. Progressive pitting and surface damage on the fiber
surface implies that the surface area is significantly increased. It seems that certain
spots on the fiber surface are more susceptible to plasma etching to form cracks with
a pronounced empty corncob structure. The typical dimension of the surface
structure is within the micrometer range after a prolonged exposure. In some cases,

the occurrence of fiber etching starts from the nodes along the fiber.

The oxygen plasma shows a faster etching rate by exhibiting a progressively spitted
and etched pattern after only 10 minutes of accumulated exposure. On the other
hand, argon plasma treatment shows a relatively slower etching rate and the etched
pattern appears significantly after 40 minutes of accumulated exposure as shown in
Figures 4.10a and 4.10b. When comparing to the oxygen, the argon plasma was not

as effective in changing the surface morphology.

The changes in the fiber surface morphology can be explained by the localized
ablation of the surface layer. The presence of micro-pores indicates this
predominant effect of the interaction of oxygen plasma (chemical etching) with the
fiber surface. | Differential etching of crystalline and amorphous regions might be the
origin of the roughness. This process leads to almost a complete breakdown of
molecules on the surface into very low molecular components which eventually

vaporize in the low pressure system when the exposure time is prolonged {277].

111



CHAPTER 4: SURFACE CHARACTERIZATION OF LOW TEMPERATURE FLASMA TREATED FLAX FIBER

As seen from the oxygen plasma treated sample, the depth of etching increases
progressively with increasing exposure time. It also shows that the etched micro-
pores are deepened after prolonged exposure. With increased exposure time,
continual pore enlargement occur indicating that the plasma etching action is a
continuous process. As pore deepens, so, fiber bulk damages will occur especially
when the oxygen plasma is used. The adhering material on the fiber surface may
remain on the fiber surface even after 60 minutes of argon plasma exposure, When
the oxygen plasma is used, the adhering material is completely removed after 40
minutes of exposure. This implies that the weight loss is due to the breakdown of
small molecules on the fiber surface which eventually vaporize inside the exposure
chamber. This is mainly attributed to the creation of micro porés resulting in the

reduction of fiber diameter [277].

Apart from the fiber pitting and etching, with reference to the bottom carbon
adhesive tape, fiber contraction also occurs during the plasma treatment as the
exposure time is increased. The cross-marking between the fiber and carbon
adhesive tape is changed with the exposure time. When compared to the
micrographs of 60 minutes plasma treated fibers (Figure 4.9a), the creasing mark
under the fibers becomes more obvious. However, this occurs only to the portion
under the fiber while the rest of the carbon tape remains in a straight condition. This
suggests that changes of crease marks originate from fiber contraction during the
treatment. If fiber contraction occurs during the plasma treatment, it will counter

balance the reduction of fiber fineness to a certain extent.
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4.3.1.2 Results from image processing technique

The ESEM micrographs of the same portion of the fiber surface were analyzed
further by the use of MATLAB Image Processing software. The samples selected
for this study included the untreated flax fiber, and the 200W oxygen plasma treated

fiber with exposure time of 10 minutes, 20 minutes and 40 minutes.

A monochrome picture 1s made up of numerous areas that differ in brightness. In
sampling a picture to produce a digital image, dism;ete brightness values are assigned
to each picture element or ‘pixel’. In MATLAB, the image is stored as a single
matrix. Normally, the intensity matrix contains double-precision values ranging
from 0.0 to 1.0, with each element of the matrix corresponding to an image pixel.
The elements in the intensity matrix represent various intensities or grey levels,
where the intensity 0.0 represents black and the intensity 1.0 represents ﬁllfintensity,
or white [233, 264]. In this study, the intensity images are named as indexed images
with an implied gray scale colormap having a length of 256. Similarly, the intensity

0 represents black and the intensity 256 represents full intensity or white.

In Figure 4.11a, the images in the left column are the original ESEM images
obtained while those in the second column are the images selected from the original
image for image processing. The latter cut images each consists of 512 x 512pixels.
The 512 x 512 pixels image was used as an input file and the data points were
selected in alternative ro;:vs and columns in order to produce an 256 x 256 pixels
indexed matrix. The choice of these sizes was determined mainly by the

computation time, and it seemed to be quite suitable for this analysis [265].
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Figure 4.11a: ESE miro
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Figure 4.11b: Surface feature of oxygen treated flax fiber
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In Figure 4.11b, the first column shows the intensity plots of data points of the
indexed matrix. The x-axis of the plot of t.he indexed matrix represents the data
point along the width of the fiber while the y-axis of the plot represents the length of
the fiber along the fiber axis. The size of this cut part is around 20pm x 20um. The
z-axis represents the intensity range of the fiber surface which reflects the surface
roughness or the surface profile of the fiber. From the plots, it can be found that the
surface profile of the flax fiber has changed with the increase of the treatment time.
The plane of x = 0 or y = 0 shows the respective 2-di1-nensional profiles of the

surface pitted pattern.

The ESEM micrographs illustrate the changes from relatively flat to a rougher
surface as the plasma exposure time is increased. The depth and width of the pits
seem to increase with the exposure time from sub-micrometer to micromet::r in size.
With the consideration of the vertical sensitivity of electron microscopy (only over
5% of variation in flux of secondary electron can show the difference in contrast)
[192], it is still reasonable to represent the fiber surface profile by using a range of

data points with different levels of intensity in each micrograph. Therefore, the data

are further analyzed by using the Fast Fourier Transform (FFT) technique.

The FFT has been used as an efficient computational tool in a wide range of
applications. FFT converts the image into a two-dimensional complex function
(magnitude and phase) in a frequency domain. A power spectrum image can be
derived from the FFT function, in which different components will inevitably be
separated by their spatial frequencies. A periodic structure in the image will result in

a peak (a high magnitude area) in the power spectrum, whose value and location
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reveal the periodicity and directionality of the periodic structure. The Fourier
transform provides the link between a waveform in the time (or spatial) domain and
its spectrum in the frequency domain. Since locating peaks in the power spectrum is
relatively easy, thus the power spectrum is a very useful resource for identifying the

periodic structure of an image [265, 269].

The centered power spectra of the images are shown in the right column of the
Figure 4.11b. The power at the origin indicates the so-called direct component (DC)
reflecting the average brightness of the original image and the power values at other
locations show frequency terms. Points on the same radius from the origin represent
the same frequency term spreading in different directions. Points at a region near the
origin represent low-frequency terms that provide the overall structure of the image,
while points at a region far from the origin represent high-frequency terms. Since
frequency terms can be readily isolated in a power spectrum, the spectrum is
particularly useful for identifying periodic structure [269]. If the periodic structure
has a dominant orientation angle, the power spectrum will exhibit a line distribution

which is perpendicular to the orientation line of the structure [23].

The power spectrum shows that the surface of the untreated flax fiber with a
dominant surface feature has an orientation angle of 5° or so. For the flax fiber
treated for 10 minutes, its surface features are relatively random as shown by the
FFT diagram. The FFT diagram shows that most of the intensities are concentrated
near the origin, which represent low-frequency terms by providing the overall

structure of the image.
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For the 20 minutes treatment, thé fiber surface has a dominant effect with an obvious
pattern line can be found. This indicates that a relatively high frequency of surface
pattern appears on the fiber surface with an orientation angle of approximately 75-
80°. For 40 minutes, the surface features are changed into a more random pattern
and lose the high frequency terms. By means of the FFT technique, the surface

features of the plasma treated fiber can be described.

4.3.1.3 Fiber diameter reduction and fabric weight loss
The diameter of the fiber is also reduced after the plasma treatment. Figure 4.12
plots both the fabric weight loss and fiber diameter reduction against the plasma

exposure time.

15

_.
¥
%

Diameter reduction /
weight loss (%)

0 : :
0 20 40 60
Plasma exposure time (min)

Figure 4.12: Percentage of weight loss and diameter reduction caused by oxygen and argon
plasma at various exposure times (15Pa and 200W) (@) Untreated sample,
(#) fiber diameter reduction caused by oxygen plasma,
() fiber diameter reduction caused by argon plasma,
(m) fabric weight loss caused by oxygen plasma,
(O) fabric weight loss caused by argon plasma.

In the case of oxygen plasma, the weight loss increases with the treatment time

linearly. The oxygen plasma brought about a much higher weight loss (10.3%) than
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the argon plasma (1.7%) under the same conditions (60 minutes). The measured
results obtained from 15 different fibers show that the reduction in fiber diameter
ranges from 2.6% to 11.4% for the oxygen plasma treated sample and 1.3% to 3.3%
for the argon plasma treated sample with the accumulated exposure time ranging

from 2.5 minutes up to 60 minutes.

Cracks and micro-pores start to appear on the surface of the sample which has 6.2%
reduction in diameter after 10 minutes of exposure of oxygen plasma. The voids and
cracks become more pronounced as‘ the exposure time is increased. The enlarged
cracks at 40 and 60 minutes (corresponding to 8.3% and 11.4% reduction in diameter
respectively) are similar to an empty corncob and perpendicular to the fiber axis
(Figure 4.11a). Owing to the relatively slow rate of physical etching introduced by
the argon plasma samples, the lower reduction levels of diameter (ranging from 1.3%

to 3.3%) are obtained.

From the results obtained, the percentages of fabric weight loss are always lower
than the fiber diameter reduction. However, the weight of the fiber should be
proportional to the square of the fiber diameter, so that the fabric weight loss should
be much higher than the fiber diameter reduction. When referring to the
measurement methods, the value of fabric weight loss was obtained from comparing
the fabric weight before and after the plasma treatment while the fiber diameter was
obtained from the direct measurement of fiber diameter on the ESEM micrograph.
As plasma treatment is mainly acting on the fabric surface, therefore, the reduction

of fiber diameter may not take place on every fiber of the fabric. Hence, this is the
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on possible reason why the fabric weight loss values are always lower than the fiber

diameter reduction under the same exposure conditions.

4.3.1.4 Comparison with SEM micrographs

Figures 4.13 and 4.14 show the SEM micrographs of the plasma treated linen
obtained under pre-determined and accumulated exposure. In Figure 4.13, the
samples were treated under oxygen or argon plasma at various pre-determined
exposure times, i.e., 2.5, 5, 10, 20, 40, 60 minutes as described in Section 3.3.2.2. In
Figure 4.14, the samples were treafed by accumulating oxygen or argon plasma
exposure as described in Section 4.2.1. The objective of this surface morphological
comparison is to determine the effect of plasma treatment under predetermined

exposure and accumulated exposure.

When comparing the surface morphology obtained by the pre-determined and
accumulated exposure under oxygen plasma, the micrographs obtained show similar
surface features. However, the surface appearance of the argon plasma treated
sample exhibits different extents of etching between two types of exposure
conditions. Since the etching effect for the accumulated exposed sample shows a
-deeper etching than the pre-determined exposed sample, thus this implies that the

effectiveness of argon physical etching can be enhanced by intermediate exposure.
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Figure 4.13: SEM micrographs of flax fiber etched by oxygen and argon lasma
{pre-determined etching)
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Figure 4.14: SEM micrographs of flax fiber etched by oxygen and argon plasma
(accumulative etching)
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In order to confirm the observation by ESEM was real and reproducible, the 60
minutes (accumulated) treated samples were further studied by SEM. The micro-
pores in Figure 4.15 are much clearer than those obtained from ESEM in Figures 4.9
and 4.10. However, ESEM provides sufficient details on the surface features of the
plasma treated samples.

Oxygen plasma
treated fiber

Argon plasma
treated fiber

[ r - w1 0

Figure 4.15: SEM micrographs of flax fiber etched by oxygen and argon plasma after the
accumulation of 60 minutes exposure

4.3.2 Effect of Plasma Treatment on the Surface Topography of Flax Fibers
Studied by AFM

4.3.2.1 Surface features

AFM images of the untreated, argon and oxygen plasma treated (both under the

exposure conditions of 15Pa, 200W for 60 minutes) flax fiber are shown in Figure

4.16. As previously discussed in Section 3.3.2.2 and Section 4.3.1.1, the surface of

the untreated flax fiber always consists of residual material. When comparing to the

plasma treated flax fiber, the surface of the untreated fibers is relatively flatter and

associated with distinguishable residual materials. The results obtained are

consistent with the FeSEM images in Appendix 4-L
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Figure 4.16a: AFM micrographs of untreated flax fiber
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Argon plasma treated flax fiber
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Figure 4.16b: AFM micrographs of argon plasma treated flax fiber (200W, 60 minutes)
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Oxygen plasma treated flax fiber
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Figure 4.16c: AFM micrographs of oxygen plasma treated flax fiber (200W, 60 minutes)
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The argon plasma has selectively attacked less resistant areas on the fiber surface,
leaving a network of pitted areas of around micrometers in diameter. They appear to
have elongated shape. Large pits appear to have depths of 200nm-400nm with the
diameter ranging from 500nm-2000nm. The smaller features can be seen
superimposed on these larger features. They are typically 50nm-150nm in depth and

generally less than 100nm in diameter.

The surface of the oxygen plasma treated flax fiber is very rough.. The random
images show more variability and .a high level of surface degradation in surface
structures. The features between the pits appear to be broader and the details that
can be seen here are not visible in the argon treated plasma flax fiber. Larger pits
éppear to have the depths of 1000nm-2000nm with the diameter ranging from
1500nm-2500nm. Smaller features are seen less frequently than for the arg;)n treated

flax fiber and are typically 200nm-500nm in depth and generally 250nm-500nm in

diameter.

. 4.3.2.2 Surface roughness

- Fiber surface roughness can be determined by the measurement of the pit sizes. Root
Mean Square (RMS) roughness was calculated to highlight the change in the surface
due to treatments. Table 4.2 shows the results from ten flattened images. Surface
roughness measurements indicate an increasing level of damage from the control to
the argon plasma treated flax fiber to the oxygen plasma treated flax fiber. The RMS
value was increased from 40.9 of untreated sample to 98.0 of argon and 308.4 of

oxygen plasma treated fiber.
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Table 4.2: Root Mean Square (RMS) Roughness of untreated, argon and oxygen plasma
treated flax fiber surface

Untreated Argon plasma Oxygen plasma
flax fiber treated flax fiber treated flax fiber
47.2 79.1 412.4
204 1354 392.6
443 84.8 177.6
51.1 90.4 207.0
81.2 90.7 3033
36.1 85.4 345.8
19.0 101.8 260.5
449 105.5 267.8
353 814 391.8
29.4 125.2 3253
Average (nm) 40.9 : 98.0 308.4
S. D. (nm) 17.9 19.1 80.2
C. V(%) 43.8 19.5 26.0

44  CONCLUSION

ESEM has been used to study the time-series fiber surface appearance undgr plasma
exposure. As the exposure time is increased, the depths as well as the size of the
micro-pores etched by the plasma are increased. FFT has been used to quantify the
periodic surface features of plasma treated fibers. The reduction in fiber diameter
' has been measured from the ESEM micrographs of the accumulated treated fiber.
The results show that the oxygen plasma possesses more severe effects. Fiber
- contraction has been observed during the plasma treatment. The dominant weight
" loss during plasma treatment was mainly attributed to the surface etching of the
fibers on the fabric surface. When comparing with the SEM micrographs, the ESEM
micrographs show a good correlation without obscuring the surface details of the

. fibers.

AFM measures the depth of etching pits induced by the argon and oxygen plasma.

For a relatively smoother surface of an untreated flax fiber, the argon plasma creates
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pits with the sizes (both depth and diameter) mainly in the sub-micrometer range
while the oxygen plasma creates pits with the sizes of the order of a few micrometers
on the flax fiber surface. Moreover, the changes in surface roughness of the plasma

etched samples have been quantified by the RMS values.
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CHAPTER S

CRITICAL SURFACE TENSION AND WICKING OF LINEN
TREATED WITH LOW TEMPERATURE PLASMA

51 INTRODUCTION

Wetting is important for processing and performance of textiles. The comfort of
clothing made from the cellulosic fiber is closely associated with mbisture
absorbency. The hydrophilic properﬁes of cellulosic fibers also have great industrial
importance for many processes, €.g., scouring, dyeing and finishing. In addition, the
fiber mechanical properties vary with the moisture content. Wettability can be
valuable for characterization of fiber surfaces, transportation of liquid, interaction of
fibers with liquids and surfactants as well as adhesion with polymers./ Various

wetting tests have been devised to obtain information on wettability, absorbency,

repellency, resistance and moisture transport [106, 163, 170].

Wetting is a dynamic process, it is the displacement of a solid-air (vapor) interface
with a solid-liquid interface. To move in a fibrous medium, a liquid must wet the
fiber surfaces before being transported through the inter-fiber pores by means of the
capillary action. The fiber-liquid surface attraction force which causes the liquid to
wet the fibers is determined by fiber surface properties and liquid properties. The
manner in which the liquid is transported through the pores depends on the capillary
forces present in the pore structures of the medium. Capillary action is governed by
the properties of liquid, fiber surface wetting characteristics and geometric

configurations of the porous medium [123].
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Wetting and wicking are two related processes. A liquid that does not wet fibers
cannot wick into a fabric. Wicking can only occur wﬁen fibers assembled with
capillary spaces between them are wetted by a liquid. The resultant capillary forces
drive the liquid into the capillary spaces. Fiber wettability is therefore a prerequisite
for the occurrence of wicking [145]. Wetting of a fibrous assembly, e.g., a fabric, is
a complex process. Various wetting mechanisms such as spreading, immersion,
adhesion, and capillary penetration may operate simultaneously. Wickability
describes the ability to sustain capillgrj,r flow whereas wettability describes the initial

behavior of a fabric, yarn or fiber in contact with liquid [86-87, 104, 145].

The wetting and wicking behavior of fabrics reflect the absorption of sweat from
individual droplets on the skin surface or from localized regions of high sweat gland
population density or restricted evaporation, e.g., underarms region. /It is an
important aspect to clothing éomfort. If the perspiration can spread and distribute

over a large surface area quickly, the evaporative moisture loss will be increased thus

helping to keep the skin dry and comfortable [104].

The interactions between fiber assemblies (yamns or fabrics) and liquids depend on
the chemical nature of the fiber surface, the geometry of fiber assemblies including
the pore size distributions, fiber diameter and surface roughness, and the liquid
properties such as surface tension, viscosity and density [40-41, 123-124, 145, 163,
240]1. In the case of a fibrous material such as woven or non-woven structure, the
fiber surface properties and pore structure of the material are the main determinants

of its liquid wetting and wicking properties [166-167, 174, 199, 201]. Changing
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fiber chemical compositions in a fibrous material can alter its overall surface wetting

behavior [124].

Plasma treatment is one of the methods available to improve the wettability of
surfaces by the introduction of polar groups onto the fiber surfaces, thereby
increasing the rate of water uptake and making it more water absorbent [17, 70, 93,
136-137, 154, 231, 244, 250]. Besides, fiber surfaces are etched away with the
corresponding changes in fiber diameter and surface roughness, thus alteration of
fabric pore structure is expected especially with increased severity of plasma
exposure. In this manner, modification of fabric wetting and wicking properties will
be expected. In this chapier, further work on the wetting and wicking properties of

the plasma treated linen will be reported.

5.1.1 Measurement of Critical Surface Tension by Contact Angle Method

Atoms and molecules located on or at a surface experience a different environment
when compared with those in the bulk of the structure. In the bulk, a molecule is
attracted equally in ali directions by its neighboring molecules. The surface
molecules, which are subjected to intermolecular attraction from one side only, tend
to leave the surface region anci return to the bulk until a pressure gradient caused by
the concentration gradient is set up to stop further migration of the surface
molecules. At the equilibrium state, the lower density in the surfaée layer increases
the intermolecular distance, putting it in a state of tension. Thus surface tension is a

direct measurement of intermolecular forces at the surface [40].
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When a drop of liquid is placed on a solid surface, the surface tension of the liquid is
farger than the surface tension of the solid, thus making a definite angle of contact
between the liquid and the solid phases. When the same liquid is placed on the
surfaces of increasing surface tension, the contact angle is decreased correspondingly
as shown in Figure 5.1. Finally, total wetting (8 = 0°) occurs if the surface tension of

the liquid is equal to or smaller than the surface tension of the solid [40].

Good wetting _ Poor wetting
< Contact angle 6 decreases

Figure 5.1: Small and large contact angles represent good and poor wetting respectively [40]

The contact angle shown in Figure 5.2 is governed by the force balance at the three-
phase boundary and is defined by Young’s equation:

Tiv COSO= Ysy - sl
where yyy 1s the surface tension of the liquid in equilibrium with its saturated vapor,
Ysv 1s the surface tension of the solid in equilibrium with the saturated vapor of the
liquid, vq is the interfacial tension between the solid and the liquid. © is the
equilibrium contact angle. The term v, cos 6 has been called  adhesion tension’ or

‘specific wettability’ [40, 145].
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Solid

Figure 5.2: Schematic diagram of contact angle between a drop of liquid
and a solid surface [40]

Although the equation is valid only for a droplet resting at equilibrium on a smooth,
homogeneous, impermeable and non-deformable surface, the equation has been
widely used to explain wetting and wicking phenomena [40]. For a system satisfying
all these conditions, there is one equilibrium contact angle. However, these

conditions are seldom completely met for practical systems.

Contact angle has been used to study the wetting and wicking processes. Although
the contact angle is a very useful tool for surface characterization, however, it is not
the main cause of wetting but a consequence of it. The contact angle depends on
three interfacial tensions ¥y, Ysv and ys. If yey is larger than vy, cos 0 and is positive
and the contact angle must be between 0° to 90°. If v,y is smaller than vy, the contac-t
angle must be between 90° to 180°. The contact angle will decrease whereas cos 0
will increase with increasing wettability. Complete wetting implies a zero contact
angle, but equating © = 0° may lead to and incorrect conclusion. It is better to

visualize that when the contact angle approaches zero, wettability has its maximum

limit [145, 171].
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Contact angle measurements have been used extensively for studying changes in
polymer surface composition caused by various surface treatments. In many studies
concerning the surface modification of polymers, water and solvents are used as the
te;ting liquid. The changes in the chemical composition of polymer surfaces can be
quantified in terms of water / solvent droplet penetration time (wetting time) [4, 26,
117, 127, 173, 209, 211-212 240, 252, 256, 268] or the contact angle [34-35, 78, 83,
98, 117, 127, 129, 139-140, 157, 173, 191, 210-212, 213-214, 235, 240, 246, 252,

254, 256, 259, 278, 280, 282].

Currently, there are no direct, reliable methods for determining surface tension or
surface energy of solids. However, a number of indirect methods have been
developed based on contact angle measurement [40-41, 89-90, 107, 145, 163, 171,
181, 246]. Contact angle and absorption by imaging the drops of liqlll-id on the
surface as a function of time, and monitoring the change in shape of the drop profile
can be used to quantify the wettability of a material. Various approaches and
applications developed include the determination of the critical surface tension Y. by
means of Zisman’s plot [210, 252, 254, 256, 282], Wu’s equation [210, 214],

Fowkes’s theory and the extended Fowkes equation {211, 252, 254], Kaelble’s

methods [127, 129] and Wilhelmy techniques [117, 121-125, 169, 202-203, 278].

Zisman and co-workers measured the advancing contact ‘angles of a homologous
series of liquids on a solid and plotted cos € values against the surface tension of the
liquids. The lines extrapolated approximately to the same Yy value at cos 0 =I.

Zisman named this yi, value the critical surface tension of the solid and proposed that
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only those liquids having surface tensions below this value could spread on the solid
[282]. Although the critical surface tension is an empirical concept with several
deficiencies and limitations, its data are very useful for evaluating the wettability of
fibers and developing products such as water- and oil-repellent finishes for textiles

and paper [124, 145, 169, 171, 259].

5.1.2 Measurement of Water Uptake by Downward Wicking Method

The interaction of liquids with textiles may involve several physical phenomena, i.e.,
wetting of a fiber surface, transport of liquid into an assembly of fibers, adsorption
on the fiber surface and diffusion of liquid into the interior of fibers [145]. Liquid
that penetrates into a fabric can be taken up into two sites. The first site is the
capillary space between the fibers while the second site is inside the fiber \yhere the
absorption will take place [69]. Liquid retention is governed by the pore structures

as well as the wetting propeities of substrate {121].

For a theoretical treatment of capillary flow, the fibrous assemblies are usually
regarded as consisting of a number of parallel capillaries. The advancement of a
liquid front in a capillary can be visualized as occurring in small jumps. The
advancing wetting line in a single capillary stretches the meniscus of liquid until the
extensibility of meniscus and the inertia of flow are exceeded. The meniscus
contracts, pulling more liquid into the capillary to restore the equilibrium state of

meniscus [145].

The magnitude of the capillary pressure P, is described by the Laplace equation as

applied in idealized capillary tube as follows [8, 41-42]:
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T
where 7 is the surface tension of the liquid,
cos 0 is the contact angle at the liquid / solid / air interface,

t is the capillary radius.

From the equation, the capillary pressure is inversely related to the capillary radius.
Since the capillary spaces in a fabric are not uniform, the effective capillary radius is
used instead of the radius r. Moreover, the fibers with a small contact angle will

have a large capillary pressure to drive liquid movement [86, 107, 145].

In any fibrous structure of woven, non-woven or knitted fabrics, a distribution of
pore sizes along any planar direction is expected. Wicking rate and liquid
transported in a fabric depend on its pore sizes and pore size distribution. The
capillary principle dictates that smaller pores are filled first and responsible for liquid
front movement. As the smaller pores are completely filled, the liquid then moves to
the larger pores [125]. The sizes and shapes of fibers as well as their alignment will
influence the geometric configurations and topology of the interfiber spaces or pores,
which are the channels that have wide shape and size distributions and may or may
not be interconnected {121, 123-124]. The shape of fibers in an assembly affects the
size and geometry of the capillary spaces between fibers and consequently the rate of
wicking. The flow in a capillary may stop when geometric irregularities allow the

meniscus to reach an edge and flatten [145].
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Optimal absorbent performance, whether measured by the travel distance of liquid
spreading or total liquid retention, can be achieved by controlling the pore sizes and
their distribution. The distange of liquid advancement is greater in a smaller pore
because of the higher capillary pressure but the mass of liquid retained in this pore is
also small. Larger liquid mass can be retained in larger pores but the distance of
liquid advancement is limited. Therefore, fast liquid spreading in fibrous materials is
facilitated with small, uniformly distributed and interconnected pores, whereas high
liquid retention can be achieved by having a large number of large pores or a high

total pore volume [123].

Changing fiber chemical compositions in a fibrous material can alter its overall
surface wetting behavior because each fiber type has distinct wetting and surface
properties [121, 124]. Wetting can be enhanced by increasing the surface polar
groups after the plasma treatment. The increased surface tension is apparently due to
oxygen incorporation {256]. Introduction of oxygen elements to fiber surface in the
form of —OH, C=0 and —~COOH can increase the hydrophilicity [214]. Hydrophilic
properties of the surface during fabric printing, for example, are related not only to
the wetting of colour paste on the fiber surface but also to its penetration into the

fiber assembly in the padding process.

On the basis of the relative amount of liquid involved and the mode of liquid-fabric
contact, the wicking processes can be divided into two groups namely wicking from
an infinite liquid reservoir (immersion, transplanar wicking and longitudinal
wicking), and wicking from a finite (limited) liquid reservoir (a single drop wicking
into a fabric) [104, 145]. It is a common practice to use in-plane wicking
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measurements to evaluate the absorbing power or liquid transport capabilities of
fibrous sheet materials [18, 69, 73, 86-87, 104, 130, 145‘, 203]. Most versions of the
test methods used for this purpose start out by dipping one end of a sheet into liquid
and monitoring the subsequent upward movement into the sheet, either by following
the position of the liquid front or by gravimetric or volumetric changes. If the
upward distance traveled by the liquid becomes long enough, there will be a
noticeable effect of gravity on the flow rate. The equilibrium will happen when the
capillary action is balanced by gravity, that is, by the weight of raised liquid [41,
145, 163, 165]. Moreover, water uptake in a vertically hung cotton fabric shows a
gradient disiribution pattern with a saturated zone near the water-fabric interface
followed by diffused and steadily distributed zones [121].

During the vertical upward wicking, gravity affects the unsteady-state flow of liquid.
At the onset of absorption in a vertical capillary system, the absorbed liquid is
relatively close to the liquid source, the effect of gravity can be neglected at this
situation. However, after a longer period of time {or upward wicking distance),
gravity plays an increasingly important role [41]. In 1996, Miller er. al [165]
theoretically considered the case where the liquid path was downward. Downward
wicking differs from its upward counterpart in several significant ways. The
equations describing these two processes have somewhat different forms, and both
theory and experiment indicate that downward wicking can produce an essentially
constant feed rate over a very long time period or length of travel. In contrast, water
uptake rates decrease continuously with time or length. Downward wicking rates

become more constant than upward rates as the process continues.
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For upward direction [165]:

where L is the height of rise at any time,
Le is the height of the liquid column that would produce the equivalence of
the capillary pressure,
p 1s the liquid density,
g is the gravitational constant,
K is the effective mean cross sectional area (i.e., permeability),
7 is the liquid viscosity,

t is the wicking time.

- For downward direction [165]:

C+L K
L+aﬂ—C)M[ il }—‘g {

Lo+L] 7
where Lo is the initial upward wicking length before downward wicking,

L 1s the downward wicking length,

C is a constant (equal to L.c — Lo cosp).

It has been shown that the capillary pressure and the permeability of the fabric are
important in determining the liquid movement inside the fabric structure [165]. The
fabric water uptake is governed by the interfacial tension and wettability of the
fibers, fabric properties, the effective pore size and capillary dimensions (i.e.,

permeability and effective mean cross sectional area), and liquid properties (i.e., the
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surface tension and viscosity [121, 145, 168]. The variations of fabric wicking
properties brought about by plasma treatment can be interpreted as the results of the
changes in the fiber surface chemical composition (surface tension and water contact
angle), fiber surface geometry (roughness and dimension) and capillary geometry

(dimension) of the fibrous assembly.

Surface chemical composition greatly affects the interaction of liquids and textiles as
stated above. Hydrophilization with the incorporation of polar groups on the fiber
surface could improve the fiber wettability. XPS analysis showed that the oxygen
content was increased dramatically after plasma treatment as discussed in Section
3.3.2.1. The permeability of fabric structure is related by the structural and
geometrical factors such as the capillary geometry of the fibrous assembly,' porosity,
fiber shape, fiber surface roughness and dimensions. The plasma modification of
fiber surface causes the progressively increased reduction in fabric weight (Section
3.3.1.3) and fiber diaméter with the treatment time (Section 4.3.1.3). Moreover, the
increment of surface area and roughness were shown by the SEM, ESEM and AFM
observation in Chapter 3 and Chapter 4. Under such modification, the changes of
capillary pressure would be expected. The effect of liquid properties will not be
considered in this study because only distilled water was used for all the experiments

related to wicking.

Fiber swelling due to the sorption of liquid may reduce the capillary spaces between
fibers [145]. As wicking proceeds in a fibrous structure, water continuously diffuses
into fibers resulting in a continuous change of the dimensions of wet capillaries. The

structure as a whole may expand or collapse resulting in changes in the capillary
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radius of the system. To various extents, all natural fibers swell in water and the
swelling is always as a function of time. Therefore, the average radius of the
capillaries present in the system is never a constant factor [41, 200]. It has been
shown previously that flax fiber does not increase in size or shape as a result of
mercerization treatment [43-44]. In this study, it is assumed that both untreated and
plasma treated fibers will behave similarly and have much lower swelling tendency
(no increase in size or shape as a result of mercerization treatment), therefore, the

effect brought about by the plasma treatment will not be considered for discussion.

Irregular shapes and sizes of fibers can contribute to the variations in single fiber
wetting. Wetting properties can be obtained more conveniently with simpler and
easier handling from fabrics than from single fiber measurement. It has been
demonstrated that the surface wetting characteristic of any fabric containiﬂé a single
ﬁbér type is the same as that of its constituent single fibers. Wetting characteristics
are not affected by fabric factors such as length, fabric-water interface depth and
direction. The variation of fiber dimensions will affect the determination of changes
in fabric wetting properties following plasma by the following plasma treatment.
Since fabric measurements represent the collective effects of all fibers, then they
encompasse all fiber variations. In addition, measurement in fabric form offers the
advantage of simultaneous detection of dynamic liquid transport and retention

information [122-123, 125].

Hence, the objectives of the present chapter are to illustrate the weiting and wicking
properties of linen fabrics treated under different plasma conditions. The contact

angles of various solutions on the fabric surface will be measured for the
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determination of critical surface tension by means of Zisman’s plot. Afterwards, an
experimental set-up and testing procedures will be developed for studying the fabric
downward wicking. The abilities of water upward and a downward wicking of

plasma treated linen will be compared experimentally.

5.2 EXPERIMENTAL DETAILS

5.2.1 Critical Surface Tension

5.2.1.1 Sample preparation

Scoured and semi-bleached linen fabrics used in this experiment were obtained from
the same batch as specified in Section 3.2.1. Plasma treatments were conducted
under the conditions as described in Section 3.2.1. Linen materials were exposed to
oxygen or argon plasma at a pressure of 15Pa, discharge powers of 100W and 200W
for the exposure time of 5 minutes. The treated fabric sample was removec; from the
chamber and then conditioned under the standard condition (65% RH and 21°C) for

24 hours before characterization.

5.2.1.2 Contact angle measurement

The equipment used was the Contact Angle Micrometer (Tantec Inc.) which was
c;:)nnected to an Electro-microscope (U-TEXT UT-901) and a VHS Video Cassette
Recorder (JVC HR-J747MS). The purpose of the experimental set-up was to
capture, magnify and record the irﬁage,' and then view it through a TV and a
computer monitor. The image capturing was obtained by a capture board and the

Leica EWS 2100 software. The experimental set-up is shown in Figure 5.3.
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Protractor~J

Contact Sample
Angle
Micrometer
__Electro-
microscope for
capturing the
Projected image

on the protractor

TV monitor and
VHS Video
Cassette
Recorder

e
Figure 5.3: Experimental set-up of contact angle measurement
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After a liquid drop is placed on the fabric surface, the timing of the experimental
measurement is important. The contact angle was measured from the images. at
0.125s (3 x 1/24s) after the drop was placed on the surface [117, 119] as shown in
Figure 5.4. The value reported was the average of 20 drops of each solution. The
droplet size was 1l and the distance between the syringe and sample was 0.5cm.
Six types of solution were used including distilled water (71.99mN/m), sucrose
solutions of 10% (72.50mN/m), 20% (73.00mN/m), 30% (73.40mN/m), 40%

(74.10mN/m) and 55% (75.70mN/m) concentration [26, 68].

sl . - . i o

Figure 5.4: Pictures of contact angle measurement

Tantec’s Half-Angle method was used for determining contact angles measured from
the droplet dimensions and based on the formula [131]:

6 = 2 x arc tan (H/R)
where 6 is the contact angle, |

H is the height of a droplet, and

R is the radius of droplet’s base as shown in Figure 5.5.

It becomes apparent from this formula that the angle between a line connecting the

contact point C with the apex A of the droplet and the base line CO itself actually is a

145



CHAPTER 5: CRITICAL SURFACE TENSION AND WICKING OF LINEN TREATED WITH LOW
TEMPERATURE PLASMA

half of the contact angle. This Half-Angle, 0/2, can be easily determined and used for

further calculation.

c 9 R 0

Figure 5.5: Contact angle determination using Half-Angle measuring method

5.2.2 Water Uptake

5.2.2.1 Sample preparation

Scoured and semi-bleached linen fabrics used in this experiment were the same batch
as specified in Section 3.2.1. Plasma treatments were conducted under the
conditions as described in Section 3.2.1. Linen materials were exposed to oxygen or
argon plasma at a pressure of 15 Pa, discharge powers of 100W and 200W for the
exposure time of 2.5, 5, 10, 20, 40 and 60 minutes respectively. The treated fabric

-sample was removed from the chamber and then conditioned under the standard

condition (65% RH and 21°C) for 24 hours before characterization.

Effect of washing on the plasma treated linen was also studied. The fabric sample
was washed according to AATCC Test Method 61-1994 Colorfastness to
Laundering, Home and Commercial: Accelerated [2]. Sample was washed based on
the Test Method 61-IA with 0.5% of non-ionic detergent and 10 stainless steel balls
at 40°C for 45 minutes in a Launder-Orﬁeter. The washed sample was rinsed with

distilled water for 5 minutes and then spin dried for 5 minutes to remove excessive
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water. A warm iron was applied to remove the wrinkles and then the sample was air

dried under the standard conditions for 24 hours before characterization.

5.2.2.2 Upward and downward wicking measurements

For the upward experiment, a strip of fabric sample with the width of 2.5cm and
13cm long, a graduated scale with 1cm markings by a water-soluble pen was lowered
mto the distilled water as shown in Figure 5.6. Depth of fabric immersion in the
reservoir was 20mm. The time required for the water to rise along each mark was
recorded. The experiment would be terminated when the distance of water traveled
arrived 12cm or the measuring time exceeded 2 hours. The distance of water
traveled along the fabric as a function of time was determined.

Fabric sample:
Width - 2.5¢cm -+

—+— [ | Upward wicking
- 10cm

Upward wicking
- S5cm

2em —i

Figure 5.6: Experimental setting for water uptake measurement
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For the downward wicking experiment, a strip of fabric sample with the width of
2.5cm and 20cm long, a graduated scale with 1cm markings by a water-soluble pen
was passed over a glass rod in order to turn the direction as shown in Figure 5.7.
Afterwards, the distilled water was added to the tank and the wicking time was
commenced. The time required for the water to drop along each mark from the top
of the glass rod was recorded. The experiment would be terminated when the
distance of water traveled 12cm or the measuring time exceeded 2 hours. This
experiment set-up can therefore be used to determine the distance of water traveled

along the fabric as a function of time. The photographs of the experimental set-up

are shown in Figure 5.8.

Glass rod

Weight and ruler

Fabric sample:
Width - 2.5cm

Clamp (0.5g)

2cm

_/

Downward wicking
- 5cm

Downward wicking
- 10cm

Figure 5.7: Experimental setting for downward wicking measurement
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Figre 5.8: Photdgrraltah‘s“ of éXperlmehtal setting for downward wicking measurement

All the above measurements were carried out under the standard condition. The
paired comparison f-test was used to determine whether any statistical significant

difference occurred with a confidence limit of 95%.

For both upward and downward wicking measurements, the following assumptions
and limitations are considered. First of all, the water-soluble pen was used for
marking the graduated scale on the fabric surface, therefore, it was assumed that the
water front travelling on the fabric surface was consistent with the interior as well as
the back of the fabric. Second, since the capillary spaces in a fabric are not uniform,
the liquid may not spread as a continuous front and also it may penetrate into some
capillaries before others. Therefore, the wicking distance was determined when the
marked graduate scale (middle of the fabric strip) started to burr. The mass of water

absorbed during the wicking process was not measured.

53 RESULTS AND DISCUSSIONS
5.3.1 Critical Surface Tension of Plasma Treated Linen
The critical surface tension was determined by plotting the cosine contact angles

against the surface tension of the liquids with known surface tension. By using the
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linear regression method, the intercept of the line at cos 8 = 1 is derived as the
critical surface tension y.. The plot of cos 8 versus yyy is known as the Zisman’s plot.

The experiment results are shown in Table 5.1 and Figures 5.9 - 5.11 respectively.

Table 5.1: Results of the contact angle measurement of the plasma treated linen

Surface tension of the solution (mN/m)

Distitled 10% 20% 30% 40% 55%  Critical
water SUCrose Sucrose sucrose sucrose sucrose surface
solution solution solution solution solution tension

Contact angle, °. 71.99 7250 73.00 7340 74.10 7570 (mN/m)
Untreated Linen 404 - 520 594 631 613 683 68.3
CV% 8.6 73 7.6 6.0 8.9 6.0

Oxygen plasma 100W, Smin., * * * * * 30.2 72.8
CV% 15.9

Oxygen plasma 200W, Smin.  * * * * 329 364 72.5
CV% 10.0 13.2

Argon plasma 100W, 5min.  31.7 395 481 457 447 460 65.0
CV% 15.2 14.0 9.7 121 10.3 9.8

Argon plasma 200W, Smin.  46.0 514 567 512 613 718 68.9
CV% 12.3 10.0 9.7 8.4 9.4 7.3

Note: * refers to the case where 9 =0

1.0
0.8 T ‘
06 ¢

Cos 8

04 }
02l R=0.88

0.0

60 65 70 75 80
Surface tension of Hquid (mN/m)

Untreated linen

1.0 Y 1.0
08 | 081 X
@ 06} D 061
Soat S o4t
021+ R=0.84 021 R=0.89
0.0 ; ; ; 0.0 . . ;
60 65 70 75 80 80 65 70 75 80
Surface tension of liquid (mN/m) Surface tension of liquid (mN/m)
Oxygen plasma (100W, Smin.) Oxygen plasma (200W, Smin.)
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0.0 t t t 0.0 + ; ;
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Surface tension of liquid (mN/m) Surface tension of liquid (mN/m)
Argon plasma (100W, Smin.) Argon plasma (200W, Smin.)

Figure 5.9: Plots of cos § of fabric surface contact angle against the surface tension of liquids.
The intercept of the line at cos 8 = 1 is the critical surface tension ¥,
Since the surface oxygen content was increased after the plasma treatment as
discussed in Section 3.3.2.1, the increased wettability was expected [214, 252, 254,
256]. Cellulose material has a large number of OH groups on the surface leading to a
higher surface tension and wettability [107, 200]. Surface chemical composition is
the most important factor affecting the fiber surface wettability because it determines
the surface bonding forces with liquid, i.e., dispersion forces, polar forces and H-
bonding [240]. It has been shown in Table 3.3 that both oxygen and argon plasma
treatment will introduce oxygen elements on the material fiber surfaces in the form
of -OH, C=0 and —COOH, thereby increasing the hydrophilicity [70, 124, 126, 140,

214, 256, 281].

From the results obtained, the contact angles of most plasma treated samples were
reduced as compared to the untreated sample. In particular, the oxygen plasma
treated sample exhibited zero contact angles when using the solutions of lower
surface tension. As a result, the critical surface tension was increased accordingly.
As refer to the definition of critical surface tension, it stated that only those liquids

having the surface tension below this value could spread on the solid surface. In the
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case of the sample treated by oxygen plasma at 100W for 5 minutes, the critical
surface tension value obtained is 72.8mN/m, however, the 40% and lower
concentration sucrose solutions with the surface tension of 74.1mN/m and below
could spread on the fabric surface as shown in Table 5.1. Similar wetting
phenomena occurred when 200W discharge power was used and this illustrated the
error of this method and its lack of ability to quantify the surface wetting properties.
In the case of the argon plasma treated sample having the lower discharge power of _
100W, the results showed that lower contact angle with respect to untreated linen
was obtained with a lower critical surface tension in contrary to expectation. The
data is scattered around the regression lines with the poor correlation of 0.62 as
shown in Figure 5.9. Again, a contradictory result was also obtained from the 200W
argon plasma treated sample in which some higher contact angles were )mcasured

with a higher critical surface tension.

Figure 5 .10 Absorption of distilled water on linen fabric under the observation of surface
contact angle with a time interval of 1/24 second
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Figure 5.11: Absorption of 55% sucrose solution on linen fabric under the bervtion of |
surface contact angle with a time interval of 1/24 second
The determination of critical surface tension by means of the Zisman’s plot has a few
problems.  First, the relationship between cos 6 and y, becomes extremely
curvilinear as 6 approached to zero [169, 171]. Second, the established experimental
technique is used for evaluating flat and isotropic surfaces. Stable equilibrium can
be obtained only when the surface is rigid, immobile, smooth, compositionally
homogenous, and there are no interactions between the liquid and solid surface [40].
Hence, the fabric surface wettability measured by such an approach can be erroneous

because of the inherent complexity and roughness of the surface.
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Increasing the roughness of fabric surfaces can promote wetting by decreasing the
apparent contact angle even when the intrinsic wettability of the fiber remains the
same. Under such conditions, the observation and measurement of contact angle,
when a droplet of liquid is placed on a horizontal textile fabric are difficult to
accomplish [122, 124, 145, 169, 171, 199, 259]. Moreover, the differences in fiber
diameter, stiffness and coefficient of friction inside the woven structure will lead to
appreciable differences in structure and pore size distribution [181]. Furthermore,
textile fabrics do not have ideal surface, thus the wetting phenomena will be

complicated by the surface roughness, heterogeneity and absorption of liquids [145].

However, the contact angle is sensitive to the chemical composition of the fiber
surface molecular layers and is a relatively simple and inexpensive tech{:}ique for
characterizing polymer surfaces. If two materials are compared using the same
wetting liquid, a difference in the contact angle will indicate which solid has a
greater attraction for the liquid. Therefore, changes in cosine 0 can only indicate the
relative difference [171]. In the case of comparisons between systems especially

when different liquids are involved, this can be extremely misleading.

The measurement results show that the critical surface tension may be not very
appropriate to quantify the surface wetting properties of the plasma treated linen.
However, the measured results show that the contact angle between the liquid and
fabric surface is reduced after the treatment. As a lower contact angle implies a
better wettability, it is necessary to use another approach to quantify the effect of

plasma treatment. Previous experiments in Section 3.3.2.4 confirmed that the fabric
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water uptake was significantly increased after the plasma treatment. Therefore,

further study of the wicking measurement [165] was conducted.

5.3.2 Water Uptake of Plasma Treated Linen

5.3.2.1 Comparison of upward and downward wicking measurements

The effects of oxygen and argon plasma on the water uptake of linen fabric have
been shown in Section 3.3.2.4. The water uptake of fabric was measured according
to the standard testing method and the results were calculated based on the height
and weight of distilled water wicked above the reservoir within 5 minutes of
measurement time. The highest increment of water uptake was achieved using the
oxygen plasma at 100W for 10 minutes and the argon plasma at 100W for 5 minutes.
However, the effect of gravity might affect the measurement of water upta_ke [165].
For this reason, a downward wicking experiment as described in Section 5.2,2.2, has

been set-up and the results are shown in Figure 5.12.
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Wicking time (5)
Figure 5.12: Experimental results of comparison between upward and downward wicking
(M) Untreated sample, upward, (8) Untreated sample, downward,

(#) Oxygen plasma 100W, upward, (¢) Oxygen plasma 100W, downward,
(@) Argon plasma 100W, upward, (®) Argon plasma 100W, downward.
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Three samples have been used to compare the effects of upward and downward
wicking, namely untreated linen, oxygen plasma treated linen (100W, 5 minutes) and
argon plasma treated linen (100W, 5 minutes). For upward wicking, it is obvious
that if the distance traveled by the liquid becomes long enoﬁgh, there will be a
noticeable effect of gravity on the flow rate leading to the reduction of uptake length.
For the downward wicking, it agrees.well with the prediction by Miller ef. al. that
_ after an initial deceleration, the rate of downward wicking should become essentially
constant. The wicking length becomes longer as the wicking time is increased. It
has been explained that the inhibiting effect of gravity is not acting to affect the
filling of different pores dimension, therefore, downward wicking can produce
essentially constant front movement rate over a long period of time or length of

travel [165].

Apart from the reduction of uptake rate, Figure 5.12 also shows the limitation of
upward measurement. In the previous eXperiment (Section 3.3.2.4), the length of
water travel within 5 minutes (300s) was measured where different fabrics would
appear to have the similar water uptakes. When observing a short travel distance or
wicking time, the upward measurement is unable to distinguish the water uptake of
different fabrics as they might exhibit similar wicking rates at the early stége.
Therefore, it i1s concluded that more accurate representation of fabric wicking

properties can be obtained by the downward water wicking measurement.

5.3.2.2 Downward wicking measurement of the plasma treated linen
The effects of plasma treatment on the downward wicking properties of linen fabric

are demonstrated in Figures 5.13 - 5.16.
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Figure 5.13: Effect of oxygen plasma treatment (100W, various exposure time) on the
downward wicking of linen
(&) Untreated sample, (#) 2.5 minutes, (A) 5 minutes, (X) 10 minutes,
(%) 20 minutes, (®) 40 minutes, ( | ) 60 minutes.
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Figure 5.14: Effect of oxygen plasma treatment (200W, various exposure time) on the
downward wicking of linen ‘
(&) Untreated sample, (¢) 2.5 minutes, (A) 5 minutes, (<) 10 minutes,
(%) 20 minutes, (@) 40 minutes, (|) 60 minutes.
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Figure 5.15: Effect of argon plasma treatment (100W, various exposure time) on the
downward wicking of linen
(8) Untreated sample, () 2.5 minutes, (A) 5 minutes, () 10 minutes,
(%) 20 minutes, (@) 40 minutes, (1) 60 minutes.
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Figure 5.16: Effect of argon plasma treatment (200W, various exposure time) on the
downward wicking of linen
() Untreated sample, (#) 2.5 minutes, (A) 5 minutes, (X) 10 minutes,
(%) 20 minutes, (@) 40 minutes, (1) 60 minutes.
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There is a significant difference between the effect of these two types of gas in most
of the cases. Oxygen plasma treatment at 100W leads to a higher increment of fabric
downward wicking. At 200W, it produces immediately an increment until 40
minutes of exposure, then the wicking length reduces. In the case of argon plasma, a
similar trend occurs when using 100W discharge power, the transit time for the
reversing trend being reduced to 20 minutes. The phenomenon of reduction becomes

much obvious when 200W is used, and the reversing point starts at 2.5 minutes.

Oxygen plasma with 100W discharge power shows the fastest downward wicking
rate among all the treated samples. There are no significant differences between the
samples with the exposure time ranging from 2.5 minutes to 60 minutes. Under
these treatment conditions, the result obtained is consistent with the increasefd surface
oxygen content, slight reduction of fiber diameter, creation of small pores and great

reduction of water contact angle as shown in Table 5.1.

Figure 5.14 shows the plot of wicking length against wicking time of oxygen plasma
treated samples using 200W discharge power. The wicking rates of all plasma
treated samples are faster than the untreated sample but lower than the sample treated
at 100W. The samples with 2.5 minutes and 60 minutes of ;3xposure time show

slightly lower wicking rates than the other treated samples.

Under the oxygen plasma exposure with a stronger discharge power (200W), the
fabric weight loss is much higher than the sample using lower discharge power
(100W). This implies that reduction of fiber diameter will be higher. Excessive

separation of fiber may occur when over 10% weight loss is achieved. As a result,
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the effective pore size present in the fabric structure may increase and adversely
reduce the capillary pressure. Moreover, the surface roughnesé induced by the higher
discharge power is more severe. From the AFM experiments described in Chapter 4,
the oxygen plasma treated sample (200W, 60 minutes) has a high surface roughness
as reflected by the RMS values. As the textile fabric is composed of rough and
irregular modified fibers, it will be more difficult to wet completely than those
composed of smooth fibers [180], thus the wicking length is reduced. For the 2.5
minutes treated sample, the reason for a lower wicking rate may be due to the lower

level of polar groups on the fiber surface as shown in Tables 3.2 and 3.3.

Figure 5.15 plots the wicking length against wicking time of argon plasma treated
samples using 100W discharge power. For a shorter exposure time ranging from 2.5
minutes to 20 minutes, the downward wicking rates are improved. However, a
prolonged exposure of 40 minutes or greater leads to the reduction of downward
wicking length. A similar phenomenon is also found when using 200W discharge
power. These findings agree with the higher water contact angle value as shown in

Table 5.1.

The surface chemical composition (related to the contact angle) and fiber surface
morphological and fabric geometrical configuration (related to the permeability and
effective capillary radius) p;lay a major role when considering the effects brought
about by the plasma treatment on the fabric wickability. For the argon plasma treated
sample, XPS results show that the oxygen content always increases with the
exposure time and discharge power. However, both the weight loss value and the

SEM micrographs confirm that the fabric density together with the fiber surface
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morphology do not change much with a short exposure time. Under such conditions,
the initial increase of surface oxygen may cause the increase in wicking length
(100W, 2.5 minutes to 40 minutes in Figure 5.15). On the contrary, a larger
increment of surface oxygen content without the modification of pore structure may
lead to the retention of water instead of transporting it through the porous structure,
thus the wicking length is reduced (100W, 40-60 minutes in Figure 5.15 and 200W,
5-60 minutes in Figure 5.16). In this situation, it may indicate that the water
retention ability can be improved by the argon plasma with a longer exposure time or

stronger discharge power.

Previous results in Chapter 3 showed that the fabric water uptake (upward wicking
length after 5 minutes and with the consideration of mass of water absorbed) was
nearly double after the plasma treatment. There was no significant difference
between oxygen plasma and argon plasma in most of the cases when using the same
discharge power level. However, higher fabric water uptake appeared to occur when
the discharge power was lower (100W). As the. exposure time is increased, the fabric

water uptake decrease.

By comparison, the results obtained from the downward wicking measurement are
different from fabric upward wicking in two aspects. First of all, the oxygen plasma
treated samples behave differently in the downward wicking when compared with
argon plasma treated samples. Since the water uptake value is the product of the
height and weight of water wicked above reservoir, therefore, a fabric with a higher
water retention capability and a shorter wicking length may have a water uptake

value similar to that of a fabric with a longer wicking length and a lower water
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retention capability. This suggests that the water uptake measurement is unable to

distinguish different plasma treated fabrics as described above.

Second, the fabric downward wicking length for the 100W oxygen plasma treated
samples does not decline as the exposure time is increased except a slight decline
occurred when the 200W discharge power was used. However, the argon plasma
treated samples show significant decrease in wicking length as the exposure time is
increased especially when 200W discharge power is used. This finding suggests that
the downward wicking measurement is more useful in quantifying the difference in

the wicking properties of different treated samples.

5.3.3 Effect of Washing

As the washing process might alter the surface properties and internal structure of
both untreated and plasma treated linen, so the effect of washing on the water
downward wickability was also studied. The samples investigated are the untreated,
oxygen plasma (100W, 5min) and argon plasma (100W, 5 minutes) treated samples,
and their results are shown in Figure 5.17. As expected, the removal of oxidized
components on the plasma treated samples causes the reduction of downward
wicking 1elngth after washing. However, the values are still higher than the untreated
sample. On the other hand, the removal of non-cellulosic material on the fabric
surface and perhaps the changes of fabric structure during the washing lead to the

improvement of downward wicking.
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Figure 5.17: Effect of washing on the downward wicking of linen
(&) Untreated sample, (J) Untreated sample after washing,
($) Oxygen plasma 100W, (0) Oxygen plasma after washing,
(@) Argon plasma 200W, (O) Argon plasma after washing.

5.4 CONCLUSION

Two' characterization techniques were used to determine the effect of plasma
treatment on the wetting and wicking properties of linen. The measurement of
contact angles was conducted and the critical surface tension was determined by
using the Zisman’s plots. The measured results showed that the contact angle

between the liquid and the plasma treated fabric surface was reduced.

A downward wicking measurement was proposed to study the wicking properties of
plasma treated linen. The eﬁperimcntal set-up and testing procedures were
developed. The phenomena of both upward and downward water wicking were
compared experimentally. It was found that the downward wicking measurement
provided a relatively constant wicking rate. The oxygen plésma treatment could
increase the downward wicking rate under all the treatment conditions. However,
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prolonged exposure of linen under 100W argon plasma and 200W discharge power
would lead to a significant reduction of downward wicking rate. The results were
discussed in terms of the changes in surface chemistry, fiber dimension and

morphology as well as fabric structure (permeability).
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CHAPTER 6

LINEN TREATED WITH LOW TEMPERATURE PLASMA
AND ENZYME

6.1 INTRODUCTION

Linen is more expensive due to the difficulties in processing and it faces strong
competition with other natural fibers. Fiber modifications by environmentally
friendly processing are essential in order to simplify the preparation and finishing
processes, in addition to minimize the chemical waste and associated disposal
problem. In this regard, enzymes have been used extensively in yarn, fabric and
garment treatments. The cellulase enzyme treatment can remove the small fiber ends
from the yarn surface to create a smooth fabric appearance and introduce a degree of
softness without using traditional chemical treatment. Hdwever, a significant
strength reduction and slow reaction rate of the enzymatic reaction limit its industrial

application.

Studies of the other cellulosic fibers such as linen, ramie and regenerated cellulose
have been carried out [29, 46]. In the course of enzymatic hydrolysis of cellulosic
materials, fiber structural features were found to be the most important factor which
governed the yield and rate of reaction [82]. Key structural features such as
crystallinity and accessible surface area determine the susceptibility of cellulosic
materials to enzymatic degradation. In order to enhance the reactivity of cellulose to
the catalytic reaction, physical pretreatments by plasma etching could alter the fiber
surface wetting, chemical composition and surface morphology. The accessibility of

crystalline region would be increased by the introduction of cracks and voids on the
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fiber surface after the plasma treatment. Besides, the large molecular size of enzyme
could not penetrate the fiber structure but only attacked the ends of accessible chain
present on the crystalline surface. The application of plasma as a pretreatment may
increase the efficiency of enzyme treatment and further modify fiber properties.
Thus the objective of this chapter is to investigate the effect of plasma pretreatment

on enzymatic hydrolysis of linen material with the mercerization as a comparison.

6.2 EXPERIMENTAL DETAILS
6.2.1 Sample Preparation
Scoured and semi-bleached linen fabrics used in this experiment were obtained from

the same batch as specified in Section 3.2.1.

6.2.1.1 Plasma pretreatment

Plasma treatments were conducted as described in Section 3.2.1. Linen fabrics were
exposed to oxygen or argon plasma at a pressure of 15Pa and discharge power of
200W for various exposure times of 2.5, 5, 10, 20, 40 and 60 minutes. An additional
set of sample using 100W was produced for studying the effect of discharge power
on the dyeing performance. The treated fabric sample was removed from the
chamber and then conditioned under the standard condition (65% RH and 21°C) for

24 hours before characterization.

6.2.1.2 Enzyme treatment
A commercial cellulase, Cellulsoft L from Novo Nordisk was used, with its specified
activity being 1500NCU/g. All the other chemicals used were of reagent grade.

Enzyme treatments were carried out at 2% concentration based on the weight of
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fabric sample after the plasma treatment. The treatment time was 1 hour at a
temperature of 50°C with the liquor-to-goods ratio of 30:1 in a Launder-Ometer
using a 1 liter pot. The machines ran at 42 rpm to provide mechanical agitation

during the enzyme treatment.

For the enzymatic hydrolysis, 1g of cellulase was dissolved at room temperature in
500ml of sodium acetate buffer at pH4.S to prepare 0.2% cellulase stock solution.
For each gram of conditioned fabrig, 10mi of cellulase stock solution was added.
Fabric samples were immersed in the buffer solution and the temperature was raised
to 50°C within 10 minutes. After the fabric samples were treated for 1 hour, the
cellulase was deactivated by washing thoroughly in hot water at 70°C for 10
minutes. Finally, the samples were spin dried for 5 minutes to remove excessive

water and then dried in air under standard conditions.

6.2.1.3 Dyeing process

In this study, the linen was treated by the plasma or enzyme or their combination.
Since most textile goods will be subjected to dyeing subsequently, it is important to
study their interaction with dyes. Moreover, the mercerization prior to the enzyme
treatment was also investigated to compare with the plasma pretreatment. Dyeing
behavior of the fabric sample was studied including the exhaustion curve, dyeing
rate (half time of dyeing) and final exhaustion at the equilibrium of dyeing. Two
direct dyes were selected with different in molecular size and shape. CI Direct Red
81 is a dye of low molecular weight with a faster rate of diffusion while the other is

CI Direct Green 26 with a non-linear shape and slower rate of diffusion [44, 155].
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Fabric samples were dyed with 0.5% dye and 20g/1 sodium chloride at liquor-to-
goods ratio of 100:1 for one hour at the boil. It had previously been established that
an equilibrium could be attained within that period of time [155]). The quantity of
dye taken up by the fabric sample to exhaustion, %E, was determined from the
difference in light absorbency of the original and exhausted dyebath solution at
different times of dyeing. The light absorbancy was measured at the wavelength of
maximum absorption of each dye using a Philips PU 8620 UV/VIS/IR
spectrophotometer. Half time of dyeing, ¢, calculated from the exhaustion curves
was the time taken for the material .to absorb 50% of the dye at equilibrium. K/S
value was calculated by the equation:
K/S = (1-RY*12R

where R is the measured reflectance from the dyed fabric sample.

6.2.2 Material Characterization Procedures
6.2.2.1 Bulk structure and properties
Determination of the cuprammonium fluidity, x-ray crystallinity, moisture regain,

fabric weight loss and fabric strength were conducted as described in Section 3.2.2.1.

6.2.2.2 Surface morphology and properties
Scanning electron microscopic (SEM) examination, change of fabric whiteness and

fabric water uptake were determined as described in Section 3.2.2.2.

6.2.2.3 Other related properties
Fabric bending properties and wrinkle recovery were measured as described in

Section 3.2.2.3.
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0.2.2.4 Colorfastness to washing

Colorfastness to washing of dyed linen was evaluated according to the AATCC Test
Method 61-1994, Colorfastness to Laundering, Home and Commercial: Accelerated
[2, 249]. AATCC Standard Reference Detergent WOB and Multifiber Test.Fab-ric
No. 10 (composed of six components including acetate, cotton, nylon, polyester,
acrylic and wool) were used to assess the color change and color staining of the dyed
fabric sample. However, staining to other fibers such as acetate, nylon, polyester,
acrylic and wool were not distinguishable. Therefore, grading of color staining to
cotton fabric was reported. The s'amples were prepared in accordance with the
procedures stated in AATCC Test Method 61-IA. After colorfastness washing test,

the samples were dried and conditioned under the standard condition.

The color change of the samples was evaluated using Grey Scales for Color Change
(AATCC evaluation procedure 1) [5] and the assessment of staining on the
multifiber fabrics was evaluated using the Grey Scales for Staining (AATCC
evaluation procedure 2) [6]. Both e¢valuations were conducted under the illumination
of Dgs. The average grade number of each specimen rated by three raters was

reported.
All the above measurements were carried out under standard conditions. The paired

comparison f-test was used to determine whether any statistical significant difference

occurred with a confidence limit of 95%.
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6.3  RESULTS AND DISCUSSIONS

6.3.1 Bulk Structure and Properties

6.3.1.1 Fluidity and x-ray crystallinity

The experimental results of cuprammonium fluidity shown in Table 6.1 seem to
show a slight reduction of the degree of polymerization of the cellulose chain after a
prolonged exposure of argon plasma as higher fluidity values were observed.
Besides, the fluidity value of the samples exposed to 60 minutes plasma after the
enzyme treatment v‘-zas slightly increased. However, based on the ¢-paired tests, no
statistically signiﬁcént difference could be found between the treated and control
samples for all cases. Similarly, no significant change in crystallinity ratio could be
found from all cases. This indicates that the plasma ablation as well as the
combination with enzyme treatment attack only the ends of accessible chains on both
the crystallite surface and surface amorphous region causing no significant change in

the fiber bulk crystallinity.

6.3.1.2 Moisture regain

Table 6.1 shows the moisture regain of the fabric sample measured before and after
the plasma treatment. A slight reduction was found after 2.5 minutes of the plasma
exposure for all cases but there was no further reduction even when the exposure
time was prolonged to 60 minutes. All the treated samples showed a similar
reduction of moisture regain when subjected to both oxygen and argon gases at
various exposure times. In the case of enzyme treatment, the sample without
pretreatment showed a slight reduction of moisture regain. For the plasma pretreated
samples, further reduction did occur but no significant difference could be found

among all the samples pretreated at different exposure times for both gases.
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As very little change éccmred in the x-ray crystallinity of fibers, the reduction in
moisture regain might reflect the reduction in the accessible or less ordered regions
of the fiber. It might be due to the removal of amorphous region on the fiber surface
caused by the limited depth of plasma penetration and so the large enzyme molecule

could not penetrate the inner fiber structure.

Table 6.1: Cuprammonium fluidity, x-ray crystallinity and moisture regain of plasma and
enzyme treated linen

Plasma exposure time, min.

0 2.5 5 10 20 40 60
Oxygen Plasma
Cuprammonium fluidity 17.7 16.7 - - - - 179
CV% 2.7 1.6 0.8
X-ray crystallinity 0.81 0.80 - - - - 0.81
CV% 0.9 1.3 0.7
Moisture regain, %. 7.7 7.4 73 73 73 73 13
CV% 2.5 3.3 20 23 32 4.1 2.2
Oxygen Plasma and Enzyme
Cuprammonium fluidity 18.2 16.9 - - - - 19.8
CV% 14 6.8 1.4
X-ray crystallinity 0.82 0.81 - - - - 0.81
CV% 04 03 0.2
Moisture regain, %. 7.5 7.3 2 073 72 12 1.0
CV% 6.2 3.2 3.4 5.1 2.8 2.2 2.7
Argon Plasma
Cuprammeonium fluidity 17.7 18.1 - - - - 19.3
CV% 2.7 0.6 0.5
X-ray crystallinity 0.81 0.80 - - - - 082
CV% 09 1.4 0.1
Moisture regain, %. 1.7 173 73 73 713 13 74
CV% 2.5 3.2 3.4 5.1 2.8 2.2 2.7
Argon Plasma and Enzyme
Cuprammonium fluidity . 18.2 16.7 - - - - 19.7
CV% 1.4 1.3 1.4
X-ray crystallinity 0.82 0.80 - - - - 079
CV% 04 0.2 0.9
Moisture regain, %. 7.5 70 714 71 71 12 72
CV% 6.2 2.6 3.1 4.9 3.4 2.5 3.4

6.3.1.3 Fabric weight loss
Figure 6.1 plots the weight loss percentage against the plasma exposure time. It

includes the fabric weight loss percentage of the samples after the plasma treatment,
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after the enzyme treatment and the total weight loss for both types of gases. The
fabric weight loss of the oxygen plasma treated samples increased with the exposure
time while the time effect of the argon plasma was less significant. The oxygen
plasma treatment brought about a much higher weight loss (from 0.4% to 9.5%) than
the argon plasma (from 0.6% to 1.9%) under the same conditions (from 2.5 minutes

to 60 minutes).

Weight loss (%)

40 60
Plasma exposure time (min)

Figure 6.1: Percentage of fabric weight loss due to plasma treatments and enzyme treatments
(@) Untreated sample, (1) Un-pretreated sample after enzyme treatment,

(W) After oxygen plasma treatment (200W), (#) Weight loss % of oxygen plasma treated sample
caused by enzyme treatment, (*) Total weight loss after oxygen plasma and enzyme treatment,
() After argon plasma treatment (200W), (¢) Weight loss % of argon plasma treated sample
caused by enzyme treatment, (o) Total weight loss after argon plasma and enzyme treatment.
During the enzyme treatment, the weight loss of the sample without pretreatment
was 2.9%. When the enzyme treatment was applied to the plasma pretreated
samples, its weight loss was higher than the sample without pretreatment, ie.,
ranging from 4.3% to 5.1%. The enzyme treatment becomes more effective when
the plasma pretreatment is employed. The weight loss caused by enzyme treatment

of the oxygen plasma pretreated samples is slightly higher than the argon plasma

pretreated samples but the difference is not significant. On one hand, the oxygen
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plasma pretreated samples exhibit a higher weight loss which is dominated by the
enzyme treatment for a shorter exposure time (less than 10 minute), and then by the
oxygen plasma treatment after a prolonged exposure. On the other hand, the fabric
weight loss of the argon plasma pretreated samples is dominated by the enzyme

treatment.

After the plasma treatment, the fiber accessibility is increased due to the introduction
of cracks and voids on the fiber surface as shown by the SEM micrographs in
Section 6.3.2.1. Under this condition, it was assumed that the fiber structure would
make the enzyme easier to penetrate. Thus the weight loss caused by the enzymatic
hydrolysis was increased. Since the initial weight loss was increased by the
prolonged plasma exposure (using oxygen gas with exposure time longer than 20
minutes), it is believed that a certain amount of surface polymeric material is
removed resulting in a limit to the availability of accessible region to enzyme.
However, the percentage of fabric weight loss was similar to those samples that had
shown lower initial weight losses. Therefore, it is confirmed that the reactivity of
flax fiber towards enzyme treatment is enhanced by the plasma pretreatment (by both

gases and various exposure times) as reflected by a higher weight loss.

6.3.1.4 Fabric strength

Figure 6.2 shows the plot of fabric strength against the plasma exposure time. For
the first 10 minutes, the fabric strength increased slightly and then decreased with the
exposure time for both gases. This initial increase of strength might be due to the
effects caused by the plasma etching of fiber surface such as roughening of fiber,

thereby increasing the inter-fiber friction. For the oxygen plasma, a significant
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reduction was found after 20 minutes of exposure. After 60 minutes of exposure to
the oxygen plasma, its strength loss percentage was 44.7%. Fabric strength of the
argon plasma treated sample changed slightly even after 60 minutes of exposure

(9.1%).

0 t f
0 20 40 60

Plasma exposure time (min)

Figure 6.2: Fabric strength of plasma treated and enzyme treated samples
(8) Untreated sample, (53) Un-pretreated sample after enzyme treatment,

(W) Afier oxygen plasma treatment (200W), (¢) After oxygen plasma and enzyme treatment,
(C1) After argon plasma treatment (200W), (o) After argon plasma and enzyme treatment.
When the enzyme treatment was applied to the linen without pretreatment, the fabric
strength loss percentage was 12.7%. On the other hand, when the enzyme treatment
was applied to the oxygen plasma pretreated samples, the fabric strength was further
reduced. The accumulated strength losses ranged from 8.0% to 66.0%. In addition,
the strength reduction of the argon plasma pretreated sample was increased from
17.8% to 31.9%. As the plasma exposure time was increased, the strength loss
caused by the enzyme was also intensified. When the plasma pretreatment was

employed prior to the enzyme treatment, the accessibility of crystalline region would

be increased owing to the introduction of cracks and voids on the fiber surface.
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Thus, the penetration of enzyme molecule to the fiber was increased as reflected by

the higher weight loss percentage.

The results of x-ray crystallinity, cuprammonium fluidity and moisture regain have
indicated that the treatments employed for this study did not alter significantly the
bulk structure of flax fiber. However, the surface bombardment caused by electrons,
ions and excited atoms may induce the breakage of polymer bonds creating polymer
fragments with free radicals that easilly crosslink with each other. This crosslinking
may lead to the formation of a brittle polymer layer which in turn can act as a crack
initiator [97]. In addition, the ultraviolet light generated during the plasma treatment
may also cause oxidative reaction which may severely damage the fiber. The level
of degradation caused by the plasma and enzyme treatment is reflected by the

measured values of fabric streng’_(h.

The relationship between the percentage of strength loss and weight loss is shown in
Figure 6.3. Apart from the initial increment of fabric strength after a short period of
exposure time, the fabric weight loss is linearly correlated with the strength loss. A
similar phenomenon was observed when ramie was exposed to an air plasma [277].
Excessive strength loss occurred when the exposure time was beyond 20 minutes
using the oxygen plasma. Under this condition, tendering due to the formation of
oxycellulose would occur with a prolonged exposure of cellulose in an environment

above its heat resistance temperature and containing oxygen.
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Figure 6.3: Fabric strength loss percentage as a function of fabric weight loss percentage
(&) Untreated sample, (i) Un-pretreated sample after enzyme treatment,

(W) After oxygen plasma treatment (200W), (#) After oxygen plasma and enzyme treatment,
(O) After argon plasma treatment (200W), (o) After argon plasma and enzyme treatment.
The enzyme treatment leads to a more severe reduction of weight loss which again
shows a linear relationship with the reduction in strength. When the accumulated
weight loss reached 14.0% (60 minutes oxygen plasma and enzyme treated), the
severe reduction of fabric strength is realized is obtained to be 66.0%. The
accumulated weight loss of the 60 minutes argon plasma pretreated sample was
found to be 6.3% after the enzyme treatment, and the strength loss was 31.9%. This
phenomenon shows that the higher initial weight loss caused by the pretreatment for

both gases will result in a severe strength loss. This again implies that after such

pretreatment, the accessibility to the enzyme treatment is greatly increased.

However, if the oxygen plasma treatment with a shorter exposure time is followed by
the enzyme treaiment, a higher weight loss value will be obtained together with a
small amount of fabric strength loss. This is illustrated by a sample treated for 2.5

minutes oxygen plasma and enzyme with the corresponding total weight loss of
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4.7% and a total strength loss of 8.0%. It implies that an appropriate short exposure
of sample to the plasma can effectively achieve a faster reaction rate and with an

acceptable resultant strength loss.

6.3.2 Surface Morphology and Properties

6.3.2.1 SEM observation

Figure 6.4 shows the SEM micrographs of flax fibers treated with the oxygen
plasma, illustrating a progressive change of fiber surface morphology with the
treatment time and revealing the formation of voids and cracks on the fiber surface
by the plasma ablation. A significant increase in progressive pitting and surface
damage is observed on the fiber surface. It seems that certain spots on the fiber
surface are more susceptible to etching to form cracks with the empty corncob
structure being the most pronounced. Differential etching of the crystalline and
amorphous regions might be the origin of roughness. The typical dimension of

surface structure is in the micrometer range.

Cracks and micro-pores start at 10 minutes of exposure to appear on the surface of
sample with a weight loss of 1.5%. The voids and cracks bécome more pronounced
as the exposure time is increased. The enlarged cracks after 40-60 minutes,
corresponding to 6.8% and 9.5% weight loss respectively, are perpendicular to the
fiber axis and are similar to an empty corncob. When compared to the oxygen
plasma, the argon plasma is not so effective in changing the surface morphology as
shown in Figure 6.5. This is éupported by the relatively slow rate of physical etching
introduced by the argon plasma samples as reflected by the lower weight loss values,

i.e., ranging from 0.6% to 1.9%.
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Figure 6.4: SEM m d linen before and after ezyme treatment
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Figure 6.5: SEM micrographs of argon plasa treated linen beore and after eme treatment
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The changes in fiber surface morphology observed after the plasma treatment can be
explained by the localized ablation of surface layers. The presence of MmICro-pores:
indicates the predominant effect of the interaction of the oxygen plasma (chemical
etching) on the fiber surface. This process leads to an almost complete breakdown
of relatively small numbers of molecule on the surface molecular chain into- very low
molecular components which are eventually vaporized in the low pressure system
when the exposure time is prolonged. The development of cracks and voids
perpendicular to the fiber axis is similar to the air plasma treated synthetic fiber

studied elsewhere [277].

Largest voids and cracks in micrometer scales appear on the sample treated by
oxygen plasma for 60 minutes (Figure 6.4). There is a quite large amount of starting
residues left on the top of those cracks. The voids are enlarged, deepened and
smoothed by the enzyme treatment. In addition to the deepening of the cracks and
fissures of the rough surface created by the plasma pretreatment, most of the residual
materials are also removed after the enzyme treatment. As a result, the enzyme
treatment further enlarges the original surface features created by the plasma

treatment.

6.3.2.2 Fabric whiteness

Figure 6.6 shows the reduction of fabric whiteness with increased plasma exposure
time including the pretreated sample after the washing and enzyme treatment. The
condition of washing was similar to the enzyme treatment except that the distilled
water alone was used to replace the enzyme solution. It was used as a control to

compare the effect of whiteness recovery after the enzyme treatment.
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Figure 6.6: Reduction in whiteness of fabrics treated with plasma and recovered by washing
and enzyme treatment (8) Untreated sample, (&) Un-pretreated sample after enzyme
treatment, ({J) Un-pretreated sample after washing,
(M) After oxygen plasma treatment (200W), (#) Oxygen plasma treated sample after washing,
(*) Oxygen plasma treated sample after enzyme treatment,
(0J) After argon plasma treatment (200W), (¢) Argon plasma treated sample after washing,
(o) Argon plasma treated sample after enzyme treatment.

The experimental results show that the fabric yellowness increases with the plasma
exposure time. While the yellowness due to the oxygen plasma treatment is severe
and the argon plasma makes the fabric even yellower in all cases. On one hand, it is
expected that the oxidative effect brought about by the oxygen plasma should be
more prominent than the argon plasma in terms of fabric yellowing. On the other
hand, a higher ablation rate caused by the oxygen plasma might lead to the fast
removal of yellow component subsequently. The differences in yellowness brought
about by the oxygen and argon plasma might be due to the slower ablation rate of the
inert gas (argon gas) resulting in the accumulation of more yellow oxidized
component on the fiber surface. This explanation is supported by the higher weight

loss value of the oxygen plasma treated sample as discussed in Section 6.3.1.3. The

yellowness should be reduced to a certain level after the enzyme treatment. The
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results show that the yellowness caused by the plasma treatment is almost totally
removed after the enzyme treatment. When considering the effect of washing on the
plasma pretreated sample, the enzyme treatment is more effective in recovering the

fabric whiteness especially for the argon plasma treated samples.

6.3.2.3 Fabric water uptake

Irradiation of cotton fiber in the plasma was found to cause the introduction of polar
groups onto the fiber surfaces, thereby increasing the rate of fabric water uptake and
making it more water absorbent [23i]. The effect of oxygen and argon plasma on
the fabric water uptake is shown in Figure 6.7. A significant improvement of fabric
water uptake is found after exposure to both types of gas for all cases. The highest
rate of increment of fabric water uptake is obtained initially and the value is nearly
double after 5 minutes of exposure. Subsequently, the rate of fabric water uptake
increment declines as the exposure time is increased. There is no significant

difference between these two types of gas for most of the cases.

It is known that the fabric water uptake of the material depends on the surface
morphology and its polarity. It is expected that the physical modification of fiber
surfaces might be one of the main factors influencing its fabric water uptake as
reflected by the increment of surface area and reduction of fiber fineness leading to
the increase of capillary effect. These effects are supported by SEM obseﬁation and
the weight loss measurement. Apart from the capillary effect, increased
hydrophilicity together with the incorporation of polar groups, as reflected by the
results of XPS analysis in Section 3.3.2.1, can be used to describe the ch_anges of

fabric water uptake.
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Figure 6.7: Effect of plasma and enzyme treatments on fabric water uptake
(&) Untreated sample, (E!) Un-pretreated sample after enzyme treatment,

(W) After oxygen plasma treatment (200W), () After oxygen plasma and enzyme treatment,
(0O0) After argon plasma treatment (200W), (o) After argon plasma and enzyme treatment.
Fabric water uptake is increased for all cases after a short exposure time. As the
weight loss percentage and the changes of fiber surface appearance are not so
significant at such short times, the modification should only be attributed to the
change of surface hydrophilic property. XPS results indicated that the oxidized
components especially the -COOH group increased significantly after a short
exposure time of 2.5 minutes for all cases, which was in agreement with previous
findings mentioned in the literature [209]. However, after a prolonged exposure, the
fabric water uptake is reduced for both gases. The results are contradictory to the
findings that a higher reduction of fiber fineness (higher weight loss), a significant

increase of fiber surface area (SEM micrographs) and improved hydrophilicity of

fiber surface (XPS analysis) occur at prolonged exposure.

After the enzyme treatment, a further considerable increase of fabric water uptake

was found. This may be attributed to the higher reduction of fiber fineness caused
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by the enzyme treatment resulting in about 5% of additional weight loss. In addition,
a further improvement of fabric water uptake may also be attributed to the removal
of hydrophobic non-cellulosic component from the fabric surface by the enzymatic

treatment of cellulose [109)].

6.3.3 Other Related Fabric Properties

6.3.3.1 Fabric bending properties

The measured values of bending rigidity and hysteresis are shown in Table 6.2. The
reduction in fabric bending rigidity .and hysteresis caused by the oxygen plasma is
more noticeable especially at 2.5 minutes exposure time. Afterwards, they slightly
increase. Similar profiles are also found with the argon plasma but the exposure
time required to achieve the lowest bending rigidity and hysteresis is 10 minutes.
During the plasma treatment, the breakage of polymer molecules may occur and the
fiber becomes finer, thus making the fiber softer and flexible for bending. However,
a prolonged exposure of sample under the plasma condition would lead to over
drying and hardening, cross-linking, as well as the increased fiber surface roughness
(SEM micrographs as shown in Figure 6.5) would affect the reduction of bending
rigidity adversely. This phenomenon was also reflected by the reduction of fabric

strength and water uptake.

A reduction of bending rigidity occurred among all the enzyme treated samples. By
the ‘bio-polishing’ effect provided by the enzyme treatment, the fiber surface
roughness is reduced. Therefore, the inter-fiber friction would reduce as refiected by
the measured values of bending rigidity and hysteresis. The effect of the oxygen

plasma pretreatment on the reduction of bending rigidity after the enzyme treatment
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is less apparent. However, a significant reduction of bending rigidity occurs to the

argon plasma pretreated sample after the enzyme treatment. Similar results were

also obtained from the value of measured bending hysteresis. In conclusion, enzyme

treatment is more effective in reducing both bending rigidity and hysteresis of the

argon plasma pretreated sample than the oxygen plasma pretreated sample.

Table 6.2: Bending rigidity, bending hysteresis and wrinkle recovery

of samples after plasma and enzyme treatment

Plasma exposure time, min.

0 2.5 5 10 20 40 60
Oxygen Plasma
Bending rigidity, gfem¥/cm. 068 051 056 060 058 051 050
CV% 84 6.5 5.0 57 82 8.5 10.8
Bending hysteresis, gfcm/cm. 054 041 045 051 047 040 037
CV% 9.1 11.7 6.4 59 9.8 72 16.9
Wrinkle recovery, %. 25.1 271 269 274 276 28.0 285
CV% 7.1 54 5.6 34 4.8 32 5.4
Oxygen Plasma and Enzyme
Bending rigidity, gfem®/cm. 057 049 054 055 054 051 049
CV% 7.5 5.2 5.0 7.5 9.9 6.9 6.7
Bending hysteresis, gfcm/cm. 055 042 043 044 043 037 037
CV% 5.5 9.1 9.7 6.9 7.2 7.7 8.1
Wrinkle recovery, %. 30.1 302 301 314 302 309 315
CV% 6.7 5.8 5.0 6.7 5.7 3.5 4.1
Argon Plasma
Bending rigidity, gfem*/cm. 068 069 069 054 076 074 073
CV% 8.4 0.4 5.1 4.7 34 6.3 7.1
Bending hysteresis, gfcm/cm. 054 058 058 045 067 0.67 064
CV% 9.1 5.8 7.4 6.6 6.4 5.0 6.0
Wrinkle recovery, %. 251 262 280 273 264 264 250
CV% 7.1 6.4 5.0 61 5.0 5.0 37
Argon Plasma and Enzyme
Bending rigidity, gfem*/cm. 0.57 058 059 057 057 057 058
CV% 7.5 5.9 6.7 6.0 8.6 7.0 45
Bending hysteresis, gfcm/cm. 0.55 055 054 046 052 050 052
CV% 5.5 9.5 82 6.1 49 7.1 6.1
Wrinkle recovery, %. 30.1 308 308 314 313 326 325
CV% 6.7 4.4 31 . 57 0.6 4.2 4.5

6.3.3.2 Wrinkle recovery

Table 6.2 also shows the measured fabric wrinkle recovery percentage as a function

of plasma exposure time before and after the enzyme treatment.
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improvement is found after 2.5 minutes of plasma exposure for all cases but there is
no further change up to the exposure time of 60 minutes. The plasma treatment
alone does not change the wrinkle recovery of the linen significantly. Similarly, a
slight improvement of wrinkle recovery is found after the enzyme treatment and the
degree of improvement is approximately the same for all the samples including the
control.  This indicates that the plasma pretreatment does not enhance the

improvement of wrinkle recovery percentage if followed by enzyme treatment.

6.3.4 Dyeing Properties

Dyeing performance of the fabric sample after the treatments was evaluated by the
half time of dyeing, final exhaustion percentage and K/S values with the results
being shown in Table 6.3. Colorfastness values to washing of the dyed sample are
shown in Table 6.4. Direct dye usually enters the less ordered areas of the cellulosic
fiber thrc;ugh water-filled pores. They attach themselves through weak interactions
and additional physical entrapment by means of dye association in these areas and on
the fiber surface. It is believed that a direct dye is capable of forming stronger
interactions with cellulose chains simply because of its large size [30]. The final
depth of shade achieved by a dyed sample is affected by the actual dye content,
modification of internal scattering and the changes of fiber size or shape afier the
treatment [44]. When dyeing the plasma or enzyme treated samples, it was assumed
that two kinds of region could be accessible to dye. The first region is amorphous
initially and should be readily etched or digested by the plasma or enzyme while the
second region is the amorphous region newly developed or revealed by the plasma

and enzyme treatments.
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6.3.4.1 Effect of plasma treatment

When the oxygen plasma treated samples were dyed with the direct dye of a smaller
molecular size (red dye), the dyeing rate was first increased and then returned back
to the initial level as shown in Cases | and 2 in Table 6.3. At the initial stage of
plasma treatment, a new surface was created together with a considerable increment
of absorption as reflected by the measurement of fabric water uptake. However, as
the exposure was prolonged, the removal of the surface amorphous region would
cause eventually the reduction of dyeing rate. On the other hand, improvement of
final exhaustion percentage was achieved by using 200W discharge power. In
addition, the K/S value increases slightly. This increment may be basically due to
the porous surface structure created by the plasma etching and the increased dye

adsorption.

With the direct dye of a larger molecular size (green dye), the dyeing rate is slightly
reduced. However, the final exhaustion percentage is increased in contrast to the
reduced K/S value. This may be explained by the fact that the changés of fiber size
and shape afier the plasma treatment greatly affect the color reflection of the material
dyed with a larger dye molecule. As the plasma etching on linen creates numerous

surface features, thus the reflection of color is reduced.

A similar dyeing behavior of the argon plasma treated samples is found. As shown
by Cases 4 and 5 in Table 6.3, the change of dyeing rate profile for smaller dye
molecule is similar to that of the oxygen plasma treated sample. The dyeing rate is
first increased and then returned back to the initial level. The final exhaustion is

increased for the 200W argon plasma treated sample but only slightly changed in the
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case of 100W discharge power. Furthermore, the depth of shade reflected by the K/S
value has increased slightly. When dyeing with a larger dye molecule, samples
treated by the argon plasma using 200W discharge power show the slowest dyeing
rate. The final exhaustion percentage is increased while the K/S value is reduced

which is again similar to the oxygen plasma treated sample.

Cases 1 and 2 in Table 6.3 show that the dyeing rate of smaller dye molecule is
slightly increased with the short exposed time but the dyeing rate of larger dye
molecule is reduced. The final exhaustion is increased for both types of dyes. The
use of 200W discharge power shows a greater increase of dyeing performance in
terms of the final exhaustion percentage for most of the cases. Higher exhaustion
percentages are achieved by both the oxygen plasma treated sample dyed with a
smaller dye molecule and the argon plasma treated samples dyed with a larger dye

molecule in most of the cases.

Because the plasma etches the fiber surface and creates new surface structures with a
larger area and after a prolonged exposure, the removal of surface amorphous region
plus the etching of the surface crystalline region results, the surface changes on
surface chemical composition or water uptake is increased as demonstrated by the
XPS analysis and water uptake test respectively. Therefore, the dyeing performance
of the plasma treated sample would be expected to improve. Table 6.4 confirms that
the color change of the sample and color staining on cotton fabric of the plasma
treated linen have been improved in most of the cases. This implies that the plasma
treatments can enhance the interaction of dye molecules with the fiber surface as

reflected by the higher final exhaustion percentage and improved color fastness.
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6.3.4.2 Effect of enzyme treatment on the plasma pretreated linen

The enzymatic treatment of cellulosic textile materials is a non-toxic ‘bio-finishing’
process which has gained an increasing practical importance for various kinds of
textile goods to enhance softness and surface appearance, and reduce pilling
propensity [190, 242]. It is particularly important to investigate the effect of

enzymatic hydrolysis on the dyeability of the treated fibers.

As shown in Table 6.3, the change of dyeing performance due to the enzyme
treatment is not very significant for most of the cases. In the case where tﬁe oxygen
plasma treated samples dyed with the direct dye of smaller molecular size (red dye),
the dyeing rate first increases and then returns back to the initial level. The dyeing
rate does not have any significant change after the subsequent enzyme treatment as
shown in Case 3. The final exhaustion of the oxygen plasma treated sample
increases but the extent of increase is reduced after the enzyme treatment. Similarly

with repect to the dyeing rate, no significant change can be found in the K/S value.

An exception can be observed for the direct dye of larger molecular size (green dye)
with the dyeing rate (half-time) being greatly reduced. In addition, the final
exhaustion of the oxygen plasma pretreated samples is reduced by the enzyme
treatment which is similar to the result of dyeing using the smaller dye molecule. No
significant change can be found in the K/S values brought about by the enzyme
treatment. The susceptibility of the oxygen plasma pretreated linen towards the

larger dye molecule is reduced.
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The results of Case 6 in Table 6.3 show that similar changes occur with the argon
plasma pretreated samples after the enzyme treatment to those with the oxygen
plasma pretreated samples when dyeing with smaller dye molecule. The dyeing rate
is also reduced but the magnitude is less than the oxygen plasma pretreated sample
when dyeing with larger dye molecule. The final exhaustion is not affected by the
enzyme treatment and also no significant change can be found in the K/S value. The
effect of changing the dyeing performance by the enzyme treatment is greater for the

oxygen plasma pretreated sample than the argon plasma pretreated sample.

Enzymatic hydrolysis 1s primarily a surface reaction consisting of complex steps.
Cellulases are large-sized protein, most of them are unable to access the crystalline
area of the substrate due to the geometric constraints [29-30]. Thus the enzymatic
action is to weaken the fiber surface fibrils and amorphous regions, and remove them
through the mechanical action applied during the treatment. As the enzyme may
remove the surface amorphous region of the fiber, the dyeability of the enzyme
treated sample is expected to reduce [47, 175-176, 148], which is confirmed by the

results of plasma treated samples in Case 3 and Case 6 as shown in Table 6.3.

Plasma alone apparently slightly increases the dyeing rate with a short exposure but
reduces it with a prolonged exposure. The cellulase treatments further reduce the
“dyeing rate especially when dyeing with the larger dye molecule. This suggests that
the cellulase can digest the amorphous regions and reduce the accessibility of the
larger dye molecule to the fiber resulting in the reduction of final exhaustion
percentage and shade depth. The effect is more prominent for the oxygen plasma

pretreated sample.
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The experimental results in Table 6.4 show that the effect of enzyme treatment on
the colorfastness properties of both the untreated and plasma pretreated linen is not
very significant. This implies that enzyme treatment only affects the dyeing rate of

the sample but not the interaction and adhesion between the fiber and dye.

6.4 CONCLUSION

The potential of using the oxygen or argon plasma as the pretreatment prior to the
enzyme trc;atment on linen has been studied. The pretreatment changes the surface
morphology and chemical property aé reflected by the appearance of small voids and
increase in oxygen content. No detectable fiber damage was observed after the
plasma and enzyme treatment as evidenced by the x-ray crystallinity and fluidity
measurement. A slight reduction in moisture regain was detected for all the plasma
pretreated samples after 2.5 minutes treatment, and further reductions of similar
amount could be seen when further subjected to the enzyme treatment. The losses of
both fabric weight and strength increased with exposure time. The results confirmed
that the plasma pretreatment did enhance the effectiveness of enzymatic hydrolysis.
The cracks of the rough surface created by the plasma pretreatment were removed,
and the depth and width of the pore were further deepened, smoothed and enlarged
by the enzyme treatment. Fabric whiteness was reduced after the exposure to the
plasma pretreatment and could be effectively recovered by the enzyme treatment. A
significant improvement of fabric water uptake was found after the sample was
exposed to the plasma pretreatment and it was further improved greatly for all cases
after the enzyme treatment. A slight improvement of fabric bending rigidity,
hysteresis and wrinkle recovery could be achieved by both treatments. By means of

the plasma pretreatment with a shorter exposure time, i.e., 2.5 minutes of oxygen
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plasma treatment, the effectiveness of enzyme treatment could be enhanced as a

faster reaction rate and acceptable resultant strength loss could be achieved.

With the aid of plasma pretreatment, the dyeing rate of the smaller dye molecule (red
dye) was slightly increased with a shorter exposure time for all cases, but the dyeing
rate of the. larger dye molecule (green dye) was reduced. With regard to final
exhaustion, it was increased for both types of dyes. The K/S value of the sample
dyed with smaller dye molecule was slightly improved, but slightly reduced while
dyeing with larger dye molecule. Prolonged plasma exposure alone apparently
would reduce the dyeing rate slightly, while the cellulase treatment further reduced
the dyeing performance especially with the direct dye of larger molecular size.
When considering the washing fastness properties, improvement could be achieved
by the plasma pretreatment, whereas enzyme treatment did not affect the fastness

property apparently.

194



CHAPTER 7. LINEN TREATED WITH MERCERIZATION AND ENZYME

CHAPTER 7

LINEN TREATED WITH MERCERIZATION AND ENZYME

7.1  INTRODUCTION

Structural featur_es such as crystallinity can determine the susceptibility of cellulosic
materials towards enzymatic hydrolysis. In order to enhance the reactivity of
cellulose in the catalytic reaction, fnercerization is often used for cotton yarn to
reduce the fiber crystallinity {28, 172]. The application of sodium hydroxide
(mercerization) to flax yarns have been shown to increase their accessibility and yarn
strength while the tension was applied during the treatment [43]. Besides, previous
literature have reported that a certain level of mechanical agitation during the enzyme
treatment can affect the resultant enzymatic hydrolysis [36-37]). Thus the objective
of this chapter is to investigate the effect of both mercerization pretreatment and

mechanical agitation on the enzyme treatment of linen.

7.2  EXPERIMENTAL DETAILS
7.2.1 Sample Preparation
Scoured and semi-bleached linen woven fabrics used in this experiment were

obtained from the same batch as specified in Section 3.2.1.

7.2.1.1 Mercerization pretreatment
Three levels of mercerization tension were applied to the linen material, i.e., slack,

95% tension (with 5% shrinkage during mercerization) and 100% tension
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mercerizatidn (restricted to the original length during mercerization). For slack
mercerization, the fabric samples were immersed in 20% sodium hydroxide solution
for 10 minutes at 20°C. Neutralization was carried out by rinsing the mercerized
samples in distilled water for 10 minutes followed by the addition of 1% acetic acid
and then rinsed again until the rinse water was neutral. A stainless steel needle frame
was used for controlling the fabric tension. The tension mercerized fabric sample
was removed from the frame after final rinsing and then allowed to dry in air without
restraint. The samples were spin dried for 5 minutes to remove excessive water and
then air dried under the standard condition (65% RH and 21°C). Table 7.1 lists the

fabric specifications.

Table 7.1: Fabric specifications

Fabric type Fabric count’, warp/weft Weight/area, g/m’
Linen 21720 154
100% Tension mercerized 22/20 164
95% Tension mercerized 24721 180
Slack mercerized 25724 226

? Number of yarns per cm.

7.2.1.2 Enzyme treatment

Enzyme treatments were conducted as described in Section 6.2.1.2, Enzyme
treatments were carried out separately at 1% and 2% concentrations based on the
weight of fabric sample with the treatment time ranging from one to four hours. The
effect of mechanical agitation on the enzyme treatment was studied at two levels.
Five or ten stainless steel balls were added to each washing pot to attain a medium
and high agitation respectively for the enzyme treatment. The stainless steel balls
were used to provide an increased level of mechanical agitation in various standard

fastness test methods.
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7.2.1.3 Dyeing process

Dyeing process was conducted as described in Section 6.2.1.3

7.2.2 Material Characterization Procedures

7.2.2.1 Bulk properties

X-ray crystallinity, moisture regain, fabric weight loss and fabric strength were
measured as described in Section 3.2.2.1. Fabric thickness was measured by the
FAST-1 (Compression Meter of FAST system) and fifteen samples were used. The
untreated control samples were washed in distilled water and air dried before
measurement. Fabric thickness was measured at 2gf/cm” and 100gf/cm?, and the
surface thickness was calculated from the thickness difference between 2gf/iem?® and

100gf/cm®. Fabric bending properties were measured as described in Section 3.2.2.3.

7.2.2.2 Surface morphology
Scanning electron microscopy (SEM) examination was carried as described in

Section 3.2.2.2.

7.2.2.3 Colorfastness to washing

Colorfastness to washing of dyed linen was evaluated as described in Section 6.2.2.4.
All the above measurements were carried out under the standard condition. The

paired comparison #-test was used to determine whether any statistical significant

difference occurred with a confidence limit of 95%.
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7.3  RESULTS AND DISCUSSIONS

7.3.1 Effect of Mercerization Pretreatment on Enzyme Treatment

7.3.1.1 X-ray crystallinity and moisture regain

The x-ray crystallinity ratio of the cellulosic material was used to determine the
degree of modification of the fiber accessibility. The crystallinity was calculated
based on the ratio with respect to the sum of the amorphous and crystalline region of

the cellulosic material. The experimental results are shown in Table 7.2.

Table 7.2: X-ray crystallinity and moisture regain of untreated and mercerized linen
after 4 hours using 2% enzyme

X-ray crystallinity Moisture regain, %
Before After Before After
enzyme enzyme enzyme enzyme

Fabric type treatment  treatment treatment treatment
Linen 0.81 0.82 6.4 6.2
CV% 1.0 1.1 33 4.6
[100% Tension mercerized 0.79 0.80 7.6 7.3
CV% 0.5 0.6 32 3.4
95% Tension mercerized 0.78 0.78 7.9 7.8
CV% 0.8 22 42 5.1
Slack mercerized 0.77 0.78 7.8 7.9
CV% 0.2 1.8 3.6 3.1

A significant reduction in the x-ray crystallinity was found for the slack mercerized
sample when compared with the untreated sample. However, the magnitude of
. change was less prominent in the tension mercerized samples since the lateral
ﬁovement of the polymer chains was restricted by the applied tension during the
caustic swelling. There was no additional change in x-ray crystallinity and moisture
regain brought about by the enzymatic treatments, indicating that there were no
changes in either the accessible surface area or crystallinity. This phenomenon [79,

82, 258, 263, 266-267] might be attributed to the mechanism such that the large
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enzyme molecules could not penetrate the structure but only attack the ends of

accessible chains present on the crystallite surface.

The increased accessibility is probably due to the action of sodium hydroxide
solution which swells and breaks the hydrogen and van der Waals bonds, thus
allowing the polymers to rearrange and move further apart for reorientation leading
to an expanded fiber structure. By evaluating the changes in absorption moisture
regain, the accessibility of fibers can be determined since the quantity of moisture
held by fibers is proportional to the non-crystalline, less ordered regions within the

fiber.

Moisture regains of both the control and mercerized sample are shown in Table 7.2.
A significant increase of the moisture regain value was obtained after the
mercerization treatment especially for the slack mercerized sample. This observation
was consistent with the previous report which showed that the fiber accessibility was
increased to a greater extent under the slack condition in flax yarn mercerization

[43].

7.3.1.2 Fabric weight loss and thickness

As the enzymatic hydrolysis can remove the surface fibrils from the fiber surface, the
fabric weight loss is thus considered as the primary index for the degree of reaction.
The results of fabric weight loss measurement are shown in Table 7.3. In most of the
cases, the weight loss increased tremendously as the incubation time was prolonged
particularly for those using 2% enzyme dosage. When doubling the enzyme dosage

from 1% to 2%, approximately twice the weight loss was obtained.
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Table 7.3: Fabric weight loss of untreated and mercerized linen
after various periods using 1% or 2% enzyme

Weight loss, %
Fabric type 2h Jh ~ 4h
Linen, 1% enzyme . 1.3

enzyme

The highest weight loss occurred after enzyme treatment of the un-pretreated sample

foliowed by the 95% and 100% tension mercerized samples. It seems that the weight
retention ability of the enzyme treatment can be improved by mercerization as
reflected by the increment in fabric thickness. The slack mercerized fabric was
allowed to swell without any restriction, and had the highest fabric thickness
followed by the 95% and 100% tension mercerized sample as shown in Table 7.4.
Thicker fabrics appear to have lower weight loss in the enzymatic treatments. This
may suggest that the macroscopic features such as fabric thickness and construction

also can affect the rate of reaction especially at a short treatment time [29, 190].
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There was no significant change in fabric thickness measured at 100gf/cm?® before
and after the enzyme treatment of all the samples. However, a significant difference
in fabric surface thickness (T2-T100) was found. It was reduced very quickly after
the first hour of the enzyme treatment and the changes then started to slow down and
approach a maximum value. Even though the period of treatment was prolonged for
four hours, there was no significant change in the maximum value. In the case of the
reduction of surface thickness, the effect of concentration of enzyme was less
significant than the fabric weight loss. However, the highest surface thickness loss
could be found from the un-pretreated sample followed by the 95% and 100%
tension mercerized samples. The observed variation of fabric surface thickness
further supported the theory that the macroscopic features such as fabric thickness
could affect the rate of reaction especially at a short treatment time, and the denser

fabric structure could also retard the access of the enzyme.

7.3.1.3 Fabric strength

The data for breaking strength values of the untreated and enzyme treated linen are
shown in Table 7.5. When comparing the initial fabric strength of the control with
the mercerized samples, it was found that the mercerization apparently improved the
fabric strength. The increase in fabric densities in thé case of slack mercerized
sample as well as the 95% tension mercerized sample confirmed that the strength
loss actually occurred. According to the previous finding [43], the slack mercerized
flax fibers exhibited a decrease in crystallinity as a result of the unrestrained lateral
swelling of the fiber. Owing to the absence of primary wall to exert restraint on the
lateral swelling and consequent disorientation of the swollen fibers, the strength of

flax fiber would decrease after the slack mercerization. Nevertheless, the fiber
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strength would increase after the tension mercerization because the lateral movement

of the polymer chains in flax was restricted, so the strength loss did not occur.

Table 7.5: Fabric breaking strength of untreated and mercerized linen
after various periods using 1% or 2% enzyme

Breaking strength, N
Fabric type Untreated 1h 2h 3h 4 h

Linen, 1% enzyme 709 673 651 652 593
CV% 33

»C:V/O ek
95% Tension mercerized, 1% enzyme 761 696 692 672 659
CV%

Q,

“Slack mercerized, 1% enzyme | 803 758 757 749 733
CV% 5.4 42 32 54 69

The relative breaking loads of the un-pretreated and mercerized linen are shown in

Figures 7.1 and 7.2. The breaking strengths of the enzyme treated fabrics reduced as
the treatment time was increased and a significant reduction was found after one hour
of incubation especially at 2% enzyme dosage. For 1% enzyme dosage, the strength
of the mercerized samples after a prolonged incubation was higher than the un-
| pretreated sample. In the case of cotton, the reactivity would increase after
mercerization making it more susceptible to chemical attack.  However,
mercerization may alter the molec.ular structure of cotton in such a way that it
showed higher strength retention than the corresponding non-mercerized cotton when

subjected to degradative treatment under the identical condition [186].
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Figure 7.1: Relative breakiﬂg loads of untreated and mercerized linen
after various periods using 1% enzyme
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Figure 7.2: Relative breaking loads of untreated and mercerized linen
after various periods using 2% enzyme
The higher retention of breaking strength of the mercerized samples is attributed to
the removal of weak points present in the fiber structure so that the uniform structure
was capable of distributing stress evenly along the fibers. However, the strength is
reduced as the enzyme dosage is increased to 2%. A significant reduction of
breaking strength was also found in the un-pretreated sample. For the slack
mercerized sample, the strength reduction behavior was the least of all samples of
1% enzyme and less than all but the 95% tension mercerized samples of 2%

suggesting that the reduction of fiber crystallinity could enhance the accessibility of
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the substrate during the enzyme treatment at a higher enzyme dosage and prolonged

treatment time.

7.3.1.4 Fabric bending properties

Of the most commonly used fibers in apparel textile, flax is one of the fibers having
the highest stiffness and lowest resilience. The results of bending rigidity and
hysteresis of the linen and mercerized linen after various periods of incubation time
are shown in Table 7.6 and Table 7.7. The increase in bending rigidity of the
mercerized sample was significantly under larger both 95% and 100% tension
mercerization, and the fabric had a stiff and hard feel because of its compacted
structure. For the slack mercerized sample, the increment of fabric stiffness was less

predominant than the tension mercerized samples.

Table 7.6: Fabric bending rigidity of untreated and mercerized linen
after various periods using 1% or 2% enzyme

Bending rigidity, gfcm’/cm

Fabric type Untreated 1h 2h 3h 4h
Linen, 1% enzyme 0.65 056 0.55 056 048

CV% 3.8 5.1 3.5 44 34

100% Tension mercerized, 1% enzyme
CV%
O ¥ nld

95% Tension mercerized, 1% enzyme 1.51 0.99 1.04 1.00 0.94
CV% 114 7.8 6.1 5.5 74
V% NI
Slack mercerized, 1% enzyme 0.98 070 064 060 0.59
CV%
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Table 7.7: Fabric bending hysteresis of untreated and mercerized linen -
after various periods using 1% or 2% enzyme i

Bending hysteresis, gfcm/cm
Fabric type Untreated 1 h 2h 3h 4h
Linen, 1% enzyme 0.54 0.60 058 058 049
CV% 39 4.8 7.9 13.7 6.6
; 5 : 0

00% Tension mercerized, 1% enzyme
CV%
e

In general, the stiffness of a fiber depends partially on the degree of orientation and
crystallinity of the polymers. As the proportion of amorphous area within a fiber
becomes greater, the fiber tgnds to become less stiff. The more crystalline the fiber
has, the stiffer it will tend to be. As a result, the slack mercerized sample was less
stiff than the tension mercerized samples. On the other hand, the fiber diameter has
greater influence on the bending properties than the flexural rigidity of fiber.
Doubling a fiber diameter will produce a 16-fold increase in resistance to bending.
Likewise, a 2-fold reduction in fiber diameter decreases the bending rigidity by 16-
fold. Furthermore, the cross-sectional shape also influences the flexural rigidity of a
fiber. Round fibers have high vé.lues of stiffness while flat fibers have relatively lo;zv
values of stiffness [112]. Work has been reported that the major disadvantage of
fabric mercerization was the large increment in fabric stiffness [179]. Moreover,
fabric thickness and inter-fiber or inter-yarn friction also play an important role in

bending rigidity.
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For the un-pretreated sample, a slight reduction of bending rigidity was found.
However, approximately 40% reduction of bendiné rigidity was found for the
mercerized sample after thé first hour of enzyme treatment. Even though the period
of treatment was prolonged to four hours, there was still no significant change in the
reduction of bending rigidity. A similar extent of reduction was found even with a
higher enzyme dosage. The reduction of bending rigidity was probably due to the
reduction of fiber diameter caused by the removal of surface fibrils. When the
bending rigidity was reduced by the application of enzyme treatment, a similar

reduction of bending hysteresis was found.

7.3.1.5 SEM observation

The appearance of fiber surface was investigated by means of scanning electron
microscopy (SEM). When compared to the cotton fiber, the surface of the untreated
flax fiber possessed a much larger amount of loose fibrils composed of debris and
adhering fragmentary tissue components as shown in Figure 7.3 which exhibits the
accumulation of surface fibrils on the yarn surface. Figures 7.4 and 7.5 show that
after four hours of enzyme treatment, some of the surface fibrils still remain on the
fiber surface implying that a longer incubation time might be required to remove all

the surface fibrils completely.

> -1 H
1 betestor- —_ Fhnta ki eztors 5kl

Figure 7.3: SEM micrograhs of untreated flax fiber and yarn
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Figure 7.4: SEM micrograph of linen Figure .5: SEM micrograph of linen
after 4 hours using 1% enzyme after 4 hours using 2% enzyme

SEM micrograph of the slack mercerized sample is shown in Figure 7.6. The shape
of the slack mercerized fibers becomes rounder due to the unrestricted swelling, and
a considerable amount of surface fibrils still remains on the fiber surface. After four
hours of enzyme treatment, a comparatively smooth and clear surface was obtained
and the effect was more predominant in the case of 2% enzyme dosage as shown in

Figures 7.7 and 7.8.
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Figure 7.8: SE

Figure 7.7: SEM micrograph of M microgra
slack mercerized linen slack mercerized linen
after 4 hours using 1% enzyme after 4 hours using 2% enzyme
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As the mercerization tension was increased from slack to both 95% and 100%
tension, the fiber cross-section would be progressively changed from round to
relatively flat as shown in Figures 7.9 and 7.12. The SEM image shown in Figures
7.10-11 and 7.13-14 revealed that most of the surface fibrillar matter have been
removed and the fiber surfaces have become smoother for both the tension

mercerized and enzymatically treated samples.

A
Ha o

Figure 7.9: SEM micrograph of 95% tension mererized linen

Figure 7.10: SEM micrograph of Figure 7.11: SEM micrograph of

95% tension mercerized linen 95% tension mercerized linen
after 4 hours using 1% enzyme after 4 hours using 2% enzyme
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Figure 7.13: SEM micrograph of Figure 7.14: SEM micrograph of

100% tension mercerized linen 100% tension mercerized linen
after 4 hours using 1% enzyme after 4 hours using 2% enzyme

7.3.1.6 Dyeing properties

The dyeing properties of the slack, 95% and 100% tension mercerized are shown in
Table 7.8. After the mercerization, the dyeing rate, final exhaustion and depth of
shade are increased for all the mercerized samples. The slack mercerized sample

exhibits higher increase in color yield than the tension mercerized sample.

With the direct dye of smaller molecula; size (red dye), the mercerized samples show
a faster dyeing rate especially for the slack mercerized sample. The dyeing rate is
less influenced by the enzyme treatment. With regard to the final exhaustion, a
significant improvement can be found for all the mercerized samples. The enzyme
treatment does not affect the final exhaustion percentage. The K/S values of all the
mercerized samples increase while the slack mercerized sample yields a higher
increase. The increase of K/S value is significantly lowered by the enzyme
treatment.  On the whole, the mercerization process improves the dyeing
performance including a faster dyeing rate, higher exhaustion of dye and higher

depth of shade of the dyed material especially for the slack mercerized samples.
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With the direct dye of a larger molecular size (green dye), the tension mercerized
samples show a slower dyeing rate while the slack mercerized sample shows a faster
dyeing rate. The faster dyeing rate of the slack mercerized sample may be simply
due to the reduced crystallinity which become more susceptible to the larger dye
molecule. The enzyme treatment reduces the dyeing rate of all the samples but does
not change the final exhaustion percentage. However, the K/S values are improved
significantly especially for the slack mercerized sample but the increase in K/S value
is lowered by the enzyme treatment. Mercerization greatly improves the dyeing
performance in terms of dyeing rate and depth of shade produced. The slack
mercerized sample displays a higher increase of color yield than the tension
mercerized samples because of the greater increase in accessibility. However, the
enzyme treatment only slightly affects the increment of the final exhaustion of dye.
Furthermore, the depth of shade increase is lowered by the enzyme treatment because

of the removal of fiber surface amorphous region.

Mercerization improves the depth of shade of the dyed material significantly and
especially for the slack mercerized sample. Although the slack mercerized sample
has a similar exhaustion percentage when compared to the tension mercerized
samples, the depth of shade produced is still higher. The changes of fiber internal
scattering will greatly influence the depth of shade. Previous literature demonstrated
that the mercerized flax fiber did not increase in size or shape as a result of the
swelling treatment, but it did reduce the crystallinity of fiber [258, 267). Therefore,
the increase in apparent depth of shade found in the mercerized samples may be the
reflection of increase in actual dye content and modification of internal scattering

rather than the modification in fiber size or shape.
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Increased fiber accessibility, as manifested by the increased dye adsorption, is the
reflection of de-crystallization that occurs during the mercerization. The increase in
dye adsorption obtained after the three mercerization treatments demonstrates that
the slack treatment produces a greater increase in accessibility than the tension
treatment. However, the magnitude of increase is also influenced by the size of
entering dyestuff molecule [267]. This phenomenon is well illusirated by the
mercerized samples dyed with the direct dye of a smaller molecular size. For the
mercerized samples dyed with the direct dye of larger molecular size, the quantity of
final dye exhaustion among the samples is similar but the apparent depths of shade
obtained are different from each other. This demonstrates that the internal scattering
of the dyed material on different structures of various crystallinity will greatly affect

the resultant color depth of shade.

Table 7.8: Half time of dyeing, final exhaustion and K/S value of untreated, mercerized and
enzyme treated sample dyeing with CI Direct Red 81 and Green 26

CI Direct Red 81 CI Direct Green 26

Without  Enzyme  Without  Enzyme
enzyme Treated Enzyme treated

treatment treatment
Untreated % time of dyeing, min. 3.0 3.0 42 5.7
Final exhaustion, %. 544 539 63.6 62.7
K/S value 34 3.5 5.1 5.0
100% Tension ‘2 time of dyeing, min. 3.1 29 6.1 6.5
mercerized Final exhaustion, %. 61.5 61.1 64.7 63.1
K/S value 5.8 4.8 6.8 6.2
95% Tension Y2 time of dyeing, min. 29 2.7 5.1 54
mercerized Final exhaustion, %o. 63.1 62.9 65.1 64.7
K/S value 5.9 52 7.2 6.6
Slack 4 time of dyeing, min. 2.6 2.6 42 4.7
mercerized Final exhaustion, %. 60.5 58.9 65.8 65.1

K/S value 5.9 5.1 7.7 7.6
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Apart from the improvement of dyeing performance after mercerization, Table 7.9
shows that the colorfastness properties of the mercerized linen are also improved
particularly for those samples dyed with a smaller molecule dye. Again, the effect of
enzyme treatment on the colorfastness properties of the dyed material is not

significant.

Table 7.9: Colorfastness to washing of untreated, mercerized and enzyme treated sample
dyeing with CI Direct Red 81 and Green 26

CI Direct Red 81 CI Direct Green 26
Without  Enzyme = Without  Enzyme
enzyme treated enzyme treated
treatment treatment
Colour Change
Untreated 3.7 35 4.5 4.7
100% Tension mercerized 4.7 4.3 4.5 4.5
95% Tension mercerized 4.2 4.5 4.3 4.5
Slack mercerized 4.5 4.2 4.5 4.5
Colour Staining on Cotton Fabric
Untreated 2.2 2.0 4.5 4.8
100% Tension mercerized 23 2.5 4.7 4.7
95% Tension mercerized 23 - 23 4.8 4.5
Slack mercerized 2.5 2.2 4.8 418

7.3.2 Effect of Mechanical Agitation on Enzyme Treatment

7.3.2.1 X-ray crystallinity and moisture regain

Two levels of mechanical agitation with five stainless steel balls (medium agitation)
and ten stainless steel balls (high agitation) were applied to the enzyme treatment
respectively. It was used to study the effect of enzyme treatment with respect to the
increased degree of mechanical agitation. As shown in Table 7.10, there was no
significant change in x-ray crystallinity and moisture regain after the enzyme
treatment because the large molecular size of enzyme could only attack the |
accessible fiber surface.. Therefore, it did not lead to any significant change in the

crystallinity. - For the same reason, the moisture absorption properties of all the
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enzyme treated samples were only slightly increased but not very significantly even

when higher mechanical agitation was applied.

Table 7.10: X-ray crystallinity and moisture regain of linen at different levels
of mechanical agitation after 4 hours using 2% enzyme

X-ray crystallinity Moisture regain, %

Before After Before After

enzyme enzyme enzyme enzyme
Fabric type treatment  treatment treatment treatment
Linen 0.81 0.82 6.4 6.2
Cv% 1.0 1.1 3.3 4.6
Treated with 5 stainless steel balls 0.81 6.3
CV% 2.8 39
Treated with 10 stainless steel balls 0.81 6.5
CV% 1.1 35

7.3.2.2 Fabric weight loss and thickness

Table 7.11 shows the fabric weight loss of linen at different levels of mechanical
agitation and various periods using 1% or 2% enzyme. Obviously, the fabric weight
loss was significantly increased with the treatment time and enzyme dosage.
However, there was no significant change in fabric weight loss between each level of
mechanical agitation. Similar phenomena also appeared in the case of the reduction

of fabric surface thickness as shown in Table 7.12.

Table 7.11: Fabric weight loss of linen at different levels of
mechanical agitation after various periods using 1% or 2% enzyme

Weight loss, %
Fabric type 1h 2h 3h 4 h
Linen, 1% enzyme 1.0 1.3 1.3 1.3

13
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7.3.2.3 Fabric strength
Table 7.13 as well as Figures 7.15 and 7.16 show the reduction of breaking load of
the linen at different levels of mechanical agitation and various periods using 1% and

2% enzyme.

Table 7.13: Fabric breaking strength of linen at different levels
of mechanical agitation after various periods using 1% or 2% enzyme

Breaking strength, N

Fabric type Untreated 1h 2h 3h 4h
Linen, 1% enzyme 709 673 651 652 3593

CV% ‘ 1.8 33 41 49 62

The fabric strength of the enzyme treated fabrics was reduced as the treatment time

was increased especially if 2% enzyme dosage was used. In the case of increasing
the mechanical agitation with the aid of stainless steel balls, there was no significant
difference in the fabric strength loss when 1% of enzyme dosage was used as shown

in Figure 7.15.

Nevertheless, the difference among various levels of mechanical agitation could be
found when 2% enzyme dosage was used as illustrated in Figure 7.16. The sample
treated with higher agitation (10 stainless steel balls) showed a slightly higher
reduction of breaking load after one hour of enzyme treatment. This could be

explained by the higher reduction of inter-fiber friction as the damaged material was
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removed from the fiber surface. However, an adverse effect was obtained when
compaﬁng the 4 hours enzyme treated sample under low agitation (no stainless steel
ball) with the sample treated under high agitation (10 stainless steel balls). The
fabric treated under higher mechanical agitation had higher resultant fabric strength
than the sample treated under lower agitation. This was mainly due to the increased
inter-fiber friction caused by the high levels of mechanical agitation which raised the
fibrillar material from the fiber surface. As referred to previously, the results
obtained from the fabric weight loss, most of the samples had a similar reduction
when using the same amount of enzyme dosage and treatment time. This implies
that the increased mechanical agitation applied to the enzyme treatment does not

increase the weight loss but changes the fabric mechanical properties.

100 -
801 Woh
60 1 # | h

A2h
3h
E4h

Relative breaking load (%)

Without Treated with 5 Treated with 10

pretreatment  stainless steel balls stainless steel balls

Figure 7.15: Relative breaking loads of linen at different levels
of mechanical agitation after various periods using 1% enzyme
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Figure 7.16: Relative breaking loads of linen at different levels
of mechanical agitation after various periods using 2% enzyme

7.3.2.4 Fabric bending propertics

Table 7.14 and Table 7.15 show the results of fabric bending rigidity and hysteresis
of linen at different levels of mechanical agitation after various periods using 1% or
2% enzyme. The effect of mechanical agitation on the fabric bending rigidity and
hysteresis was not obvious for most of the samples. However, a significant reduction
in fabric bending rigidity and hysteresis was found for the sample treated for 1 hour
with 2% enzyme dosage and high agitation. The reduction is attributed mainly to the
reduced inter-fiber friction caused by the enzymatic removal of damaged material
from the fiber surface. It has been confirmed that the removal of a small amount of
cellulosic material from fibers could significantly reduce the fiber bending stiffness,

particularly if cracks were formed [36].
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Table 7.14: Fabric bending rigidity of linen at different levels of
mechanical agitation after various periods using 1% or 2% enzyme

Bending rigidity, gfem’/cm
Fabric type Untreated 1h 2h 3h 4h

Linen, 1% enzyme 0.65 056 055 0.56 048
38 5.1

L6
052 051
OV i R \ 53 110 61 90

Table 7.15: Fabric bending hysteresis of linen at different levels of
mechanical agitation after various periods using 1% or 2% enzyme

Bending hysteresis, gfcm/cm
Fabric type Untreated 1h 2h 3h 4h

Linen, 1% enzyme 0.54 060 058 0.58 0649
7.9

S

4.8
he ’y"'ém"“

5C %*:

Tt H

Treated wit zyme 051 056 052 048
2.1 83 68

10.4
03

Treated with 10 stainless steel balls, 1% enzyme 039 047 049 049
OV o 86 168 120 120

EY |

The increases in fabric bending rigidity and hysteresis were found as the enzyme
treatment time was prolonged from one hour to four hours with high agitation and
i% enzyme dosage. This supported the explanation mentioned in Section 7.3.2.3
that the fabric mechanical properties would be changed if high levels of mechanical
agitation during the enzyme treatment could raise the fibrillar material from fiber

surface,
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7.3.2.5 SEM observation
Figures 7.17 - 7.20 show the SEM micrographs of linen after 4 hours using 1% or
2% enzyme with medium and high agitation. A comparatively smooth and clear

surface was obtained in the case of 2% enzyme dosage.

ghaiN -
Qo S K] Lt

Figure 7.17: SEM micrograph of linen after Figure 7.18: SEM micrograph of linen aer
4 hours using 1% enzyme 4 hours using 2% enzyme
and 5 stainless steel balls and 5 stainless steel balls

Figure 7.19: SEM micrograph of linen after Figure 7.20: SEM micrograph of linen after
4 hours using 1% enzyme 4 hours using 2% enzyme
and 10 stainless steel balls and 10 stainless steel balls

74  CONCLUSION

Mercerization has been employed as a pretreatment of linen material prior to
enzymatic hydrolysis in order to attain a reduction of crystallinity and improvement
of fiber accessibility. Mercerization pretreatments under different tensions also
altered the fabric sett, tensile strength and bending properties of linen. Tensile

strength was increased under the tension mercerization but reduced under the slack
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condition. In addition, large increase in bending rigidity were found especially when
tension was applied during the pretreatment. Significant changes were obtained for
the moisture regain and x-ray crystallinity ratio under different tensions of

mercerization.

Owing to the fact that the accessible regions of the cellulosic material are often too
narrow for the large enzyme molecules to penctrate effectively, then both the
moisture absorption and the crystallinity ratio can not be further changed after the
enzyme treatment. Macroscopic features such as fabric thickness and packing
density have also influenced the rate of enzymatic reaction as reﬂecteci by the
reductions in both fabric weight loss and fabric surface thickness while the enzyme
treatment was applied to the slack mercerized sample. Furthermore, the strength
retention ability during the enzymatic hydrolysis was enhanced by the mercerization
pretreatment. Enzyme treatments effectively reduced the fabric stiffness of the
mercerized material implying that the crystallinity of the material was important for
the reduction of bending rigidity caused by the enzyme treatment. The fiber surface
appearance was revealed by SEM micrographs which showed that the fiber surface

smoothness was improved by the pretreatment.

With regard to the time effect of enzyme treatment, significant reductions of fabric
surface thickness, strength and bending rigidity were obtained after the first hour of
incubation. The effect of increasing the concentration from 1% to 2% results in
higher fabric weight and strength losses but with smoother fiber surfaces. However,
the effect was less predominant in the reduction of fabric surface thickness and

bending rigidity.
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Mercerization greatly improved the dyeing performance in terms of dyeing rate and
depth of shade produced. Enzyme treatment did slightly affect the increment of final
exhaustion of dye and the depth of shade produced. Dye fastness was improved by
mercerization pretreatment, whereas enzyme treatment did not affect the dye

fastness.

On the other hand, a significant reduction in fabric bending rigidity and hysteresis
could be achieved by applying higher mechanical agitation for one hour treatment
with 2% enzyme dosage. It had been shown that a certain level of mechanical
agitation applied during treatment affected the mechanism of enzyme finishing and
also the resultant fabric mechanical properties. These findings suggest that the
choice of processing method should be varied in order to aftain the desired enzyme

finishing effects.
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CHAPTER 8

CONCLUSIONS

This thesis attempts to provide a comprehensive and systematic investigation on
modification of linen by plasma and enzyme treatments. A range of advanced
analytical instruments and characterization techniques was used to describe the
variations in structure and properties brought about by the treatments. This chapter
will provide a brief summary of the research results and conclusions. Remaining

problems and possible further research work will also be discussed.

81 SUMMARY
This thesis covers a literature review, characterizations of the structure and properties -
modification of linen by low temperature plasma, mercerization, enzyme treatments

as well as their synergetic effects.

8.1.1 Literature Review

A literature survey was reported in Chapter 2 on the chemical compositibn,
morphological structure, properties and modification technology of flax fibers. It
revealed the importance of using environmentally friendly textile finish and surface
modifications to replace the harsh and energy-demanding chemical processes.
Background knowledge and recent development of the modification technology as
well as the characterization techniques were outlined. Further investigations of

plasma and enzyme treatments were especially useful for flax fiber modification.
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8.1.2 Characterizations of Plasma Treated Linen

In order to examine the effects of plasma treatment on the flax fiber, an experiment
was conducted by using plasma treatments with oxygen and argon gases, two levels
of discharge power (100W and 200W) and various exposure times (2.5, 5, 10, 20, 40,
60 minutes) to modify linen as described in Chapter 3. A range of analytical
methods was used to determine the effects of plasma treatments on the fiber bulk
structure and properties, surface morphology and properties, and fabric mechanical

properties.

Oxygen or argon plasma treatments resulted in changes in the surface morphology
and chemical properties of flax fibers. It was found that plasma treatment on linen
with a short exposure time results in a substantial incremerit of surface polar groups.
and water uptake. Furthermore, a slight improvement of fabric strength, bending
rigidity, hysteresis and wrinkle recovery was achieved without interfering with the

bulk fiber structure, with minimal loss of fabric weight and whiteness.

Under the experimental conditions, all plasma treated linen showed no significant
changes in the degree of polymerization and crystallinity but slight reductions of
moist‘urc regains were observed. The fabric weight loss was increased with the
exposure time. The appearance of cracks and voids was less noticeable when using
the argon plasma, while considerable vc.aids and cracks appeared on the oxygen
plasma (200W) treated linen. The oxygen content (O/Cis ratio) of the plasma
treated linen was dramatically increased especially when using a higher discharge
power (200W) of both gases and for 60 minutes of exposure. The fabric whiteness

was reduced greatly after being exposure to the argon plasma with a higher discharge
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power. Substantial improvement of fabric water uptake was achieved by exposing
linen to oxygen plasma for 10 minutes or to argon plasma for 5 minutes with a
discharge power of 100W. The effect remained after a storage time up to 1000
hours. The fabric water uptake and strength were increased initially and then
decreased with the prolonged exposure whereas the fabric bending rigidity, hysteresis
and wrinkle recovery were slightly improved. A significant reduction in both fabric
bending rigidity and hysteresis was achieved after 2.5 minutes of oxygen plasma

exposure or 10 minutes of argon plasma exposure.

During the treatment, the fabric samples treated with the oxygen plasma generated
higher heat as well as suffered higher weight and strength loss than those treated with
the argon plasma. However, a higher level of yellowing was found in the argon
plasma treated linen. It was observed that the prolonged exposure time, regardless of
type of gas and power, did not result in better fabric water uptake and even caused
adverse effects on linen such as excessive reduction of fabric strength, increased

bending stiffness and reduction in fabric water uptake.

Chapter 4 presented a comprehensive study on the morphological and topographical
change in plasma treated flax fibers by using the Environmental Scanning Electron
Microscopy (ESEM) and Atomic Force Microscopy (AFM) for the first time. Time-
series images of fiber surface appearance were studied by the ESEM. Suitable
operational parameters were selected to examine the fiber surface without the
degradation caused by electron beam. As the exposure time was accumulated, the
depth of the micro-pores etched by the plasma would increase with increasing width

. of the pores. The surface fibrils remained on the surface for up to 40 minutes of
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oxygen plasma exposure or 60 minutes of argon plasma exposure. The dominant
fabric weight loss of the linen during plasma treatment was mainly attributed to the
fiber surface etching. Fiber contraction was also observed during the plasma
treatment. The ESEM micrographs showed a good correlation with the SEM

micrographs without obscuring the surface details of the fibers.

Furthermore, AFM was used to measure the depth of etching pits induced by the
argon and oxygen plasma. From a relatively smoother surface of an untreated flax
fiber, the argon plasma created pits with the sizes (both depth and diameter) in
mainly sub-micrometer while the oxygen plasma created pits with the sizes in a few
micrqmeters. A quantitative description of the surface topography of plasma treated
flax fibers was obtained by the use of a few image processing techniques. The FFT
power spectra were used to describe the periodic surface features of plasma treated
fibers. The changes in surface roughness of the plasma etched flax fiber were
quantified by the RMS values. The RMS value was increased from 40.9 of the

untreated sample to 98.0 of the argon and 308.4 of the oxygen plasma treated fiber.

The wetting behavior of plasma treated linen was presented in Chapter 5. The
measurements of surface contact angles as well as the determination -of critical
surface tension by the Zisman’s plots were first considered. It was found that these
methods alone were not adequate to quantify the wetting properties of plasma treated
linen. Further investigation on the wicking abilities of plasma treated linen was
conducted using both upward and downward water wicking methods. The respective

experimental set-up and testing procedures were developed. It was found that the
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downward wicking method was more suitable to distinguish the effects of plasma

treatment under various conditions.

8.1.3 Plasma and Mercerization Pretreatments and their Synergy with the
Enzymatic Reaction
In order to improve the reaction rates and minimize the reduction in fabric strength,
the possibilities of using plasma or mercerization as pretreatments have been
explored for the enzymatic hydrolysis. On one hand, the accessibility of crystallinity
region could be increased by the introduction of cracks on the fiber surface after the
plasma treatment. On the other hand, mercerization could reduce the fiber
crystallinity and increase the fiber accessibility. Therefore, the effects of the
pretreatments and their synergy with enzyme treatments were assessed in terms of the
changes in fiber bulk structure and properties, mechanical properties, surface

morphology and properties, and dyeing properties with direct dyes.

8.1.3.1 Plasma pretreatments

Chapter 6 reported the application of enzyme treatment to the plasma pretreated
linen. Plasma treatments with oxygen and argon gases (200W) for various periods of
exposure time (2.5, 5, 10, 20, 40, 60 minutes) were applied to linen prior to the
cellulase treatment. The results showed that the plasma pretreatment did enhance the
effectiveness of enzymatic hydrolysis. With regard tb the oxygen plasma with an
exposure time of 2.5 minutes, a faster reaction rate and acceptable strength loss
percentage were achieved. Increase of fabric water uptake was further enhanced by

the enzyme treatment. Fabric bending rigidity, hysteresis and wrinkle recovery were
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slightly improved by both treatments. Plasma pretreatment could improve dyeing

performance when dealing with a direct dye of small molecular size.

No significant change in the degree of polymerization and crystallinity was found
after both enzyme and plasma treatments. However, a slight reduction of moisture
regain was observed from all the plasma pretreated linen and a similar phenomenon
was also found after the enzyme treatment. The fabric weight loss increased with the
plasma exposure time and a distinct reduction was found after the subsequent
enzyme treatment. Both the depth and width of the voids created by the plasma
treatment were further deepened and smoothed by the enzyme treatment. Fabric
yellowing occurred after plasma exposure and the whiteness was almost recovered
after the enzyme treatment. Increase of fabric water uptake was further enhanced by
the enzyme treatment. The plasma pretreatment could enhance the effectiveness of
enzyme treatment, and a severe strength reduction would occur inevitably. Fabric
bending rigidity, hysteresis and wrinkle recovery were slightly improved by both
treatments. With the aid of plasma pretreatment, the dyeing rate of the smaller dye
molecule {red dye) was slightly increased with a shorter exposure time for all cases,
but the dyeing rate of the larger dye molecule (green dye) was reduced. Final
exhaustion increased for both types of dyes. The K/S value of the linen dyed with
smaller dye molecule was moderately improved, but it is slightly reduced when
Adyeing with larger dye molecule. Prolonged plasma exposure alone apparently
reduced the dyeing rate slightly, while the cellulase treatment further reduced the
dyeing performance especially with the direct dye of larger molecular size. When
considering the washing fastness properties, improvement could be achieved by the

plasma pretreatment whereas the enzyme treatment did not affect the dye fastness.
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8.1.3.2 Mercerization pretreatments

Chapter 7 presented the application of the enzyme treatment on mercerized linen.
The factors concerned were the mercerization tension (slack, 95% tension, 100%
tension), concentration of celiulase (1%, 2%), incubation time (1h, 2h, 3h, 4h) and
levels of mechanical agitation (medium, high). The mercerization pretreatment can
be applied to reduce crystallinity and improve fiber accessibility. The effectiveness

of mercerization pretreatments was assessed.

Mercerization significantly reduced the crystallinity of flax fiber and increased the
moisture regain. It was confirmed by the experiments that the fiber structure,
accessibility and physical properties of mercerized linen were enhanced by exhibiting
a high reduction of fabric stiffness, minimizing the loss of tensile strength,

shortening the original treatment time and better removal of fiber surface fibrils.

With regard to the enzyme incubation time effect, significant reductions of fabric
surface thickness, strength and bending rigidity were obtained after the first hour of
incubation. The effect of increasing the concentration from 1% to 2% would result
in higher fabric weight and strength loss but with a smoother fiber surface. On the
other hand, a significant reduction of bending rigidity and hysteresis was achieved by

applying a higher mechanical agitation with 2% enzyme for 1 hour.

Mercerization greatly improved the dyeing performance in terms of dyeing rate and
depth of shade produced. Enzyme treatment slightly affected the final exhaustion of

dye and the depth of shade produced. When considering the washing fastness
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properties, great improvement was achieved by the mercerization pretreatment. The

enzyme treatment did not affect the fastness property apparently.

8.2 CONCLUSIONS
The present thesis illustrated a comprehensive and systematic investigation on the
variations of the structure and properties of the modified linen with the major

conclusions being summarized as follows.

Substantial increase surface polar groups and water uptake, a slight improved fabric
strength, bending stiffness, wrinkle recovery and dyeing performance were achieved
after a short exposure of linen to oxygen or argon plasma. Increasing the exposure
time of plasma treatment, the.depth of the micro-pores etched on the fiber surface
increased with enlarged width of the pores. From a relatively smoother surface of an
untreated flax fiber, pits with the sizes (both depth and diameter) in sub-micrometer
were etched by the argon plasma while pits with sizes of a few micrometers were

created by the oxygen plasma.

Fabric softness and fiber smoothness were improved by the application of enzyme
treatment. Significant reduction of the bending rigidity could be achieved by
applying higher mechanical agitation during the enzyme treatment. Plasma or
mercerization pretreatments were used to enhance the effectiveness of enzyme
treatment. It was found that the pretreated linen with plasma could provide a faster

enzymatic reaction rate with acceptable strength loss.
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Mercerizations increased the accessibility and improved the dyeing performance of
linen. The fabric sett, tensile strength and bending properties were also altered under
different mercerization tensions. It was found that enzyme treatment effectively
reduced the fabric stiffness and fiber surface smoothness of the mercerized linen.
Considering the improvement in the enzymatic reaction rate, plasma pretreatment
seems to offer a better enhancement. These findings suggested that the choice of
processing method should be varied in order to aftain the desired enzyme finishing

effects as well as the desired end product properties.

A characterization system covering fiber bulk structure and properties, surface
morphology and properties, fabric properties and dyeing properties was used to
investigate the variations of the modified linen. The advanced analytical instruments
and techniques employed included ESEM, AFM, mmage processing techniques and
downward wicking measurement. On the whole, a comprehensive surface evaluation

was achieved.

83 RECOMMENDATION FOR FUTURE WORK
The major objectives of the research project have been achieved. However, further
work is necessary in order to improve and further develop effective techniques for

industrial applications.

In the present work, the effectiveness of enzyme treatment was determined based on
the fabric weight loss and the variations of the fabric properties before and after the
treatment. Since reduced glucose will be liberated during the enzymatic hydrolysis

of cellulose, it is possible to evaluate the extent of such hydrolysis by determining
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the amount of the liberated glucose. The degree of glucose liberated can be used to
determine the effectiveness of cellulase treatment and establish the correlation
between the variation of fiber and fabric properties. The established relationship will
be useful in the control of the enzyme treatment for industrial application and is

highly recommended for further investigation.

The developed downward wicking technique can be used to investigate the wicking
properties of a wider range of fabrics in terms of fabric structure, fiber contents as
well as the effects of textile finishing. Therefore, an advanced study of this

technique is highly recommended in the future.

The zeta potential measurement is important to quantify the average charge density at
the surface. Besides, the FTIR-ATR characterization technique offers the
determination of chemical functional groups on the fiber surface. These two
techniques may be used in conjunction with the techniques employed in the present
work to monitor the changes occurring on the fiber surfaces at various stages of

textile processing particularly where surface modifications are used.

ESEM has been shown to be a very useful tool for observing the surface morphology
of textile fiber. Similarly, AFM is also a powerful tool to study the fiber surface |
topographically in nano-meters scale. Both characterization techniques make it
possible to carry out the on-going observation of the fiber surface affected by the
surface treatment or modification. Further study is highly recommended to imp&ove
these two characterization techniques and their application to other areas of textile

research.
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