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Summary

The scope of this thesis is the development of a new industrial applicable pre-treatment process
for cotton based on catalysis. The pre-treatment generally consists of desizing, scouring and
bleaching. These processes can be continuous or batch wise. Advances in the science of bio-
catalytic pre-treatment of cotton and catalytic bleaching formed the scientific basis for this work.
The work of Agrawal on enzymes for bio-scouring and of Topalovic on catalytic bleaching led to
the conclusion that reduced reaction temperatures for the pre-treatment processes of cotton are
possible. A second reason for the present work is a persistent and strong pressure on the
industry to implement ‘more sustainable’ and environmental friendlier processes.

It was clear that for the industrial implementation of the newly developed process it would be
necessary to ‘translate’ the academic knowledge based on the catalysts, into a process at
conditions that are applicable in textile industry.

Previous experiences learned that the transition from academic knowledge into industrial
applicable processes often failed. This is caused by lack of experience of university researchers
with industrial product and process development as well as a lack of awareness of industrial
developers of academic research. This is especially evident for the so-called Small and Medium
Enterprises (SME’s). To overcome this gap a first step was to organize collaboration between
academic institutes and industries. The basis for the collaboration was the prospect of this work
for benefits for all parties involved.

A rational approach has been adopted by first gathering knowledge about the properties and
morphology of cotton and the know how on the conventional pre-treatment process. To be able
to understand the conventional processes it was necessary not only to explore the chemical and
physical aspects but also to evaluate the process conditions and equipment that are used. This
information has been the basis for the present lab research on combined bio-catalytic desizing
and scouring as well as catalytic bleaching. For the measurement of the performance of the
treatments and the process steps, the performance indicators have been evaluated and
selected. Here the choice has been made to use industrially known and accepted performance
indicators.

For the new bio-catalytic pre-treatment an enzyme cocktail, consisting of amylase, cutinase and
pectinase has been developed. The process conditions in the enzyme cocktail tests have been
explored reflecting different pre-treatment equipment as they are used in practice and for their
different operation conditions. The exploration showed that combined bio-catalytic desizing and
scouring seemed attractive for industrial application, with major reduction of the reaction and the
rinsing temperatures, leading to several advantages. The performance of this treatment, when
compared with the existing industrial treatment showed that the quality of the treated fabric was
comparable or better than the present industrial standard, while concentrations enzymes in the
cocktail have not yet been fully optimized.

To explore the application of a manganese catalyst in the bleaching step of the pre-treatment
process the fabrics were treated with the enzyme cocktail prior to the bleaching. It has been



decided not to use conventional pre-treatment processes because in that case the combined
desizing and scouring step would not be integrated in the newly developed process. To explore
catalytic bleaching it has been tried to mimic the existing industrial processes where possible.
The use of the catalyst at 100°C, as occurs in a conventional steamer, leads to decomposition of
the catalyst and thus no bleach activation occurs. This led to the conclusion that catalytic
bleaching is not possible in present steamers nor at low temperature. This latter fact is caused
by equipment restrictions, which are not easily overcome without important investments. So it
has been decided to explore the bleaching process by simple batch experiments in a beaker-
glass. From these experiments it has been concluded that catalytic bleaching is only possible in
discontinuous equipment, where the fabric is treated in an aqueous environment at low
temperature. A special result of the experiments on bleaching was that the bio-catalytic treating
steps allows a reduction of the concentration sodiumhydroxide in the bleaching step. In
conventional treatments sodiumhydroxide is needed to saponify the waxy layer and to degrade
the pectin in the primary wall of cotton. As this has already been achieved in the bio-catalytic
treatment step it is not necessary anymore to add sodiumhydroxide for wax and pectin removal
to the bleaching liquor.

To explore the importance of mass transfer in bio-catalytic wet textile processes a learning
model was set-up. The basis for the model is the understanding of fluid flow and diffusion in a
textile fabric, which consists of a stagnant core and a convective shell. Wet textile processes are
strongly influenced by mass transfer processes, where it is about the transfer of chemicals into
and products out of a fabric. The mass transfer in the stagnant core is slow and in the convective
shell the mass transfer is fast. A squeezing factor a has been introduced to explain the effect of
the mechanical energy on mass transfer. The model provides some insight in the role of the
dominating factors in mass transfer, which was qualitatively confirmed by lab experiments.
Further it is elucidated that repeated refreshment of the volume in the capillaries of the yarn by
the application of mechanical energy is of decisive importance in enzymatic textile treatments.
The knowledge and know-how that has been gathered on the enzyme cocktail, bleaching
activators and on the necessity of mechanical energy in enzymatic wet textile processes has
been transformed in a pre-treatment process for cotton on specific installed base. Subsequently
experiments have been carried out on a full size pre-treatment plant and these confirmed the
findings of the lab work in terms of desizing and hydrophilic properties of the fabrics. So it is
concluded that industrial application of enzymatic desizing and scouring is possible. The
developed bleach activation has not yet resulted in the particularly high whiteness standard of
the hosting company. Under these conditions the optimal use of the bleach stabilizers is of
dominant importance. Recently some industrial experiments have been carried out with a more
thermostable manganese catalyst. Although the whiteness was importantly improved, when
compared to the previous trials, this has not yet led to full realization of the high whiteness
standard of the hosting company.

The performance on the whiteness of the fabric that has been treated on industrial scale with the
new developed process still has to be further optimized. It is expected that this will be realized in
future optimization trials. The reductions on water and energy consumption that have been
realized and the decrease of the pollution load of the effluent are found to be substantial.
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It can be concluded that (bio)catalytic pretreatment of cotton on industrial scale is possible and
leads to cost reductions in terms of less water and energy consumption and reduced
wastewater treatment costs.
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Samenvatting

In dit proefschrift wordt de ontwikkeling van een nieuw industrieel voorbehandelingproces voor
katoen op basis van bio-katalyse beschreven. De conventionele voorbehandeling van katoen
kent de processtappen ontsterken, afkoken en bleken, om vervolgens het katoen verder te
kunnen bewerken in de ververij of in de drukkerij. Deze processen kunnen zowel continu als
batch gewijs uitgevoerd worden. Recente ontwikkelingen in de genoemde processen op het
gebied van enzymtechnologie en bleekkatalyse vormen de basis voor dit werk. Onderzoek van
Agrawal naar enzymatische was- en pectineverwijdering van de katoenvezel en het onderzoek
van Topalovic naar het katalytisch bleken van katoenen substraten hebben tot de conclusie
geleid dat het mogelijk moet zijn om katoen voor te behandelen bij lage temperaturen met een
gereduceerd waterverbruik. Een andere aanleiding voor het onderzoek is de aanhoudende en
sterke druk die wordt uitgeoefend op de textielindustrie om meer en meer duurzame producten
en processen te ontwikkelen en te implementeren.

Voor succesvolle industriéle implementatie van het nieuwe voorbehandelingproces is het
noodzakelijk om de academische kennis over katalyse te vertalen in een industrieel toepasbaar
proces.

Deze vertaling van academische kennis naar industrieel toepasbare processen is in deze
bedrijfstak vaak mislukt, enerzijds door gebrek aan ervaring van universitaire onderzoekers met
de industriéle processen en procesontwikkeling en anderzijds door gebrek aan kennis over
academische research bij de industriéle proces en productontwikkelaars. Deze problematiek
treedt zich vooral op bij het Midden en Klein Bedrijf (MKB). Om deze kloof te vermijden is
besloten om de samenwerking tussen de kennisinstellingen en industrie te organiseren. In de
samenwerking staat centraal dat de betrokken participanten allen binnen hun werkveld van de
nieuw ontwikkelde kennis dienen te profiteren.

Tijdens het onderzoek is eerst kennis verzameld over de eigenschappen en morfologie van
katoenen substraten en de katoenvezel. Aansluitend zijn de conventionele
voorbehandelingprocessen onderzocht. Voor een goed begrip van de conventionele processen
was het noodzakelijk om naast de chemische en fysische aspecten inzicht te verwerven in de
procescondities en de industriéle installaties waarop deze processen worden uitgevoerd. Deze
informatie vormt de basis voor het hier beschreven lab onderzoek naar de mogelijkheden van
enzymatisch ontsterken en afkoken, gevolgd door katalytisch bleken. De kwaliteit van de
behandelingen in de verschillende proces stappen is hierbij gemeten met behulp van industrieel
geaccepteerde methoden.

Een enzym cocktail, bestaande uit amylase, cutinase en pectinase, is ontwikkeld ten bate van
gecombineerd bio-katalytisch ontsterken en afkoken. De procescondities voor de toepassing van
bio-katalytisch ontsterken en afkoken zijn onderzocht voor verschillende typen installaties en
processen zoals die toegepast worden in de textielindustrie. Uit het onderzoek is gebleken dat
gecombineerd bio-katalytisch ontsterken en afkoken attractief lijkt voor de industrie, waarbij een
belangrijke reductie van de reactie- en de procestemperatuur tot verschillende voordelen leidt.
De kwaliteitsmeting van het doek dat op deze wijze is behandeld laat zien dat, indien deze wordt



vergeleken met een conventionele behandeling, de kwaliteit van het behandelde doek minstens
zo goed of beter is dan de huidige industri€le standaard, terwijl de gebruikte enzymconcentraties
nog niet geoptimaliseerd zijn.

In het onderzoek naar het bleekproces met de toepassing van de mangaan katalysator is het
doek voor het bleken eerst behandeld conform het nieuwe voorbehandelingproces met de
enzymcocktail. Hiertoe is besloten teneinde het verwachte voordeel van de gecombineerde
voorbehandeling ten volle te benutten. Van belang is hierbij dat de was en pectineverwijdering in
het conventionele proces vooral plaats vindt tijdens het bleken, waar in het nieuw proces deze
producten al verwijderd worden tijdens het enzymatisch ontsterken en afkoken. Tijdens het
onderzoek naar de mogelijikheden van Kkatalytisch bleken is getracht de industriéle
omstandigheden waar mogelijk na te bootsen. Het gebruik van de katalysator bij 100°C, zoals
gebruikt in een stoomkast, leidt echter tot decompositie van de katalysator en dit resulteert in
onvoldoende ontleding van waterstofperoxide waardoor een onvoldoende bleekeffect wordt
gerealiseerd. Deze waarneming heeft geleid tot de conclusie dat katalytisch bleken in de huidige
stoomkasten niet mogelijk is, echter ook niet bij lage temperatuur. Dit laatste wordt veroorzaakt
door technische beperkingen, die niet gemakkelijk opgelost kunnen worden zonder omvangrijke
investeringen. Derhalve is besloten om katalytische bleekexperimenten in bekerglasproeven uit
te voeren zonder toepassing van de reactietijden en condities van een stomer. Het is tijdens de
experimenten duidelijk geworden dat katalytisch bleken bij lage temperatuur uitsluitend
toepasbaar is bij discontinue bleekprocessen in waterig milieu. Een opvallend resultaat van de
bleekexperimenten was dat bio-katalytisch ontsterken en afkoken het mogelijk maakt om tijdens
het bleekproces de concentratie natronloog aanmerkelijk te reduceren. In het conventionele
proces is het gebruik van hoge concentraties natronloog noodzakelijk om de waslaag van de
katoenvezel te verzepen en de pectine in de primaire wand af te breken. Zoals reeds gezegd
wordt de waslaag en de pectine van de katoenvezel in het nieuw ontwikkelde proces tijdens de
eerste, de bio-katalytische, stap al gerealiseerd en niet meer tijdens het bleken.

Natte textielprocessen zijn afhankelijk van massatransport van chemicalién uit de bulk van de
behandelvloeistof naar het textiele substraat en van reactieproducten uit het doek naar de bulk.
Teneinde het belang van massatransport in de bio-katalytische voorbehandeling vast te stellen
is een leermodel ontwikkeld. Het doel van het model is inzicht te verwerven in vloeistofstromen
en diffusie in een textiel substraat, dat bestaat uit een convectieve en een stagnante zone. Het
massatransport in het stagnante gebied is langzaam en in het convectieve gebied is het
transport snel. Een afpersfactor a is geintroduceerd teneinde het effect van mechanische
energie op het textiele substraat te verklaren. Het model levert inzicht in de bepalende factoren
voor massatransport, die kwalitatief bevestigd kon worden door lab experimenten. Daarnaast is
modelmatig vastgesteld dat mechanische energie van doorslaggevend belang is in
enzymatische processen voor de verversing van de inhoud van capillaire gebieden in het textiel.
De kennis die is verworven over het enzym cocktail, de bleekactivatoren en de noodzaak van
mechanische energie hebben geresulteerd in een voorstel voor bio-katalytische
voorbehandeling van katoen voor een specifieke installatie. Tenslotte zijn op industriéle schaal
experimenten uitgevoerd en deze hebben de resultaten, in termen van ontsterkingsgraad en
hydrofiliteit verkregen op lab schaal, bevestigd. Op basis van deze experimenten op
commerciéle schaal is geconcludeerd dat enzymatisch ontsterken en afkoken op industriéle
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schaal mogelijk is. De bleekstap van het nieuwe proces heeft nog niet geleid tot het realiseren
van de vereiste hoge standaard witheid van de referentie onderneming. Het is gebleken dat bij
de gebruikte procescondities een andere bleekstabilisator noodzakelijk is.

De witheid van het volgens het nieuwe proces behandelde doek op industri€le schaal dient dus
nog verder verbeterd te worden. De verwachting lijkt gewettigd dat de vereiste witheid in de
eerstvolgende experimenten kan worden gerealiseerd. Opgemerkt dient te worden dat de
gerealiseerde witheid al voldoet aan de meest gangbare eis voor witheid bij andere
veredelingsbedrijven. De gerealiseerde reductie van het water en energieverbruik, alsmede de
afname van de vuillast in het effluent is substantieel.

De eindconclusie is dat bio-katalytische voorbehandeling van katoen op industriéle schaal
mogelijk is en dat dit proces leidt tot besparingen in termen van water en energieverbruik en
reductie van de kosten van het lozen van afvalwater.
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Introduction

The wide use of cotton and the high consumption of water and energy for cotton wet-textile
processing underlines the urge for improvement of the treatment to reduce the use of the scarce
resources water and energy. Textile industry is conservative in adapting new processes. Never
thereby the importance of process improvement increases with the increasing scarcity of the
resources water and energy and forces the conservative textile industry to adapt new processes.
To realize process improvement it is necessary that knowlegde institutes and industry work
closely together.
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1.1 General

Cotton is since centuries one of the most important and widely used textile fibres. Cotton is
produced in big volumes. The annual global production is about 25 million tonnes. For the
production of the cotton, from fibre to garment, high quantities of water and energy are used.

In the present time we highly value the sustainability concept as a tool to improve quality of life,
or at least not to use natural resources in quantities as we are doing until now. More and more
people realize that natural resources are not inexhaustible. This change in thinking about natural
resources has been a starting point for many research activities with the focus on improved
sustainability.

In cotton cultivation the research focus is on reduction of pesticides and fertilizers [Kooistra et al,
2006]. Awareness of exhaustible fresh-water resources stimulates research for efficient water
usage for growing cotton [WWF Home page]. Before a cotton fabric is used as a garment it has
to be coloured and prepared for use by giving it the desired properties. These processes are the
so-called wet textiles processes, which consume high volumes of water and energy. Wet textile
processes are an important research area for improvement of sustainability and many
researchers are working on this topic [Agrawal, 2005, Cavaco-Paulo & Guebitz (Ed.), 2003,
Csiszar et al., 2006, Topalovics, 2007 and Tzanko et al. 2002]. Important research areas are
cotton pre-treatment with the focus on water and energy reduction, dyeing and printing with
improved dyes, which meet environmental demands and finishing of cotton fabrics with less
harmful chemicals and at low temperature. Drivers for process changes in industry are quality
improvement, cost reduction and improved sustainability. Drastic cost reduction by improved
sustainability due to bio-catalytic treatment is predicted at the conference EuropaBio [EuropaBio,
Press release, 2003].

1.2 Focus of this research

This research focuses on cotton pre-treatment by enzymatic processes. Enzymatic pretreatment
of cotton is already known for many decades in the textile industry. In the beginning of the 20"
century the enzyme amylase is introduced in textile industry as a desizing agent. Nowadays it is
the most important desizing agent for starch sizes. The call for sustainable processing brought
emphasis to use enzymes for other pretreatment steps and the door is opened for new enzymes
and applications, but also for research to improve the application of existing enzymes [Agrawal,
2005, Cavaco-Paulo & Guebitz (Ed.), 2003, Csiszar et al.,, 2006 and Tzanko et al. 2002].
Research for enzymes to improve sustainability is fed by the knowledge that enzymes generally
catalyze reactions in benign environment [EuropaBio, Press release, 2003]. Bleaching of cotton
is also an important subject for research [Hage & Lienke, 2006, Topalovic, 2007]. In this work
the options for low temperature bleaching are also investigated and evaluated.

Researches have put a lot of effort in developing new processes for the textile industry to create
sustainable processes, new products or to reduce costs. Rather successful was the introduction
of new ‘nano’ related products. Products with anti-bacterial, cleaning and protecting properties
have recently been marketed. Textile companies focus rather on product development as
strategy than on process development. Despite all this research hardly new processes are
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implemented. In the past new processes were mainly developed by chemical and installed base
suppliers. Due to economic reasons new process developments have been very scarce.
Arguments that are used to explain this are re-allocation of textile industry, cost of development
and competitive pressure on sales. Struggle for survival led to a product development rather
than process development.

1.3 Hesitation to adapt a new process

Textile industry is known as a conservative industry where it is very difficult to implement new
processes. The major reason for hesitation in adapting a new process is the high cost of
implementation in combination with the risk of failure. Until now many textile processes are not
fully analyzed or the interaction between chemistry, fabric and installed base is not fully explored
and known. This lack in knowledge also hinders development, as researchers and industry are
not always able to oversee the consequences of changes or the risks of hidden defects. These
arguments have to be taken into account to implement new processes to improve sustainability
and reduce costs.

The goal of this research is “the development of an innovative (bio)-catalytic pre-treatment
process for cotton on industrial scale”. The objectives of the new process are improvement of
sustainability. This improvement is measured in terms of reduction of water, energy and effluent
load. Industrial demands are no reductions of capacity, reduction of costs and the quality level
has to be at least as good as conventional production. The new developed process has to be
implemented in the industry, taking into account the fabric to be treated and the available
installed base. Knowledge on fabrics and installed base is a prerequisite for a successful
application of a new process. This gives the research a multi-disciplinary character in terms of
chemistry, mass transfer and textiles production processes. Therefore it is necessary that
academic institutes collaborate closely with the textile industry.

1.4 Outline of this thesis

The outline of this thesis is as follows:

* In Chapter 2 general information on cotton and its history is presented. The application areas
and the desired properties of the textile fabrics are presented. The morphology of the cotton
fibre is described. The pre-treatment steps before dyeing and printing are related and
explained on the basis of this knowledge. In general terms the different pre-treatment
processes are discussed and the installed base for the distinctive treatments are presented.

* Chapter 3 reports on the development of the enzymatic pre-treatment step. Here the enzyme
cocktail, containing amylase, cutinase and pectinase, is introduced. Evaluation techniques
for desizing and scouring are discussed. The work on enzymatic seed coat fragment
degradation is evaluated. Finally the operating window for the enzymatic pre-treatment step
is presented.

* In Chapter 4 the bleaching step, aimed at sustainable treatment is presented. The use of a
manganese catalyst is evaluated and compared with the performance of conventional
bleaching. The operating window for bleaching is presented.
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In Chapter 5 we have derived models to get more insight in the role of the mechanical
energy. Mechanical energy is studied in relation to convective and diffusive mass transfer in
a fabric. A model has been developed that describes the effect of mechanical energy in
terms of squeezing action. Squeezing is seen as a means to accelerate the mass transfer
processes. Experiments are presented that validate this model qualitatively. Besides a model
is presented to show the importance of mechanical energy in the maximum adsorption of
enzymes at the substrate surfaces.

Chapter 6 gives a description of the experiments at industrial scale. These experiments are
carried out on full width. The basis for the industrial experiments is found in the previous
chapters and translated to the specific situation. Major differences are determined between
the requirements after the treatment (depending on fabric and consecutive processing),
installed base and previous treatments. Per industrial experiment the set-up, recipes and
operating window is discussed and related to the theory of the new process.

Finally in Chapter 7 an economic evaluation has been given. Calculations have been done
for the chemical costs, the reduction in water and energy consumption and the effect on
wastewater costs.
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Cotton from plant to fabric

In this chapter information about the history and application of cotton is presented. It describes
the journey from cotton fields to a cotton-fabric, which is until now one of the most important
textile materials. The pre-treatment processes of cotton are related to the morphology of this
fibre. The considerations to select the pre-treatment process and the process conditions have
been discussed.
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2.1 Introduction

Mankind has always protected themselves from harsh environmental conditions like cold,
sunlight, rain etc. In more general terms the primary function of clothing is protection, covering
and distinction. The protective properties of textiles can be aimed at various hazards like
weather conditions, but also hazards that are related electric conductivity, flame-ability,
chemicals etc. Sometimes clothes render protection to the wearer by high visibility for road-
workers or just not to be seen for instance for armed forces. Coverage is the property of textiles
to cover for instance a person against light, being seen, wounds, to become wet etc. The last
function that is mentioned for clothing is the opportunity to distinct one person or a group from
others. The choice of garments express in this case often the wearer's emotions. Other
applications for textiles are household, upholstery and technical products.

The first materials used as garments where furs, leather and leaves. Later wool and other
products became available. In fact in ancient times, when people where able to produce a two-
dimensional structure from fibres a new production technology started: the textile industry. The
fibres used came from animals or plants. Until now the major fibre from plants is cotton.
Comparison between cotton, wool and synthetic fibres shows that the relative position of cotton
is 38% of the total volume of fibres that are used for textiles, where wool is about 2% and
synthetic fibres form about 60% of the annual production in 2005 [Koslovski (Ed.), 2006]. From
1980 until 2000 the growth of world population was 38%, while the growth of cotton in that period
stuck at 36%. It is assumed that the demand for cotton is related to the global population. Faster
growth of global population than global production of cotton implies extra growth of synthetic
fibores to fulfill the demand for textiles. The annually cotton production increases and
nevertheless the relative position of cotton decreases slightly due to growth of production of
synthetic fibres [Koslovski (Ed.), 2006]. Despite the relative growth of the synthetic fibre cotton
has still an important position due to its properties. The major comfort properties are thermal
insulation, moisture handling and next-to-skin comfort. These comfort aspects are due to relative
fine and flexible fibres. Cotton can absorb up to 20% water, without feeling wet. The water
uptake capacity is up to 60%, without the fabric starts to drip. The next-to-skin comfort is high
because the fibre is fine and soft. Cotton develops —under average use- no electrostatic
charging as it always contains water, resulting in discharging of the fabric. The combination of
these properties and the relative low price give cotton this important position in the worldwide
use of fibres. It is not expected that this position will drastically decrease in the near future and
this justifies this research.

In the last decades a lot of energy is put into the development and use of organic cotton.
Organic cotton is cotton that is produced without the use of fertilizers and pesticides. The aim is
to realize sustainable cotton crop production [Kooistra et al., 2006]. Although the production of
organic cotton is increasing the production volume until now is very small. It is less than 1% of
annual global production of cotton. In 2007/2008 the quantity organic cotton grown up to 0,76%
of the global volume of harvested cotton [Organic cotton exchange, 2010].
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2.2 History of cotton

The first known use of cotton is of the period of 5000 BC. Pieces of cotton where found in caves
in Mexico. The species found was Gossypium hirsutum. This cotton variety is still the most
widely grown cotton species in the world and is about 90 % of global harvested cotton. This
cotton is very similar to American cotton types. In Mohenjo Daro, an ancient city in the area
West Pakistan, a cotton fabric is found that is from the period 3000BC. This cotton is harvested,
spun and woven in the Indus River Valley. The Indus cotton industry was, in that time, well
developed and some ancient technologies that have been used in spinning and weaving are still
the basis for equipment that is presently used in the textile industry. Also cotton fabrics, that are
from the same era as the cotton in West Pakistan, is found in the Nile Valley in Egypt [National
cotton council, website]. Greek and Arab merchants first ignored cotton. It lasted until 800 BC
before Arab merchants introduced cotton in Europe. The interest for cotton increased in 400 BC
when the Greek historian Herodotus wrote that in India there were trees producing a sort of wool
that is better than wool produced by sheep. This might explain the German word for cotton
‘Baumwolle”. In the first era after Christ’s birth the Arab traders brought fine muslin and calico to
ltaly and Spain. The Moors in Spain introduced cotton cultivation the 9™ century AD. In ltaly,
Venice and Milan, the first cotton/linen fabric is produced with a linen warp and cotton weft.
Around 1500 it is for the first time reported that cotton is imported in England and from here
cotton products spread fast over the world. In the beginning cotton was a very luxurious product,
but with increasing growth and production cotton became more and more available for common
people. The industrial revolution in Britain boosted the manufacturing of cotton fabrics. In this
time the roller-spinning machine of Lewis Paul and John Wyatt of Birmingham has been
developed. This invention has been followed by other inventions and developments, which made
the area of Manchester (England) the global heart of the cotton trade and developments.

Cotton products and trade have had for a long time a major influence in history. The textile
revolution in England boosted the production capacity so enormously that the leading cotton
supplying country India could not follow the demand. Therefore the English producers had to
search for an alternative supplier and imported their cotton for an increasing part in the United
States. Due to the American civil war the American production decreased tremendously and the
English traders had once again to search for alternative sources. Egyptian producers could meet
the large demand for cotton. However after the ending of the American Civil War the English
traders decided to use the cheaper American cotton again, leading to the bankruptcy of Egypt in
1876. This bankruptcy of Egypt was one of the main factors for Egypt’s annexation by the British
Empire in 1882. The production of cotton and its fabrics have been shifted over many countries
and even over continents. Major arguments for the shifting during the middle ages were
economic reasons, sometimes caused by political instability. Nowadays the shift of textile
production of the countries or continents has also been dictated by either economic or political
reasons and it is believed that the shift of textile production will continue.

During many centuries the production technology of textiles has been improved gradually. The
industrial revolution in England boosted in the development of textile technology but also the
development of synthetic fibres in the mid of the 20" century contributed to a large extend to
further generation of textile technology.
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2.3 Application of cotton

It is already mentioned in this work that there are many applications of cotton. Major application
areas are:

e clothing;
¢ household;
e interior;

¢ technical textiles.

Clothing

Cotton is widely used and it is by far the most important natural fibre for clothing. Cotton owes
this position to its high relative strength, but also the soft handle and perfect moisture absorption
capacity make these fabrics to preferred products. Cotton is very much suited for dyeing or
printing and a number of dyestuff-groups with different chemical structures and dyeing properties
are available. This makes the fabric very fashionable. Various finishing options make it possible
to produce a cotton fabric that has been modified to fulfill the end-users requirements. The
application of cotton fabrics varies from coats to T-shirts and from casual clothing to evening
dresses. Cotton garments are relatively easily cleanable in domestic laundry.

Household

Cotton is used in household in almost all applications that require water uptake. The water
uptake capacity of cotton is about 60% of its own weight, before the fabric starts to drip. Here it
is important to realize that cotton is stronger when it is wet, where other textile fibres decrease in
strength after wetting. Another household application of cotton is bed linen. For bed linen the
same arguments can be used as for rubbing cloth. For both applications the water up-take
capacity even up to 20% of the fabric weight gives not a wet feeling to the product. Good tensile
strength properties for bed linen are important, when sweating wets the fabric. Dyeing and or
printing properties of household linen make these products fashionable.

Interior

The handle of the fabric, the drape- and tensile strength properties make cotton fabrics suited for
interior applications. Dyeing and printing increase the suitability for cotton for interior products as
it gives the consumer the option for personalizing the interior and for distinction. Requirements
for different applications are met after finishing the fabric. Properties that are added to the fabric
are easy care, flame retardant properties etc. Cotton is used in interior products as seats,
curtains, in-betweens, floor covering etc.

Technical textiles

Cotton is used in technical textiles for its properties as tensile strength, wet and dry, resistance
to chemicals, water uptake but most of all the various possibilities to add functionalities to the
fabrics by finishing processes. An important technical application is medical textiles. The re-
usability and easy cleaning properties are important for this application.

28



Cotton is the most important natural fibre that is available in high volumes at a relatively low
price. The low price in combination with the properties of cotton fabrics makes it hard to replace
cotton by other fibres, either natural or synthetic. Therefore it is not likely that the consumption of
cotton will decrease in the future. This is confirmed by historical data about the growth of the
global population and consumption of cotton that show a similar development. [Unctad market
information, 2010].

2.4 Cotton properties

Cotton is a hair, that is attached to the seed of plants Gossypium botanical genus of the mallow
family. After planting it takes about 175 — 225 days before cotton can be harvested. During
growth cotton flowers after about 8 — 10 weeks. When the blossom falls a small triangular pod is
formed, that grows to the size of a walnut. This is the so-called cotton boll that contains 20 - 30
seeds. Each seed contains about 2000 — 7000 hairs, depending on the cultural strain. The
epidermal cells start to elongate. After about 18 days the cell wall starts to thicken and
elongation of the hair stops. Maturity of the hairs is reached 50 — 60 days after flowering and the
boll bursts open, showing the fine cotton hair. After harvesting the bolls are allowed to ripen and
dry for about 30 days. The seeds and hairs are separated in the ginning process. The height of
the cotton plant varies between 0.25 - 2 m, depending on cultural strain, cultivation and climate
[Wakelyn & French (Ed.), 2007, Rouette (Ed.), 2001, Swicofill website].

Cotton cultivation occupies more than 30 million hectares of global arable land. For cultivation of
cotton 8500 litres of water (rainfall and irrigation) per kilogram cotton lint is used. These volumes
vary strongly per area. In China there are cotton areas where less than 5.000 litres water per kg
cotton lint is used, but there are also areas in India, where more than 20.000 litres of water per
kg cotton lint is used [WWF,cleaner,greener,cotton, 2007]. More than 20 million farmers are
world wide involved in cultivating cotton. This cultivation consumes about 11% of the world
pesticides, while only 2.4% of the arable land is used. Per ton of harvested cotton about 400 kg
fertilizers and 40 kg pesticides are used [Rouette (Ed.) 2001]. Annual global production of cotton
is approximately 25 million-ton. Major cotton producing countries are China, with a share of 24 %
of the global production, followed by the United States of America, with a share of 19%, India
with a share of 16% and Pakistan, that produces 10% of the global volume. The rest of the
production is spread over more than 100 countries.
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Figure 2.1: Cotton field

The length of the fibre varies from 26 mm (short staple) to >39 mm (extra-long staple) [Rouette
(Ed.), 2001]. Cotton is a fine fibre, with a weight per unit length between 1 and 4 dtex. Tex is the
mass in grams per kilometre of fibre or yarn. Dtex is the mass in grams per 10 kilometre of fibre.

The cotton fibre consists cellulose chains that form the elementary fibrils. The elementary fibrils
form micro fibrils. These fibrils are grouped together in the cotton fibre. In the following list the
construction of the fibre is shown and quantified, including the diameter of elementary and micro
fibrils:

* 1 cotton fibre: 15.000 micro fibrils

* 1 micro fibril: 400 elementary fibrils

* 1 elementary fibril: 100 cellulose chains arranged in 6 — 8 packages
e diameter of micro fibril: 200 — 300 nm

* diameter of elementary fibrils: 3,5nm

Cotton fibres (figure 2.3) consists from the outside to the inside of:

e cuticle, the outermost layer;

e primary wall;

* winding layer;

e multi layered secondary wall;

* lumen.

After harvesting the cotton fibre dries and this causes the collapse of cotton fibres, as it is shown
in figure 2.2. The collapse is due to a different shrinkage of the primary and secondary wall. The
primary wall shows less shrinkage than the secondary wall, because its network structure. This
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effect results in the well-known kidney form of dried mature cotton. Reversely after swelling,
caused by moisture absorption, the cross section of the fibre is circular.

WA
\

Figure 2.2: Kidney shape of dried cotton fibre

The cuticle

The cuticle is the outermost layer of cotton fibre, the so-called cotton wax. It overlays the primary
cell wall and its main function is to protect the fibre from dehydration. Other functions are
protection against external physical and chemical attacks. In the spinning process the waxy layer
gives a soft hand but also improves spinning quality due to less friction. Chemically the cuticle
consists of free unsaponifiable high molecular alcohols, higher fatty acids of high molecular
weight and others, which give the cuticle a strong hydrophobic character.

Cuticle Primary i Winding Secondarywall i Lumen
wall i Layer (multi layered) :

o

Amorphous cellulose, :

Waxes : esterifiedandnon- :  Crystalline cellulose
¢ esterified pectins, :

hemicelluloses,
proteins and ions

Figure 2.3: Schematic representation of mature cotton fibre [Agrawal, 2005]
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Hot alkaline liquors via saponification can remove around half of the cotton wax. The rest is
insoluble and only emulsifiable. The melting temperature of cotton wax is 70-75°C [Rouette
(Ed.), 2001].

The primary wall

The primary wall is a thin film around the fibre and consists of amorphous cellulose and non-
cellulosic materials. Constituents of the primary wall are cellulose, hemicelluloses, glycoprotein,
pectin, coloring matters and traces of metal.

The cellulose in the primary wall has a lower degree of polymerization than the cellulose in the
secondary wall. The cellulose in the micro fibrils in the primary wall has a crystalline structure of
B (1-4)-linked glucose monomers and is surrounded by a matrix of other non-celluloses.
Therefore the primary wall determines the tensile strength of cotton [Rouette (Ed.), 2001].
Hemicellulose is a heterogeneous ill-defined group of a branched matrix forming
polysaccharides. The molecular weight is lower than cellulose and the degree of polymerization
is 150 or less. Hemicellulose plays an important role in cross-linking cellulose micro fibrils in the
primary wall. Besides the interconnection of hemicellulose also glycoproteins play an important
interconnecting role in the primary wall. Glycoproteins consist of a protein backbone with
protruding rods, which are glycosylated. Disulfide bonds covalently link the glycoprotein
molecules. They often contain an oligosaccharide chain, which is interconnected with other
polysaccharides in the primary wall. This is schematically shown in figure 2.4.

Cuticle |Primary wall |Secondary wall |Lumen

Pectin, protein,
________ hemicelluloses _ . . _ . ___._._._.
and metal ions

_______________ Cellulose

Figure 2.4: Schematic representation of the main constituents different layers of cotton [Agrawal]

Pectin is a non-cellulosic material (acidic polysaccharides). The role of pectin is to give firmness
and structure to the fibre, in the primary wall as well as in the winding layer, which is the
outermost layer of the secondary wall. In the primary wall pectin acts as connecting material in
the cellulose network. Cotton contains two types of pectin. The outer layer of the primary wall
contains esterified pectins. Esterified pectins allow the primary wall to extend during growth, as
they are less stable to humidity and heat. Non-esterified pectin contains more charged groups
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and is straighter than esterified pectin and forms a Ca®* bridge. The Ca?* -bridge cross-links with
other non-esterified pectins [Wakelyn & French (Ed.), 2007]. These cross-links function as a
network to hold the cell wall components together.

The natural colouring matter is present only in traces and the composition has not been
established with certainty. Cotton is a natural grown fibre and therefore growing conditions
influences its appearance. The faint creamy colour of raw cotton is not known for certain, but it
here it is possible that the fibres contain some flavonoid pigments that are present in the cotton
flowers and cotton seed. The brownish colour of cotton is studied more thoroughly. This pigment
consists of flavones such as morin and gossypetin. Cotton fibres contain also a considerable
amount of polyphenols such as gossypol, flavone and tanning substances. The content of these
substances depend on the maturity of the fibre.

The winding layer

The winding layer is the connecting layer of the primary and secondary wall. The layer consists
of cellulose micro fibrils, which are oriented along the fibre axis. The interconnections are mostly
stabilized by Ca?**-ions, making the interconnections in the winding layer stronger than the outer
layers. Due to the strong interconnections only limited swelling of the secondary wall is possible,
thus making the secondary wall less accessible to external damage.

The secondary wall

The secondary wall of the cotton fibre consists of three different layers. The layers as such
consist of closely packed fibrils (crystalline regions) with a spiral winding of 25 — 35°. The
direction of the winding in the different layers is axial opposite to the next layer. These are the S
and Z twists. The main chemical constituent is cellulose. The spiral gives cotton its stability in
swollen state. The difference in shrinkage of the primary wall and other layers cause the shape
of the fibre after drying, the kidney bean shape. The process of drying resulting in this kidney
shape is reversible.

It is stronger in the wet state than in the dry state due to hydrogen bonds. These bonds have
been formed due to the presence of H,O to in the amorphous regions and connect the cellulose
macromolecules. The formed hydrogen bonds in the amorphous region give cellulosic crystalline
fibrils more flexibility, and thus more elongation and thus higher tensile strength [Miyake et al.
2001].

The lumen

The lumen is the cavity in the single-celled cotton fibre, which encloses dead protoplasm. During
the drying of the cotton fibre the lumen collapses. The lumen itself is enclosed by the secondary
wall.
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2.5 Cotton production processes

Many different steps are involved in the transformation of harvested cotton into fabrics that are
ready for garment production. In general terms the production steps can be divided in two
different processes:

* structuring processes;

* wet textile processes.

2.5.1 Structuring processes

Structuring processes are processes that are necessary to produce a fabric from an individual
cotton fibre. The major structuring or structuring related processes are listed below:

* ginning;
* spinning;
* sizing;

* weaving;
e knitting.
Ginning

The first step is to separate the cotton fibres from the cottonseed. This process is called ginning
and is done nearby growing area of the cotton plant. In the ginning process the following
products and their quantities are separated after working up 100 kg cotton bolls [Rouette (Ed.),
2001]:

* 35kgfibres;

* 62 kg seeds;

. 3 kg trash.

Trash is all materials that are not cotton or seed, e.g. plant rests as leaves and small branches.
After ginning the cotton is packed in bales and shipped to the spinner.

Spinning

The first process in the spinning mill is mixing cotton from different, production regions. Often 6
different originated cottons are mixed. This mixture makes the spinner less dependant of the
supply of cotton from one region. Generally the yarn buyers do not notice the difference when
one of the six mixed cottons is changed and so the spinner supplies a ‘constant’ yarn quality.
During the mixing process the fibres are opened and a mechanical cleaning is done. All next
processes in the spinning mill are aimed at positioning the fibres in the length direction and to
realize equal fineness (thickness) over the length of the yarn. The doubling and stretching
process is repeated to optimize the regularity in the yarn. The yarn becomes finally its strength
by twisting the fibres around each other. Well-known spinning processes are ring-spinning and
open-end spinning. In ring-spun the fibres are partially anchored in the core of the yarn and are
all twisted in the same direction. This partial anchoring of the yarn causes the hairiness of ring-
spun yarn. In the open end spinning process the fibres are fed to a rotor and twisted. The core of
rotor spun yarn has a constant twist, which is comparable to ring-spun yarn. However this open-
end spinning process wraps the fibres also on the outside of the core and here the fibres are
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twisted in both directions, S and Z. The consequence is that this yarn cannot be opened
completely by untwisting. This wrapping effect also explains the reduced hairiness of open-end
spun yarn.

Sizing

Knitting or weaving is the next step in the production process of a two-dimensional plain cotton
product. In the weaving department the warp has to be impregnated with a size, which is a warp
strengthening composition of chemicals solved or dispersed in water. Most common sizes are
starch derivates, but also other natural products and synthetic sizes are used. The warp is
impregnated with the size in the sizing-department. On a weaving loom the sized warp is woven
with the weft into the fabric. The aim of sizing is to improve weaving efficiency. The size ‘glues’
fibres, which ‘strengthens’ warp and therefore less warp-threads break during weaving. It is
believed that the most important property of sizing is the decrease of friction on the weaving
loom and therefore less yarns breakage and to realize thus less stops of the loom. In a knitting
department there is less tension on the yarn and therefore the yarn has not to be sized.

Weaving

After sizing the warp yarn it can be used to produce a woven fabric. Weaving is the conversion
of yarn into fabric by interlacing two independent yarn systems, warp and weft on a weaving
machine (loom). Many constructions are known. Some well-known constructions are plain, twill
and satin weave. The looms that can be used for weaving are very different. The major weaving
techniques are shuttle, projectile, rapier, water and air weaving machines. These weaving
machines differ in the way they transport the weft yarn through the shed. The selection of looms
is based on the weight of the fabric, construction and the fibres that are used. After weaving the
fabric is shipped to the finishing department.

Knitting

Knitted fabrics are made from interlocking loops formed from a yarn. The types of knitted fabrics
that are distinguished are warp and weft knitted fabrics. The most well known weft knitted fabric
is single jersey. This fabric is often used in garment production (T-shirts). Other —more
dimension stable- knitted fabrics are warp knitted velour, which is applied for upholstery or lace
curtain. These products are produced on a flat bed warp-knitting machine.

After knitting or weaving the fabric has to be coloured and finished to fulfill the consumers
requirements.

2.5.2 Wet textile processes

After the structuring process fabrics have to be coloured and finished according the customers
demands. First the fabric is pre-treated for dyeing and finishing. In this process the fabric is
cleaned and unwanted products or properties are removed. Consecutively the fabric can be
coloured. Colouration is either done by dyeing or by printing. At last is the fabric finished to
obtain the required properties for the end-user such as resistance to shrinkage, water
repellency, flame retardancy etc. In the following table the three main wet textile processes and
their sub-processes are described.
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WET TEXTILE PROCESSES
PRE-TREATMENT singeing
desizing
scouring
bleaching
drying
COLOURING dyeing
printing
FINISHING — mechanical raising
calendring
sanforizing
FINISHING - chemical impregnating
coating

Table 2.1: Wet textile processing

As already stated the pre-treatment process is aimed at preparing cotton fabric for further
treatment such as dyeing and/or printing and finishing. To realize a high quality level of
pretreated cotton there are a number of consecutive steps to be carried out. These processes
are singeing, desizing, scouring and bleaching. The requirements for cotton before dyeing or
printing are a uniform clean, hydrophilic and white fabric. The preparation of the cotton fibre for
further processing is called pre-treatment of cotton. In table 2.2 the constituents and their relative
content in the cotton fibre and outer layer of the cotton fibre are shown.

Constituents Composition (%)
Whole fibre Outer layer
Cellulose 90-95 54
Waxes/fats 0,4-1,0 14
Pectic substances 0,7-1,2 9
Protein (nitrogen substances) 1,1-1,9 8
Ash 0,7-1,6 3
Organic acids 0,5-1,0 -
Other 1,4 12

Table 2.2: Composition of mature cotton fibre [Agrawal, 2005, Rouette (Ed.), 2001]

Sometimes a cotton fabric is mercerized. This is done to improve the quality of the fabric by
changing the crystalline structure of the cellulose polymers. Mercerization is a treatment of
cotton fabric under tension, with concentrated NaOH liquor. The aim of the treatment is a
reduction of the dyeing costs and an improvement of the lustre. Due to mercerization the fabric
can be dyed with less dyestuff to achieve the same colour. This is called the dye-efficiency. A
reduction of 20% of the dye-concentration that is necessary to achieve the same colour is mostly
realized. Mercerization after bleaching is most common, although it can be done also in other
stages of the finishing process e.g. before desizing. The advantages of mercerization as
improved handle of the fabric and dye efficiency have to be compared with the disadvantages as
extra production step and thus costs. This is necessary because there is also a risk of
decreasing the quality due to the formation of oxycellulose and hydrocellulose. The
mercerization process is not a subject of this work, as it is not affected by bio-catalytic pre-
treatment.
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Pre-treatment process steps

Singeing

In the singeing process the protruding fibres are burned off the fabric. In the singeing unit the
fabric is treated on both sides with gas burners. Before the actual singeing the fabric is cleaned
from dust and loose cotton parts, which can cause fire. Immediately after singeing the fabric is
guided in a liquor bath, that contains the desizing agents. The aim of immediate impregnation
after singeing is besides efficiency the prevention of fire in cases of singeing problems. The main
objective of singeing cotton is to achieve a smooth surface without protruding fibres. The
protruding fibres will cause a diffusive light reflection when they have not been removed from the
fabric and this will lead in that case to an uneven ‘washed off look’ of the surface of the fabric.

Desizing
The most common size on cotton fabrics is starch. Figure 2.5 shows the importance of starch as
sizing agent related to other sizes.

Starch consists of two chemical components, amylopectin (80%) and amylose (20%). The
chemical structure of starch is a polysaccharide composed by a condensation reaction of
glucose monomers. The structures of amylopectin and amylose are shown in chapter 3 in figure
3.3 respective 3.4.

Amylopectin consists of glucose monomers that are primarily linked by a (1-4) glucosidic bonds
with a (1-6) linked side chains occurring at every 20-24™ glucose unit.

Amylose however is more a linear polymer consisting of glucose monomers linked by a (1-4)
glucosidic bonds. Sizes contain often other products to improve the weaving efficiency, the so-
called greasing waxes.

For desizing the enzyme amylase is used. a-Amylases hydrolyze randomly and are endo-acting
on the a (1-4) bonds in the starch backbone [Cavaco-Paulo & Guebitz (Ed.), 2003, Rouette
(Ed.), 2001]. B-Amylases are not used for degradation of starch, because they only release
maltose units from the chains ends of the starch polymer. However, these enzymes are not able
to bypass branches in amylopectin. Amylases hydrolyze starch under different operating
conditions like pH, t and T, depending on the enzyme selected.
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Figure 2.5: Global importance of starch (source: Guifang Wu/Novozymes, presentation at INTB/INPB
(International Conference on Textile and Polymer Biotechnology)/Gent/Belgium/September 2009

Two process routes can be distinguished. The first is pad batch desizing, where the fabric is
impregnated with a desizing liquor containing amylase. After an incubation time of 8 — 24 hours
the degraded size is rinsed out. The second process route is continuous desizing. Here the
fabric is impregnated with a desizing liquor containing amylase. The fabric is lead into a steamer,
at a temperature of 100°C and 100% relative humidity, after impregnation for the degradation of
the size by the enzyme. Subsequently the fabric is rinsed. In both process routes the rinsing
temperature is about 95°C.

Other desizing processes are oxidative desizing, using peroxymonosulpheric acid or sodium
bromide and desizing of water-soluble sizes by washing. The last process has a risk of catalytic
damage of the cotton polymer and is used only in special situations e.g. when also polyvinyl
alcohol as size is used.

Scouring

Scouring is the process step to destabilize and (partly) remove the primary wall of cotton. The
goal of scouring is to make the cotton fibre accessible for water-solved products such as
bleaching-agents, dyes, printing and finishing chemicals. Scouring saponifies fats and waxes,
splits pectins and proteins and increases therewith to absorptive capacity of cotton. The
destabilizing process of seed coat fragments starts during scouring. The continuous scouring
process consists of impregnation with a strong NaOH solution (25° Bé). After impregnation the
fabric is incubated in a steamer during few (1 — 3) minutes at 100°C. In the steamer the cotton-
waxes are degraded and liquefied. After the reaction in the steamer the products formed can be
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rinsed out and the out at 95 - 100°C and the primary layer is sufficiently removed. This scouring
process is a so-called shock process, meaning that high concentrations chemicals are used
during a short time. Characteristic for a shock-process is that in the short treatment time the
fabric is not pre-heated before it is incubated. An alternative scouring process is kier-boiling at
long liquor. This is a discontinuous process and is time consuming. This process is not a subject
for further research in this work as it is a discontinuous treatment and its importance decreases
annually.

Bleaching

Bleaching is the last step in the pre-treatment process before drying. The goal of the bleaching
step is the realization of the required whiteness of the fabric. Also the fabric’s hydrophilicity is for
a major part realized during bleaching. It is assumed that the last part of the hydrophobic primary
wall is removed during bleaching, resulting in improved hydrophilicity. The bleaching liquor
contains H,O,, NaOH as bleaching activator and bleaching auxiliaries such as sequestering
agents and H,0, stabilizers. The whitening of the fabric occurs by oxidative discolourization of
the natural colourants of cotton.

As a weak acid in aqueous solutions H,O, dissociates only partly. The free acids have a very
limited bleaching action. To produce an adequate bleaching effect H,O, has to be activated. The
activator to be used and the concentration depend on the fabric to be bleached. For cotton most
often NaOH is used as bleach activator, based on economic arguments. In the bleaching liquor
H,0, has to be stabilized to prevent uncontrolled H,O, decomposition.

The continuous bleaching step consists of a bleaching liquor impregnation step, followed by
incubation for 10 — 20 minutes in a steamer at 100°C. After bleaching the fabric is rinsed and
acidificated. Acidification is necessary to neutralize residual NaOH, which causes a yellowing
effect after drying when not properly neutralized. Higher quantities of NaOH before acidification
can cause precipitation of sodium-acetate, which hinders even dyeing.

Drying

Finally the pretreated fabric is dried. This is normally done on drum dryer immediately after
bleaching. A drum-dryer is a set of steam-heated metal drums on which the fabric is dried. The
alternative for drying on a drum is drying on a stentor-frame. In a stentor the fabric is
horizontally transported through a heating frame. Needle or clamps, which are connected to the
chain, transport the fabric through the stentor. The fabric is dried by convective heat. After drum-
drying the rest moisture is near 0% as it is impossible to control and adjust drum dryers to a
preset rest moisture. During storage the natural water content of about 4 - 5% is realized under
normal humid conditions after a relative short period (24 — 48 hours).

Pre-treatment performance indicators

Cotton fabric is tested on several quality indicators after the pre-treatment process. The
requirements for the pre-treated fabric depend on further processing and are related to the
consecutive process.
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Therefore the treated fabric is evaluated for:
e size removal;

* hydrophilicity;

* whiteness of the fabric.

Machine-operators normally perform these tests. This organizational aspect requires fast and
sufficient accurate tests. The advantage of in-production-testing is that process deviations are
fast noticed and process adjustments can be carried out quickly.

Colouring processes

Fabrics are coloured by dyeing or printing after bleaching, unless a white fabric is needed.

In a dyeing process the dye is distributed uniform over the length and width of a fabric. This can
be done on various dyeing equipment. The choice of dyeing equipment is often related to the
volume of the batches and the choice of the dyes. The dyeing process as such consists of three
steps: in the first step the dye is added to the fabric; during the second step the reaction of the
dye with the substrate occurs to realize good dyeing properties and the third step is the washing
off of the dye on the outer layer of the yarn.

Printing is in fact the same process as dyeing. The difference is that printed fabrics consist of
more than one colour. The colours are locally added to the fabric, one by one, on one side using
printing screens. Consequence of a one sided colour addition is normally a colour difference
between the two sides of the fabric.

Finishing

In the finishing process the fabric gets its final properties. Textile finishing consists of two major
finishing processes, mechanical and chemical finishing. Both processes aim to render the fabric
the required functional properties. Mechanically achieved functionalities of textiles are shrinkage-
regulation by sanforizing, shine of the fabric and raising to increase volume of the fabric for
thermal insulation etc. By chemical finishing the properties of the textiles are achieved by the
use of chemicals. Here often properties like water- and oil resistance, flame retardancy etc. are
applied to the fabric.

2.6 Pre-treatment installed base

To select a pre-treatment installed base for cotton the finisher has to choice of two primary
options.

The first option is to treat the fabric in rope or full width form. In rope form the fabric is gathered
loosely together in the form of a rope in the warp direction. The rope is guided through the
equipment. Generally this process is more time consuming per metre fabric. Advantage of this
process is that extra time that this treatment needs makes it possible that less harsh chemicals
are used and therefore the fabric is less chemically damaged. Another advantage is that the
width of a fabric is no restriction. During the pre-treatment of the fabrics in rope form there is a
risk of the formation of creases and folds, which can be seen in the fabric after coloring and
therefore this process is less often used. After treatment the ropes have to be detwisted before
drying and further treatment. This results in extra handling and costs. In full width treatment the
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fabric is guided as a slab through the installed base. The production speed is higher, which
results in more chemical damage. On the other hand there is no risk in the formation of creases
and folds. Finally no extra handling for detwisting is involved. This research focuses on full width
continuous pre-treatment of cotton fabric. Two reasons form the basis for this focusing. The first
reason is that in rope form the pre-treatment time is no restrictive element due long reaction
times in the J-boxes and thus time is here not the limiting factor for enzymatic treatment. Second
argument for focusing on full width processing is that the majority of continuous cotton finishing
is based on full width pre-treatment.

The second option is the choice for continuous or discontinuous pre-treatment. In continuous
pre-treatment the fabric is guided into the installed base and passes subsequently all process
steps after each other in the different parts of the equipment. This option is further subdivided in
full continuous and pad batch-hot bleach pre-treatment. Discontinuous pre-treatment is the way
of processing in which the fabric is guided into the installed base and the process steps are all
carried out in the same part of the fabric. Consequence is that more time is needed for
processing. After every step the process is stopped to prepare the next step. Time is lost by
adding chemicals or by changing temperature. Advantage of this type of processing is that
variations in process-time form no technical restrictive factor.

The two primary options give four alternative main process-routes for pre-treatment of cotton. In
the following the four main routes are briefly discussed.

Rope-discontinuous processing

Rope-discontinuous treatment is applied when small batches have to be produced. The capital
investment in this installed base is relative low. This processing is flexible concerning reaction
times because the fabric-ends are sewed together to form a loop in the installed base. This loop
is rotated in warp direction through the equipment. Drawbacks of this process are reproducibility
and risk of rope folds as stated before. Well-known equipment for this treatment is a winch and a
jet.

Rope-continuous processing

Rope-continuous processing is very well suited for large batches and high volumes of fabrics.
Water and energy efficiency of this process is at discussion due to high liquor to cloth ratio and
high process temperatures. The liquor to cloth ratio (LCR) is the ratio of the weight of the fabric
and the quantity water used for the treatment. The large quantity fabric that is simultaneously
processed in this equipment makes process changes costly and time consuming. The installed
base consists of a number of J-boxes and U-boxes in series. The major drawbacks of this
process are the risk of rope folds and inflexibility process changes.

Full width-discontinuous processing

Pre-treatment of cotton on full width is by far the most applied pre-treatment process. Full width-
discontinuous processing is chosen when small batches are processed. The drawbacks are
reduced reproducibility and no efficient water and energy consumption, caused by a high LCR.
This process gives unavoidable seconds in the form of start and end of the batch as a jigger is
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used. Advantage of this production method is the flexibility, because each batch has to be
produced separately.

Full width-continuous

Full width-continuous pre-treatment process is most common and widely spread. In full width-
continuous pre-treatment there are two processing options as mentioned before
[www.Benninger.ch]. These options are:

* full continuous pre-treatment;

* pad batch-hot bleach pre-treatment.

In this work the previous mentioned options on full width pre-treated fabric will be explored. The
first option is full width-full continuous pre-treatment of cotton. In this process the fabric is in one
operation singed, desized, scoured, bleached and dried. This results in three wet pre-treatment
process steps, each with its impregnating compartment, reaction chamber and rinsing
compartments. This installed base is schematically drawn in figure 2.6. A variation on this
process is semi continuous. In that case installed base has only one steamer and the fabric is
guided two or more times through the installed base without the necessity of reaction time
between the treatments. The process time is a function of the fabric capacity (volume) and the
fabric velocity. So in the case that a new process is developed, which prescribes extra reaction
time this means that the capacity of the installed base is reduced. On the other hand it can also
be concluded that the combination of process steps results in increased output. The quality of
the fabric is reproducible and water and energy consumption is generally more efficient than
other processes as discontinuous and rope-continuous treatment.
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Figure 2.6: Schematically full continuous installed base

The second option is full width pad batch-hot bleach. This process is a variation on full
continuous. The difference is that after singeing and impregnation with the desizing liquor the
batch is stored on an A-frame for some hours. An A-frame can contain a fabric length of several
thousand metres. During the storage time the enzymatic reaction takes place. This installed
base is schematically drawn in figure 2.7. The fabric is rinsed, bleached and dried after the
enzymatic reaction. The concentrations chemicals, that are used for bleaching is higher in this
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process than it is the case in full continuous pre-treatment processes. The extra chemicals are
necessary to obtain sufficient hydrophilicity and whiteness as the scouring step is passed over.
In fact the ‘scouring’ step is incorporated in the bleaching step. Therefore extra bleaching-agents
are added to the bleaching impregnation liquor for combined scouring and bleaching. The
disadvantage of this process is, when it is compared to full continuous processing, that the
increased concentration chemicals result in higher damage of cotton fibres and fabrics and
higher cost of chemicals. The advantage of this process is that a more flexible installed base can
be used and less capital investment is necessary.

QUIR eq i . I B

% <
‘% Rinsing Rinsing 4@\ 6@ Rinsing 02
<Y D, 2
2 £
A
% o g
2. R
)
<
%
o

Figure 2.7: Schematically full width — pad batch hot bleach installed base

It is impossible to design one general pre-treatment process for cotton, due to different pre-
treatment options based on installed base only. The selection of an installed base as such
depends on the fabrics to produce, weight of the fabric, qualitative requirements for further
processing, availability of water, energy and chemicals. This leads to almost only unique
installed base and thus unique processing for the pre-treatment of cotton.

In this r