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ABSTRACT

Unconventional naturdkxtile fibre and enzymatibiotechnologies have positive esocic
economic impacts. They are increasingly demanded to substitute the conventional natural and
petroleurmbased synthetic fibres. Thggave americana fibre is considered aa potential
alternaive to syntheticfibres. It is a natural, local, long, strong, absorbent, organic,
renewable, ecsustainable and prospective lignocellulosic fibre which is negligible,
understudied and underutilised in textiles. This is due to its high lignin content that causes
high fibre coarseess, stiffness and less cohesiveness; the properties which make it difficult to
spin into a textile yarn. The overall aim of this research study was to extragigtwee
americana L.fibre with a triangulation water retting, investigate the wibgra-plant fibre
variability, enzymatic biosoftening and the physioechanical textile properties @fgave

americana Lfibre.

Agave americana Leaves werénandharvestedribbon stripped and water retted in closed
drums to conduct triangulation water rettinthe retted fibre was then manually separated
from the pithy leaf biomass, washed and dried. The enzymatic biosoftening of the fibre was
conducted with individual and sequential methods through biodelignification with MnP,
bioscouring with pectinase, bl@eaching with xylanase and biopolishing with cellulase. The
physicamechanical properties and variability of the raw and enzlyimsoftened fibre were

appraised through visudland and instrumental evaluation methods.

The triangulation water retting wasund highly effective, ecologically sustainable and
produced good quality fibre at a comparable time for other plant fibres retted with other eco
friendly methods. Microscopic crosectional views revealed that the rAgave americana

L. fibre is an irreglar, compact, mulicellular, thick composite consists of overlapping
ultimate fibres which have large, diverse and polygonal central lumens. The composite is
embedded in thenatural cementingextracellular fibre components; mainly lignin,
hemicelluose pct i n and waxes. The enzynmaflatimalti- bi os of
cellular composite with lumens smaller than those of raw fibre. The longitudinal SEM images
show that the raw fibre is an elongated dimensionally varied, compact, rigid-sacfgbel
multi-cellular composite entrenched with impurities and middle lamellae residues. The
enzymatic biosoftening processes have eliminated surface impurities and most of the

noncellulosic fibre components. This elimination caused apparent fighological



surface smoothness with less irregular cell wall features than thégawe americana L.
fibre.

The structural fibre defibrillation was found subsequent to surface cleanliness and it
intensified with the type and number of sequential enzymatic biosodigmocesses applied.

Thus, sequential manganese peroxidase, pectinase, xylanase and cellulase biosoftened fibre
experienced the highest biosoftening smoothness and structural defibrill@hienfibre
enzymatic biosoftening efficacy was designated by htelgss percentagdhe weight loss
percentageangel from 6.2 % to 24 %. The fibre tensile maximum load ranged from-4.64
22.61 N,displacement fron20.1250.40 mm andnitial Young's modulusfrom 0-598.3 MPa.

The stresstrain curve showed typical viscoelastic behaviour of a brittle fibre with apparent
intracandinter plant fibre variability. The fibre showelde bending lendt ranges from 5.6 to

7.4 cm, out of 8cm. The most improvagave americana Lfibre physical properties were

observed from the sequential biosoftening processes.

The variability and stresstrain behaviour ofgave americana Lfibre areanalogous to those

of other lignocellulosic fibresThe enzymatic biosoftening of the lodafjaveamericana L.

fibre increases its serviceable efficacy without polluting the environment and endangering
bioreserves. Thé&gave americana Lfibre is a sustainable potential textile fibre because it
possesses satisfactory textile mechanical propertieshenghtysical properties which have

textile fibore drawbacks which can be improved by eft@endly enzymatic biosoftening

processes to upgrade its textile performance quality and appearar@gave americana L.
fibreds potent i al thetie kibtes toald presearve bathasynthgtie and o s

conventional natural fibre resources.

Key words: Agave americana L.plant and fibre, biodelignification, bioscouring,
biobleaching, biopolishing,enzymatic biosoftening, fibre extractionlignocellulolytic
erzymes, lignocellulosic fibre,triangulationwater retting, physicomechanical properties,

andfibre variability.
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CHAPTER 1: INTRODUCTION, BACKGROUND AND PROBLEM
STATEMENT

1.1 INTRODUCTION

This is the part of the studthat focuses on an introduction to thgaveamericana L plants and
fibres It also states the problem statement, and elabsrate the justification, purpose and
significance of the studyit further lools into the conceptual framework, delimitations and
limitations assumpons of the research amgfines some operational terms used in the research

as well agyivesan outline of the rest of the other chapters of the study.

1.1.1 Natural fibres bounce back in the21st century

From the ecesocioceconomic point of view natural fibres are promising comfortable and
sustainable alternative to nalegradable and nemenewable synthetic fibres, which pollute the
atmosphere withtharmful greenhousegases which causes global warmigigjsasser 2010:248;
Fillat et al, 2017:1 Manimekalai & Kavitha, 2013872). Natural fibres were welkstablished and
played a significant role since the early civilization of mankind to produce textile and technical
products to fulfil human needs (Anandjiwala, 2006:1; Setal., 2012:347Tripathi & Tewari,
2015:1357;Vastradet al., 2015:198;Dramanet al, 2016:9591). For the last 100 years, mass
produced petrochemical mamade fibres have surpassed the natural fibres; in the global market
(Konwar & Boruah, 2018:504)This was due to technologicatodernisation the shorlived
commercialgains of synthetics, their greater uniformity, easy handling triggered by their excellent
resilience properties, poor absorbency which results in quick to dry property suitable for wash and
wears items, dimensional stability and options forpsidas to fit particulapurposes (Elsasser,
2010:8990; Samuekt al, 2012:780).

However, indiscriminate production, processamgluse of synthetic fibres causevere negative
impact on the environment as they pollute the environment since the sysitheti non
biodegradable and nesarbondioxide neutral (Mylsamy & Rajendran, 2010:2925)Their
production has also resulted in fast depletion of petroleum resources because they- are non
renewablg(Konwar & Boruah, 2018:504)They are also responsible fglobal warming because

more carbon dioxide is being produced during their production (Edward and Mrinal, 2011:223;
Ezeonuet al, 2012:7; Rg et al, 2013:296 Anwar et al, 2014:165Minderhoud, 2015:2Qmole

& Dauda, 201648). They further posegroblems related to their disposal. They release and


https://www.ncbi.nlm.nih.gov/pubmed/?term=Ezeonu%20CS%5BAuthor%5D&cauthor=true&cauthor_uid=22611499

discharge heavy metals and other extracts onto the ground soil and underground water. Their
affluent pretreatment is expensive, so it is likely that it is not avoidable to most fibre production
plants and also causes pollution (Allwoetdal., 2006:1).

Consequentlythereis a turn away from synthetic fibres; towards natural fi{@@vastanet al,
2009:56;Samuelket al, 2012:780; Sistet al, 2018:98. The value and resurgence of natural fibres
is due to their diverse uses in textjlgsmckagingand @mposites, costffectiveness, comfort,
recyclability, 100% biodegradabilityMylsamy & Rajendran 20102925, Teli & Jadhav,
2015:3848) renewability, highenergyuse efficiency, reduced ecological effects, reduced carbon
footprint, carbon utilisation capabilities (Surajarusarnet al, 2019:145), essential physice
mechanical and eefriendly properties; which grant natural fibres first preference over synthetic
fibores (Anandjiwala, 2006:1; Bacat al, 2010:827; Elsasser, 2010:56; Zimniewska al.,
2011:98; Verma, 2013:415; Naigt al, 2014:1; Thanestet al., 2015:117;Oudiani et al,
2015:16;ShahD.U. et al, 2016:14811882; Dramaret al, 2016:9591).

The current turnaround is robust enough to necesstagscalatingconsumptiondemand for
natural fibreswarrantsintensified researchand developmenfor unconventionaltextile fibre
resources (Elsasser, 2010:56; Singha & Rana, 2010:10%& Jacob and Prema, 2008:11;
Temesgen & Sahu, 2014.64; Bezai al, 2014:195; Darshiket al, 2016:1; Kozlowski &
MackiewiczTalarczyk, 2012:104; Saheat al, 2012:347). It has become imperative to scout
alternative renewable, eddendly and degradable natural sources for textile fibores which can
replace conventional synthetic fibres (Martha & Ca@l5:6; Doshi & Karolla, 2016, Djizi &
Bouzaouit, 2019:11)3 The exploitation ofaturalalternative fibres diverts underutilised fibres
viable, valuable and diversifieeco-socioeconomic textile productdavan & Kumar, 2010:3604

& 3606; Barth &Carus, 2015:3Singh, 2015:20L

1.1.2 World promotion of natural fibres

Stringent environmental concerns, the {menewable resources decrease, the-desiving
ecological developments and consumer awarer&iagh{ R, 2015:19have compelled the use of
sustaimble natural fibre resources to move toward a biobased economic develgphmead et
al., 2019:). The United Nations (UN) General Assembly in Deceng@6avowed 2009 as the
International Year of Natural Fibres (I'YNR)ith the aim to raise awareness @hpopularig the
ecological socialand economicsustainabilityof natural fibres, contrary to the synthetic fibre

(Adekomayaet al, 2016:4).Natural fiores were promoted with the intention to concurrently



increase the sustainability and income generabgtions for natural fibre manufacturers,
processors and dealers (Mchumo, 2009Vilane et al, 2012:294Yusof & Adam, 2013:1).

The most i mportant reasons for natur al fibr
sustainable, technical andshionable choices (Khandual & Sahu, 2016:46). According to the UN,
natural fibres are the most responsible choice that boosts thecenomy and livelihoods, food

and fibre security of many smadtale farmergprocessors and lowalaried workers in delagping
countries. The increasing international textile sustainability awareness and production fascinate
the economic development and promote the venture into textile industries therefore, allowing
countries involved to access the international market nathdiscrimination. This would fight
against poverty and hunger in rural areas (FAO & CFC, 2009:N&gjural fibres are also a
healthier option than synthetic fibres because they prawige naturalentilation, wicking and
thermal qualities than synthet; they are hygienic, less allergenic and irritant, antibacterial,
healing and have immu#®oosting properties (Khandual & Sahu, 2016:46; Singh R., 2015:17).

Natural fibres are once again described as a sustainable @ftiowar & Boruah, 2018:504As

such they reduce environmental contamination and mitigate climate change (Samakl
2012:780). Due to the Kyoto protocol, global textile markets are heading towards a green
economy by reducing greenhouse gas and increasing eaelodral production (Yusof & Adam,
2013:1; Silveet al, 2014:1068; Singh R., 2015:2017). Thus they emitwaitide at least an equal
guantity of CQ to combat global warming (Barth & Carus, 2015:3 & 5). They rlessenergy

than synthetics during production and produce mainly organragucts that can decompose to
improve soil fertility and structure; andr be used to generate various ecological, social and
economic commodities like electricit€eet al, 2011:156Khandual & Sahu, 2016:46).

Natural fibres are highech fibres because they possess inherently high mechanical strength,
lightweight and cet little. They also havleatand soundinsulation properties better than their
counterparts. They areffective geotextiles. Geotextiles agenew, promising outlet for natural

fibre production because they decompose over time as the earthworks lségbleand stabilize
(Khandual & Sahu, 2016:46Natural fibres are further described as a fashionable choice that is
the core of a sustainable fashion development that exiatssahge of their existencgSingh R.,
2015:19). Natural fibres are theredopotential ecdashion garments sources. Thus, natural fibres
are sometimes termed sustainapipduced, sustainablyrocessed and sustainably disposable.
Natural fibres are given various names such as green, ethical, recycled, ecologieal, eco
environmeital and sustainabl&pandual & Sahu, 2016:46
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1.1.3 The lignocellulosic Fibres

Lignocellulosic fibres (LCFs) are fibres obtained from the plants and manufactured through the
process of photosynthesis (Zimniewsktal, 2011:98). They are naturally abundant earth
infinite, relatively cheap, easy to process, biocompatible, biodegradaolegnewabland need
relatively little energy to produce (Singha & Rana, 2010a:156; $hbh et al, 2016:1481).

Thus, lignocellulosic fibres are considered as potential alternatives to fossil synthetic fibres to
compensate for the increasing trend of the
(Lee et al, 2014:12; Silvaet al, 2014:1068 Dramanet al, 2016: 9591). Their sustainability
properties along with their reasonable strength and stiffness globally, fulfil economic textile
interest(Pecaset al, 2018:2 Bora & Padmini2019:144. This reduces the dependency syndrome

on expensivand exhaushie textile resources (Reddy ¥ang 2005b:191; Biret al, 2011:422;
AbdelHamidet al, 2013:1; Shahzadt al; 2014:246; Msahlet al, 2015:1; Sainet al, 2015:1;
Amrita & Anjali, 2016:2).

Lignocellulosic ybr es andacefreendly propartiek whichyiee theme ¢ h a |
competitive chances against strong synthetic fibres, have recently reéhes@acreasingnterest

in their development (Kallioinen, 2014:1; Straule¢ral, 2015:67). Conventional lignocellulosic

y b r e scurleatly gaineccologicalmarketpopularity as textile fioresMoreover theneglected

and underutilisedignocellulosicfibres such ag&gave americana Lfibre, sisal jute, and hempre
emerging markepotentialsupplements andlternatives tdoth conventional lignocellulosic and
synthetic textilefibres respectively(Mortazavi & Moghadam, 2009:3307; Sh&hU. et al,
2016:1482). The lignocellulosic fibres have a lesser health hazard relative to their synthetic
counterparts. The lignocellulosic fds also have a lower environmental impact because they
reduce and fix greenhouse gases (GHG) in the atmosphere. Thus, they prevent global warming
and provide sustainable fibre security (Satyanaraydrel, 2011:215; Balan, 201424). They

also provide gcio-economic benefits to people in developing countries where they are mostly
produced (Monteirokt al, 2011:4881). However, production and processing of lignocellulosic
fibres consume more water and may use synthetic agricultural chemicals whichreemhayse

gases (Barth & Carus, 2015:3 & 5). Contrary to tAigave americana Lfibre production does

not need any chemicals or much water for irrigation (Stewart, 281)5:3

1.1.4 Agave americana Lplant origin, taxonomy, variegates and effect

Agave americaa L. plant is a monocotyledonous (a plant which generates one small leaf called a

cotyledon from the sprouting seed during germinatiomono means single, cotyledon, means
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seed leaf)) monocarpic succulent plant withick fleshymarginal and termingdrickly leaveshat

form a large rosettéHulle et al, 2015c:65 & 66 Saraswat & Gope 2017:163llustrated in
figures 1 and 2Agave americana Lplantis the type species for the genigavewhich also
matures comparatively sluggishly (Adams & Adan@98:11).Agave(agAH-vee)is a scientific
name described by Linnaeus around 1750s, for
heroes, admirable, illustrious, magnificent hence noble plants (CasetgEr 1938:4; Mafaesa,
2006:40; Chattopadhy& Khan, 2012:33), presumably for some of the species that are large
stature and have bold structure afidwers. Americana (ameri-KAY-na) me a n s thed o f
Americasor from America because the plamtginated fromthe United States ofAmerica and

South Ameica (GonzalezValdez et al, 2013:87; Kandhasamy & Vasudevan, 2015)348d

have been naturalized over the world (Castetteal, 1938:7; Auduet al, 2014:55), even in
Lesotho Agave americana Lplant iswell-knownas century plant (Hullet al, 2015b:1; Misra &
Varma, 2017:45), (from erroneous supposition that it blossoms only once in hundred years which
is not the cas€astetteet al, 1938:5 it takes more or less than thirty years to bloom, there after it
dies (Anandjiwala & John, 2010:183h&ttopadhya & Khan, 2012:33), centyrhant, spreading
centuryplant and wild century plantAmerican century plant, Americaaloe, agaveAmerican

agave Amer i can al oe, Al oe Ame reiat, 2012:1( Misra & Varind | o e
201745), floweing aloe, spiked aloén English;y uc c a, Maguey or Amir
Mexico, garingboom in Afrikaans (Castetiral, 1938:7; Tewaret al, 2014:238), The Needle
and Thr e(Mysan®I|&&Rajgndran, 2011:7&waneet al, 2011:84 and in Lesotho; it is
known as fiLekhala | e | eput s o adgaverameicanarippntis| u e
the commonest, most plentiful and diverse agave species (Rakmahi 2015:1).Figure 1.1

illustrates the growing bluAgave americaa L plants years before blooming.

Figure 1.1: Blue Agave americana Lplants Austin Native Landscaping2014)

Classification ofAgave americana Lplant is as follows:



1 Kingdom: Plantae plants

9 Division: Magnoliophyté flowering plant

1 Class: Liliopsida - monocotyledon

1 Order: Asparagales

1 Family: Agavaceae (PronouncédhgavAY -seeee)

1 Genus: Agave L

1 Species: Agaveamericana

1 Binomial name: Agave americana L.Mafaesa, 2006:3; Kolteet al, 2012:2;

GonzalezValdezet al, 2013:87; Rahmarat al, 2015:1 Krishnade\et al, 2020:2443

Agave americana Lplant in its norvariegated form is commonly powdebjue-grey in colour
(figure 1.1)(Ortegaet al, 2019) and variegated varieties; @ige (1.2), in which the leaves are
variegated with white or yellow borderline or mid or-@ler stripes starting from apex to base
(Audu et al, 2014:55). The main variegated forms inclhdiedio-picta with a wide creamy white
stripe that runs down the centre of each leaf and the gradually arched leavgsata is
characterised by marginal creatygllow striped leavesstriata; have leaves with several yellow

to white stripes andiariegatg have whiteedged leaves. A variety of variegated cultivars of

Agave americana ltend to be less hardy than the normal more compact and a vividgribser
coloured plant that can survive 4b2°C if dry (Anandjiwala & John2011183;Chattopadhyay &
Khan, 2012:34;Spracklin, 2015:11&12)Figure 1.2 shows thgrowing different cultivarsof

variegatelue Agave americana.lplants.

Figure 1.2: A variety of variegated cultivars ohkgave americana Lplants(Hodgkiss 2016)

Agaveamericana L plant leaves are a rich source of strong natural lignocellulosic (fltr@mae

2008:52) referred to a®\gave americana Lfibre also called pita fibre (Angela, 2011:36; Vilane



et al, 2014:395; Naimathullah, 2016:3gave americana Libre is a natural and unconventional
plant fibre that is scientifically and technologically attractive for its potential characteristics for
high-quality fibre productionEl Oudiani, 201&:15). TheAgave americana Lfibre is a good
alternative for syrtetic fibres since it is abundantly available and it is also possible to use other
components of thAgave americana Lplant for valueadded byproducts production (Hullet al,
2015b:1).

Agave americana Lfibre possessesnore prominent prospective esastainablebenefitsthan
synthetic fibreslIt haslower density andneedssimpler processing technologi#isan synthetic
fibres. It is recyclalle, ecoresponsive, costffective, biodegradable, hith disposake and
renewale (Kolte et al, 2012:1,Bouaziz 2014:2, Ortegeet al, 2019. However, theAgave
americana L.fibre has been understudied and underutilised as a textile fibre; although it is
worldwide used for technical fibre (paper, rope). Bgave americana Lplant is globally used

for commercial (mezcal, pectin, pulque, aguamiel and tequila), ornamental and medicinal
applications Bouaziz 2014:2; Kolteet al, 2012:1).Agave americana Lfibre has lately recorded

a rapid increase in research fextile potential(El Oudianiet al, 2010:1). The leaves @&gave
americana Lplant can be harvested from the 3rd year of life, when the base leaves have length
more than a meter. Eadkgave amecana L. plant produces 4®0 leaves/year (Hullet al,
2015c:65). The purpose of the study is to explore alternative samateffective and
environmentally friendly methods for extraction, cleaning, bleaching and softekgaye

americana Lfibre using enzymes in order to improve and add value to its textile applications.

1.1.5 Enzymes are Biochemical Products useful for textile bioprocessing

The term O0Enzymedé was dzymoded ehoo mnghef Go ee
t he cel | 6.Epnzymesaerthe @edivingstidings that are produced by the living animals,
plants and microorganisms. They are inanimate like mateBEalsymes ardiocatalystsconsists

of high moleculamweight, globular, proteingomprise of elongated lined tangledagts of amino

acids that fold a unique and complex3;la threedimensional structuréhat speeds up specific
biochemical reactiongfigure 1.3) which could otherwise be extremely sluggish. Enzymes
catalysebiochemical reactions merely by their existeace without being used up in the process
(Rehman & Imran, 2014:92).

Primitive man used enzymes way back in the earliest times of civilization in various food and

beverage industries as well as in the clothing industry where skins and hide were tanned to
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produce soft leather for garments. During the 20th century; the enzymology was intensified and
revealed that enzymes are catalytic proteins with specific features that render them ecologically,
socially and economically significant. In the 21st century;nsitee research and development in
existing enzymeatalysed reactions, impelled the development of new sustainable technologies
that address the increasing concern for the green economy (Polaina & MacCabe,-2D07: ix

Since then enzymatic wet chemical fmocessing in the textile has gained interest because the
increasing demand for sustainable and -effgictive consumer goods, natural fibre resources
depletion, and social as well as environmental safety (Sebgth, 2016b:1), they are harmless

and enuwionmentadlfriendly features that reduce pollution in textile fibre production (Jothi,
2013:2970; Bancet al, 2017:1). Due tats eccefficiency, safety and netoxicity enzymatic
biotechnology in textiles has increased tremendo(isfyi & Adere 2016a:210 Enzymes work

under mild conditions that inclugeH (the measure of acidity); temperature and pressure; they are
produced with a smaller amount of energy consumption; they are renewabgodadradable
resources. Enzymes do not need any distinctiveosmn or heat resistant tools to function
(Hossain and Uddin, 2011:15hrimali & Dedhia, 2016:674Lima et al, 2016:2).They have
reduced environmental impact, contrary to traditional chemical wet processing, which is regarded
as costly because efflusnneed to be specially treated before dispagbérwise;they are
environmentally healtihazardougHasanet al, 2015:1617). Increased ec&riendly, sustainable
consumer awareness and enzymatic biotechnology developments in the textiles created
opportunities to investigate the prospective specific enzyme applications for softening

lignocellulosicAgave americana Llfibre (Hasa et al, 2015:1617).

1.2 PROBLEM STATEMENT

Textile sustainabilityis an increasingglobal concerndue to a shortage aonrenewable textile
resourcesnd the production of solid, liquid amghseougpollution wastes from various sources.
There is also scarcity of fibre diversification and security in Lesotho. There are no identified
potential plant fibres in Lesotho excepgave americana Lfibre. TheAgaveamericanal. plant

has been acknowledged a potential local textile fibre soureath high fibre yielding capability
andcanproduce fibrewith excellenttextile fibre propertieshat include tensile strength, length

width ratio and absorbency (Mafaesa, 2006:126). Howeveiis i neglected,insufficiently
investigated and underutilised textile fibre soubmxause, of the absence of cognizance and

knowledge of thesignificanceof the plant and fibréMafaesa, 2006:9211-113; Kanimozhi &



Vasug, 2012:220Hulle et al, 2015b:1). The fulpotentialof the Agave americana Lfibre has
not been fully explored to add value to the textile fibre security and poverty reductioAgahe
americana L.fibre is a byproduct in the pharmaceutical industry. These imply thgave

americana Lfibre is a natural waste that does not add value to the fibre plant.

Traditionally Agave americana Lfibre extraction was done either by boiling the plant leaves
and/or hand decortication. Boiling used a lot of energy and hand decortication is tedious, labour
intensive and time&onsuming. Currently, decortication can be carried out proficiently with
mechanical decorticator (Hulket al, 2015:66), but there are no decorticating machines as yet in
Lesotho to extracAgave americana Lfibre. Chemical acids and alks are successfully used to
extractAgave americana Lfibre but they also increase fibre surface area and depolymerize the
lignocellulosic fibre and reduce its breaking strength. They are also harsh ardvi@mmental
friendly (Hulle et al, 2015:67) The enzymatic retting is a superb, environmentally friendly and
nornttoxic biotechnology for fibre extraction. But, it is extremely costly and not yet accepted in the
textile fibre extraction.

Water retting is the preferred preeatment for fibre extraion because it can be affordable, takes

a shorter time, yields good quality and quantity fibre that is more uniform than the fibres extracted
through dew retting and the aforementioned methods. However, it presents a problem of
environmental pollution. Hee why there is a need to investigate an innovative and sustainable
strategy that will minimize stated inadequacies of the conventidgave americana Lwhole

leaf water retting.

The Agave americana Lfibre is a lignocellulosic fibore composed @ummy non-cellulosic
constituents that include lignin; which leadsrtberentand undesirable fibre stiffness, roughness,
brittleness dullness and darknesShese undesirable features contribute to fibre limited
applications in textiles. The presence of gunthwhigh lignin content in fibre chemical
composition is the principal cause of these undesirable features. The inherent fibre coarseness
stiffness and brittleness limit fibore cohesiveness which is the fibre spinability property for yarn
formation (Yangetal., 20110:377). Thus, the fibre lacks the basic textile properties to function as

a textile fibre. It is therefore advisable to remove the gum content of the fibre so as to impart to it
the basic softening textile fibre properties, through degummings,Time fibre lacks the basic
textile properties to function as a textile fibre. It is therefore advisable to remove the gum content
of the fibre so as to impart to it the basic softening textile fibre properties, through degumming.

The fibre is used in filtous state; as a technical fibre that produces cords, ropes, twine and
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sackcloth but not as a textile fibore which can be used to produce diversified aesthetic woven
textiles. Lignocellulosic fibre softening can efficiently be conducted using chemicalgahat
damage the cellulose and negatively affect
they are harshhazardous and neenvironmental friendly. These chemical treatments are no
longer recommended because of these ecological, social and ecaeasons Fandeyet al.,
2014b:41Teli & Adere, 2016b:256). The public, textile researchers, consumers and policymakers
are not aware of the possible practical benefits that can be obtained from its effective, efficient
and sustainable fibre extraction, softening, upgrading and utilisationaifimeof this research
study was to extract thikgave americana Lfibre with a sustainable and efwendly methodand

to biosoften the extracted fibre witkelectedcommercial lignocellulolytic enzymes without
adversely affecting the environment and itdite fibre properties.

1.3 RESEARCH JUSTIFICATION

Harsh environmental concerns; diminishing sienewable resources and consumer mindfulness
to reduce ecological imbalance are acting synergistically to increase interest in maximizing the
exploration, identitation anduse ofalternative,innovative, renewable, sustainable, -fficient

and organic plastwhich would lower carbon footprint so as to reduce environmental impacts and
increase fibre production and security (Zimniewshaal., 2011:98; Kopaniat al., 2012:167;
Onyeagoro, 2012:491; Jagannathan & Nielsen, 20132293Sumi & Unnikrishnan 2015:260,
Omole & Dauda201648).

There are globaleverincreasingdemandd or t ext i |l e f i b mwhkichéresafé t er 1
and produceno or fewer pollutants including greenhouse gas than -remewable fibres
(Shivankar & Mukhopadhyay2019:1) Agave americana Lfibre was selected for study because

it has a high potential and sustainable prospective textile fullgr@ve americana Lplants are
alternative and potential biofibre sourcégjave americana Lplants grow wild in Lesotho. The

use of wildgrown; organicAgave americana Lfibre is sustainable becausgave americana L.
plants do not need the use of synthetic agronomic ida¢rmputs; thust grows wild (Thamae
2008:54) it increasediodiversity and energy renewahd itreduces greenhouse gas emissions
and pollution. This exploration study Afjave americana Lplants for fibre production can keep

an ecological balance mature because of its cheap means of planting, regional and all year round
availability even under adversely extreme weather and soil conditions &sah 2015:12).

Agave americana Lplants thrive in semiarid and marginal lands and do not compete fo
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agricultural land; watering or agrochemicaldgjave americana Lplants are drought tolerant and

use crassulacean acidetabolism photosynthesis pathway. They, therefore, exhibit a positive
impact on the water utilisation efficiency (WUE) from sever@ugiht due to theiwater
conservingcrassulacean acid metabolig@AM) pathway Agave americana Lplants also, grow

well even on adverse soil and weather conditions that are unsuitable for food crops. Thus, they
never compete for soil nutrients with foobps(Yanget al, 2011:380).

Agave americana Lplants utilise more carbon dioxide than they produce. The fagt@sing
eucalyptus trees yield four times less cellulose thanAtieeve americana Iplants. TheAgave
americana Lplants are among the most promising sustainable 21st century fibre alternative crops
that are ecesocic-economically viable future textile biofibre sourdéew employment prospects

can also be generated in the collection and transpoAgale americana .Lplants for fibre
extraction, preprocessing, and the generation of biofibre anghtmducts. They are the only ones
acknowledged as potential textile fibre plants in Lesotho that can function as viable alternate long
and strong cellulose biofibred\gaveamericana L.plant andfibre are also renewable, entirely
biodegradable, abundant local textile resources ABjatve americana lfibre is neglectedunder
studiedand underutilised; yet it is obtained from high fibre yielding; moltipose plants thate

on no accounfully exploited, since all their components can be utilised one way or the other
(Vogl & Hart, 2003:119; Mafaesa, 2006:7; Ra&y al, 2009:731). Thexxploration of Agave
americana L fibre will increase the bi@cosociceconomic value ohew alternative raw textile

materials in Lesotho.

Triangulation water retting ofAgave americana Lis an advanced technique using ribbon and
closed tank retting principles which prevent and control environmental pollution as opposed to
conventional opewater retting. It is a feasible green technology that rets with reduced damage to
livelihood and environmentit combines techniques that function hanéhand to complement

and substantiate one another to increase the effectiveness and efficiency oéttiateofAgave
americana L fibre through innovative, appropriate and comprehensive strat@biek minimise
inadequacies of conventional open whdlgave americana Lleaf water retting Klonorene,
2017:93). It contributes towards higfuality Agaveamericana L fibre. Colour and dirt from the
retted leaves usually leach out in the first few hours of retting prdoegsoduce bright non
stainedAgave americana Lfibre resulting in light coloured, nestained fibre. Triangulation
water retting procesis also faster and more effective than conventional open whole leaf water

retting with three to four daysAgave americana Lplants are 10% biodegradable. During
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triangulation water retting; the yroducts generated are mainly organic and their residan be
used as manure to enrich the soil for food production (Hatllal, 2015b:73; Omennat al,
2016:275).

Exploring textile features oAgave americana Lfibre and sustainable biotechnologies for its
upgrading; can prospectively improve asdstain livelihoodof Basothoand other developing
countrieso6 overall economic gr owtAgavdaynerigand e v i
L. fibre can function as an essential alternative to synthetic fibre in textile technélggye
americanal. fibre is darkand dull. It is therefore advisable to soften and brighten it in order to
diversify its textile uses and end products. But enzymatic bioprocessing is also a sustainable
endeavour. The use of enzymes in this research study is an effprévient the depletion of
renewable resources and become more environoreited and practice renewable resource

management for sustainable textile fibres that are to benefit both present and future generations.

It is anticipated that this research studyll expand the native knowledge ofative Agave
americana Lfibre andpreserve thégave americna Lplants as the source of this fibre. This will
further develop the local textile activities and status which will contribute to locasemo
economy. Enzyme biotechnology plays a relevant role in the development of sustainable
technologiesEnzymes are renewable resources that can be replaced or reproduced easily, at a ratc
equivalent or quicker than its consumption rate by hunmiBms.enzymatic utilis@n fits into the
principles of sustainability and green chemistry which demand waste prevention, use of less
hazardous and less toxic chemicals and effects, safer products and processes, use of renewab
resources, energy efficien@nd usef enzymes istead of harsh chemical reagentddaionally,

it is clear that a sustainable process is not only an environmental option but also a strategic choice
(Sumi & Unnikrishnan 2015:26262).

The upgradeddgave americana Lplant and its fibre are expected to play a significant role in
Lesot hobs economy, by 1 mpr ovi nTghis eesearchistudy s a n
needed to identify the future alternative use®\gave americana Lfibre that contribute to eco
socioeconomic activities and increasing developmental opportunifies exploration oAgave
americana L fibre safeguardsndigenous knowledge; which entails the consumer awareness and
undertakings of local; sustainable fibre resources to empower Baga@nae americana Lfibre
softening can sustainablgddress livelihood improvement options for Basotho and convey
information and develop awareness about indigenous plant filledern world textile needs

demand the improvement of local, indigenous, sudtéendextile fibres from renewable
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bioresources as economic and ecological reasonable alternatives to limited pebadewim
synthetic fibres (Christy & Kavitha, 2014:26; Dungahal, 2016:43). It is, therefore, worthwhile
that theAgave americana Liibre is further explored and developed for textile utilizatisnaa

strategy to combat poverty.

1.4 PURPOSE OF RESEARCH

Currently, in this resource sustainabiléya, the natural fibres have gained attention in the textile
world as they are decomposable anwbst crucially, renewable product&Shivankar &
Mukhopadhyay,2019:1).1t is a fact that every research work is one based on originality that
produces new knowledge instead of summarizing what is already known in a new form. The
purpose of this study wasonhonly to explore how the extraction of biofibre from the plant
biomass has gained impetus due to the feasibility of an alternative process available to sustainably
extract and upgrade the complex plant biomass fibres into textile resource biomatéradds ol

study on the ecological, social acdsteffective methods of textile production and processing of
Agave americana Lto remove the gummy necellulose material present on the surface of fibre

to maintain its flexibility without causing severendage to the structure of fibre would be very
attractive. In this present investigation, the softening of fibre and quality aspe&gawé

americana Lfibre will be analysed.

1.4.1 The general aims of the study

The general aim of this research study was to extractAtfeve americana Lfibre with a
sustainable, affordable and efr@endly method, explore enzymatic biosoftening processes,
investigate the inteintra plant fibre variability and the physignechantal textile characteristics

of Agave americana Lfibre to meetthe snowballingconsumer ecsustainability demandtor

natural fibresand diversify its functinality in the textile industry.

1.4.2 Specific objectives

To hand harveshgave americana lleaves fo fibre extraction

To extractAgave americana Llfibre by using triangulation water retting biotechnique.

To biodelignifyAgave americana Lfibre using commercial manganese peroxidase (MnP)
enzyme to impart the improved textile fibre properties witinimal negative effects on

fibre strength
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1.4.3

To bioscourAgave americana Lfibre using commercial pectinase enzyme to remove
natural norcellulosic components from the surface of the fibre, thus to improve its
performance properties with minimal fibre dagea

To biobleachAgave americana Lfibres using commercial xylanase enzyroerémove
natural colour with pigments and improve fibre whiteness.

To biopolishAgave americana Lfibre using commercial cellulase enzyme to improve the
physical properties offdre in order to impart the requadunctional textile properties.

To use the commercial MnP, pectinase, xylanase and cellulase in sedeence
biosoftening of the Agave americana Lfibre to improve the textile performea
properties.

To determine the weght loss percentage of boiled and enzybmesoftened Agave
americana Lfibre.

To evaluate the physical properties of raw, boiled and entjoseftened Agave
americana Lfibre.

To evaluate the maximum load, displacement at maximum load and initial §aung
modulus as mechanical properties of raw and enzyiomoftenedAgave americana L.
fibre.

To exploretheintra-plant (when fibres are extracted taken from different parts of the same
plant) fibre variability inAgave americana Llfibre physical and mechécal properties.

To explorethe inter-plant fibres extracted from different plants, different parts of the same
plant at different levels and of the same lgafiability in Agave americana Lfibre
physical and mechanical properties

Determine the stresstrain curves of both raw and enzytneatedAgave americana L.
fibre.

Determine the morphological structureAdave americana Lfibre in order to predict its
textile performance properties

To measure the bending length Afjave americana L.fibre in order to predict its

functionality as a textile fibre.

Hypotheses

The overall aims of this research study were to exttegave americana Lfibre with a

sustainable and eddendly method of fibre extraction, explore enzymatic bftesting processes,

investigatethe inter-intra plant fibrevariability and the physicanechanical textile characteristics
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of Agave americana Lfibre in order to satisfy the growing demand for natural fibres, sustain
petroleum fibre resources and diverstf/functionality in the textile industry.

Null Hypotheses were used to designate the research questions and expected outcomes.

HO;: Hand harvesting ohgave americana Lplant is impossible due to its sharp leaf marginal and
tip spines.

HO,: Triangulaton water retting is amneffective and inefficient fibre extraction technique to
disintegrate the neoellulosicAgave americana Leaf biomass to release fibre bundles.

HOz: The triangulation water retting is an environmestatardousAgave americand.. fibre
extraction method.

HO4,: The ageof Agave americana Lleaves negativelaffect theretting and fibre extraction

processes.

HOs: The deptlhof retting watemegativelyaffects theAgave americana Ueaves retting and fibre

extraction processes.

HOs: Agave americana Lfibre is notasustainable alternative textile fibre to the synthetic fibres.
HO;: Agave americana Lfibre is not a potential textile fibre.

HOg Agave americana Lfibre is an inconsistent and heterogeneous raeliular fiorecomposite.

HOq: There is insignificant intrplant variability ofAgave americand fibre physicemechanical

properties

HO.0: There is insignificant inteplant variability ofAgave americana fibre physicemechanical

properties.

HO.2: Enzymatic biodeligification is an inefficient wet processing textile technology to improve

the texture oAgave americana Lfibre to qualify to be a textile fibre.

HO.3: The enzymatic bioscouring ddgave americana Lfibre is an infeasible alternative to

conventionakcouring procedure for lignocellulosic fibre softening.
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HO:4 The enzymatic biobleaching 8igave americana Lfibre is not expected teemove natural
colour with pigmentsnd to improve the fibre whiteness.

HO;s: Bio-polishing of Agave americana Lfibre with cellulase is an ineffective biosoftening

biotechnology.

HO;6 Sequential enzymatic biosoftening is ineffective when compared to an individual enzymatic

biosoftening ofAgave americana libre.

HO:g: The physical properties dgave americana Lfibre are negatively affected by controlled

enzymatic biosoftening processes.

HO.9: The tensile properties dfgave americana Lfibre are negatively affected by enzymatic

biosoftening processes.

HO,o: Enzymatic biosoftening oAAgave americana Lfibre is not an ecological alternative

biotechnology to chemical auxiliaries in textile processing.

HO,1: The effectiveness and efficiency of the enzymatic biosofteninggaive americana Lfibre

is inversely proportional to the fibre tensile strength.

HO,2: The commercial enzymes are incapable of degrading theealrtosic polymers substrates

of Agave americana Lfibre as a means for bsoftening and wgrading it.

HO3: The fibre bending length @&fgave americana fibre is naturally low ands notimprovesby

the enymatic biosoftening processes.

1.5 SIGNIFICANCE OF THE STUDY

Underprivileged Basotho communities, mostly worméth be empowered to harvest, extract and
use Agave americana Lfibre for textile purposes and use its-fmpductsto increasetheir
incomes This research provides scientifically proven information needed for maximum utilization
of Agave americana Lplants and fibre to textile scientists and consumers. The-sgoieomic
status of Basotho will be improved by increasingltwal textile activitiesand income generating
opportunities in théuture Exploration and communication &fgave americana Lfibre as a new
fibre in Lesotho will increase the possibilities of esmrioeconomic benefits to domestic users.

The research studyg of great importance to Lesotho General Certificate of Secondary Education
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(LGCSE) Fashion and Textiles curriculurbecause it furnishes theurriculum developers,
inspectors, implementers, examiners, learners and industrial users with relevant infoatmation
this local fibre Thus;it overcome the lack of knowledge anridges gap between imported and
local textile fibore demand. It is expected thaimarket value ané&nowledge of native and local
Agave americana Lfibre will be broadened.

This research would pave the way to empower craftsmen who will be inspired to use the
sustainable local fibre to create the novel traditional souvenirs and madefacts like dainty
lacework of the Azoreffigurel.3 & 1.4), to be sold to tourists andfameign market, through the
African Growth Opportunity Act (AGOA). The AGO4ratifiestherecipientcountries tgproduce

and promote their varieties of plant #% to use for textile production and processing in order to
reduce dependency on foreign textile inputs importation (Mbugua 2008Rire 13 shows a

picture ofdoily lace motives that can be constructed with a teAiijave americana.lfibre

Figure 1.3: The Agave lace (Mara 2013:s.p)

Figure 1.4 shows a picture of Agavethread and Tenerifilace motives that can be constructed

with a textileAgave americana.Lfibre.
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Figure 1.4: Agavethread and Tenerife lace respectively (Mara 2013:s.p)

Agave americana Lfibre exploration has future potential to improve the livelihood of Basotho
through generation of employment in the fibre producing and processing actaitests
inclusive value dding benefits Thus; improve the socieconomic status of Basotho by
supporting income generation opportunities that can transpire at various sthgesottage
income generation and employment activities are the first stage. People can prominentgishift
main livelihood activities from conventional agricultural fibre production and processing 10 non
conventional; sustainablegave americana Llfibre processing commercial activities owing to the
high-risk rates associated with conventional fibre picigbn and processing. Intensification of
Agave americana Lfibre researches can add fibre value and upgrade the livelihoods of individual
Basotho families through the divergence of income generation activities.

The development of local businesses prauyi@ative products specific to the region is likely to
evolve when indigenous people are aware and have been inspired by the research information
about Agave americana Lfibre. There is a potential market niche for the upgradegdve
americana L.fibre inherited under the scarcity of fossil natural resources, the potential future
globalclimate change f f ect s and the escalating worl dos
of the regions locally and in the abroad markets. Unlike conventional fibo@s;onventional

fibres that includéAgave americana Lfibre, are increasingly gaining significance and respond to
increasing demand for safe fibre due to their local availability, organic, biodegradable and eco
friendly characteristics thadbenefit theunderprivileged living in marginal areas the most, by

improving productivity and incomes, and promoting regieealironmental sustainability.

The third stage is the promotion of industrial expansion across the country. At this stage, the
economic statu®f the Basotho can be promoted through diversification of domésjave

americana L. fibre industries. Howeverspeedily progress in the diversification éfgave
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americana L fibre usage is likely to be hindereby the fact thalAgave americana Lplantis a
slow-growing fibre crop. The economically successful and sustainabke/e americana Lfibre-
based industries require vigilant planning, quality control and stronger links between research,

ordinary and commercial developme(itsikaneet al, 2010:2 FAO 2012: 11).

This research study triggered public and consumer awarenesbla, environmental and soeio
economic benefits of organ&gave americana Lfibre production, enzymatic bioprocessing and
potential utilisation to improve the functional camesthetic value. It imparted potential market
value toAgave americana Liibre as an alternative, profitable plant fibre from Lesotho. This
study encouraged valuing the national textile fibre production, as a means of preserving native
raw materialsExploration ofAgave americana Lplant and fibre generated potential innovative

crafts and businessmen for the nation and thus will nurture economic sustainable development.

1.6 CONCEPTUAL FRAMEWORK
1.6.1 The theoretical framework

Textile sustainability is the theoretical framework of this study. Researcldeamdopment of
sustainable biobased fibre and textile technologies that useffedent, bioprocesses and
renewable bioresources denote textile sustainalp@ibarma 201368). Textile sustainability is a
balance between environmental aspects such as pollutioffrigudly) and climate (C@neutral),

social aspects such as safe working conditions and human responsibility and economic aspects
such as reasonablerice and goodquality (Muthu, 2017:9).Sustainabletextile fibres and
processesapitalize on optimistic textile effects and decrease undesirable ecological, societal and
costeffective effects alongside their production and processifitgey are energgaving,
renewable natural resources; nontoxic and healthy for workforces, pkdape nearby and
customerqCurteza, 201%; Curtezaet al, 2017:3. Sustainable textile fibres are obtained from
organic or wild and ecdriendly natural sources thgrow withoutany pesticides, herbicides and
chemical fertilizers, they are naturally biodegradable over time and often are also considered
hypoallergenic, feel better against the skin and naturally antibac{@uadhi, 2016:2526;
Venkatachalanet al., 2017:32.

Sushinabletextile fibores and developmerdre positively influence the Earth and its inhabitants
during their production, processing, utilisation and disposal. They neither harm the environment

nor deplete natural resources. Thus supports ecological balance (OECD, X0@h & Islam,
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2015:2;0zek 2017506). Agave americana Lfibre is a norconvenional fibre obtained from

wild, organic and ecdriendly natural, plant Agave americana ).that does not use chemical
fertilisers, herbicides and pesticides. It is an alternative; and potential textile fibre that can
maintain and improve e o pdudity of life. However,it has never been researched seriously to
develop it.Natural retting and enzymatic biotechnological softeninggdve americana Lfibre

also are viably biotechnologies that utilise alternate bioresources and bioprocesses duat
efficient and produce products that are lucrative, more social anttiecdly (OECD, 20015),

than conventional chemical technologies (BIO, 2008T2js implies that the study is based on
the relationship between environmental conditioAgave americana L.fibre extraction and

biosoftening and upgrading fibre properties.

Figure 1.6 is anllustrative conceptual framewortf the experimentgbrocessesnd anticipated
impact flow chart for thisesearch study.
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1.7 DELIMITATIONS AND LIMITATION
1.7.1 Delimitations (Scope) of the study

1 This research study is on extraction, enzymatic biosoftening and the physat@nical
evaluation ofwild Agave americana Lfibre, extracted fronAgave americana Lplants
which were harvested from SehlabesgThuoathen theBerea district irLesotho.

1 The study is further intended to raise awareness aboutpdbential economically,
environmentally and socially sustainable benefits that can be created by intensifying the
Agave americana lfibre extraction, processing and testing for textile utilisation.

The experimental work is limited to three plants, each providing six leaves.

The research is concentrated only on the triangulation water retting method of fibre
extraction.

Intra-andinter fibre viability concept will be included in the study.

Fibre quality upgrading biotechnology using the following lignocellulolytic enzymes:
pectinase, pectate lyase, xylanase, laccase and cellulose, applied in various ways.

1 The main focus of this thesis is onzggmatic biosoftening aAgave americana Lfibre as
the end productYarn and fabric production processes or any valdded textile
productions are edtudedin the experimental processesthis research, because of too
wide scope and limited time factor

1 The study will be more of an exploratory type indicating the possible applicafiéwave
americana L.fibre. Largescale trials would not be possible due to limited resources.
Methods of sustainablkgave americana Lplant cultivation, management apcbduction

of value added byproducts have also been excluded.
1.7.2 Limitations of the study

1 Agave americana Lplant had to be handarvested since it is difficult to mechanize its
harvesting due to the spiral rosette pattern of development of its leaves.

1 Agave americana Lplant leaves harvesting, transportation and fibre extraction are
challenging becausef the spiny margins and tips and the irritating sap that triggers skin
dermatitis. Thdibre extraction is also labotntensive and tediousecause bre biomass
constituents are closely packed and glued togetbeercoming recalcitrance &fgave

americana Lfibre extraction and biosoftening is another serious constraint.
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1 The age of the wildhgave americana Lplants; to be used for fibre extractianunknown.
Inadequate knowledge and practical experience in working with enzymes are barriers to
the implementation of enzymatic processes in the textile industry.

1 The sustainable availability of enzymes in large amounts is a great challenge. The
commercid enzymes areextremely costly. The coss likely to limit the intensity of
experimental procedures to be conducted.

1 Lack of political support for plant fibre production in Lesotho. The agricultural policies
favour the production of wool and mohair (faxtile fibres) and the green revolution
crops with focus exclusively on food crops, notrmm-coventionalfibre cropslike Agave

americana Lfibre.

1.8 ASSUMPTIONS

1 From the ecesocioeconomic sustainability softenedAgave americana Lfibre is a
feasibleand promisingtextile fibre that can be a potential alternative to unsustainable;
nonrenewable synthetic fibre. It is expected that knowledge generated from this work,
will be of value to allow the preservation of inherefjave americana Lplant for
dewlopment of local textile fibre which would ke possiblesustainableprospect for
employment and income generatiactivities that could address theexisting societal
povertyand environmentgdroblems

1 Bearing in mind the wet processing effects of tigmdcellulolytic enzymes on (lingo)
cellulosic fibres, it is assumed thagave americana Lfibre will be biosoftened and
upgraded from being merely technical fibre to textile fibre after the removani and
othernoncellulose biomass constituenius, Agave americana Lfibre bundles will be
smoother, softer, finer and brighter than before treatment. Softer and brighee
americana Lfibre will be a source of diversified fancy textile products.

1 Enzymatic biosoftening and upgradingAaveamericana L fibre can become @aluable
and ece friendly alternative of harsh alkaline, chemical and-metcessed fibres, because
enzymes catalyse reactions under mild pH and temperature conditions using very little
water and are substrate(s) specific.

1 The enzymatic removal of nezellulose biomass constituentsAgave americana Lfibre
can biosoften and upgrade the fibre without significant negative effects on the fibre

performance properties.
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1 The future ofAgave americana Lfibre is projected to catantly upsurge with effective
support from the textile researchers and policy and deemmkers in the Lesotho
government through the development and recognition of suitable policies and regulations
complimentary to its wild cultivation, sustainabilityiversification and promotion

properties and functions.

1.9 DEFINITIONS OF OPERATIONAL TERMS

1 Agave americana L.fibore is a threedimensional natural lignocellulosic fibre
predominantly comprises ofcellulose, hemicellulosesind lignin as well asother
constituents that occur in minute quantities (Harms¢nal, 2010:13; Novozymes,
2013:69), obtained from the succulent leaves of the monocotyledonous and monocarpic;
Agave americana Lplant (Bouazizt al, 2014:1).

1 Enzymesare compound protein moleculggoduced by living cells, which act as
biocatalysts in chemical reactions that include textile fibre softening (Quarshie &
Carruthers, 2014:60).

1 Fibre Biosofteningis an organic process of using microbes and/or their products to
selectively remove the necellulosic constituents of thdignocellulosic fibre with the
intention to upgrade its textile quality propertieShfoff et al, 2016:524 Suganya
2018:128.

1 Fibre extractionis a process of separation of Afilsrous plant tissues and other cementing
material from the fibre bundles (Vellaichamy & Gaonkar, 2017:1P5&9).

1 Lignocellulolytic enzymeare enzymes that biosoften and upgrade the plant fddses
termed the lignocellosic fibres (Morrisoret al., 2016:2).

1 Lignocellulosic fibresare fibres usually obtained from certain plant p#rétinclude the
seeds, fruits, leaves, bast and stalks and roots which are compas#gd of Cellulose,
hemicelluloses and lignin cheoal polymers respectively; and are intermingled in a
heterematrix to each other and minute quantities of extractives and ash (Katnady
2016: 150).

1 Mechanical propertiesefer tq characteristics of the textiliore thatdefine its behaviour
at maxinum load (Kikutani 2009:159).

1 ThepH stands for potential of hydrogen; which is tiegative logarithmieneasure of the
molar saturatiorof hydrogen ionghat indicates the acidity or alkalinity of a substance
(Boydet al, 2011403
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1 Pretreatment The disturbance of the naturally resistant structure of lignocellulosic fibre
biomass to ease enzymatic bioprocessing of the biological processes ¢Yaalg
2011a:422).

1 Sustainable textiléibres are those that refer to textiles produced through the processes that
conserve, balance, increase optimistic and reduce adverse social, ecological and economic
effects during its production, processing, utilisation and disposal and avoid depletion o
natural, safe, notoxic, efficient renewable and degradable resources, and hearten
improvements that satisfy both the needs of current and future generations without
jeopardie (Thidell, 2010:2; Rusu, 2011:8harma 2013:76&moleet al, 2013:1; Hayls,
2015:101).

1 Technical fibresare fibres produced and utilised for their physical and mechanical
properties with aesthetic and comfort properties given little or no atte(ianavan,
2015536).

1 Textile biotechnologyils also referred to as bioprocessing textiles is defined as
technologiesthat apply thebiological systemsliving creatures and their products to
conduct and treat industrial textile processes and products respeckeelgnpet al,
2012:5;Sharma, 2012:Ramachandran &arthik, 2004:32; Mojsov, 2014:13Mahabub
et al, 2015:183.

1 Textile fibreis aflexible, fine andsmallest inseparable unit with lengtb-width ratio
of at least 1:100 times; capable of being woven into textiles and/ or fabrics (Morton &
Hearle,2008:3.

1 Underutilized and neglected fibre species (NUF&erring to alternative fibres which
have a considerably sustainable potential use rbainly urexplored, deserted and
underutilisedfor textile economidenefits(Thies, 2000:1).

1 Water rettingis a cherital and organic process by which the bundleAgdve americana
L. leaves are immersed in water to rot by combined actions of water and microbes from
nonfibrous biomass consisting of pectins and other gummy substances (Netbdah
2012:14;Dunganietal., 2016:46 0Omennaet al 2016:275).

1.10 OUTLINE OF THE RESEARCH

Subsequent to providing the contextual background, problem statejmification purpose,
impact and theoretical perspective; of the research sthdyprganization of this thesis is as

follows:
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Chapter 1: General Introduction

It consisted of the backgroungroblem statement justification of research, purpose with the
general aims and specific objectives and null hypotheses, methodology, significance, conceptual
framework, delimitations and limitation of the study, assumptions, and definitions of operational

terms.

Chapter 2: Literature Review

This part of the chapter dithterrogatethe content oftie structure and composition of natural
lignocellulosic fibres, the impact of conventional textile fibre production and processing, the
textile sustainability: ideas, philosophiesd indications and\gave americana Lfibre as a
potentialalternative sustainable textile fibvéhich covers characteristics 8fyave americana L.
plant as asource of fibre,fibre extraction techniquesstructure, properties, compositjothe
potentialsustainability impacts of productiaand enzymatic biosoftening éigave americana L.
fibre.

Chapter 3: Research Methodology
This chapter explains the research design and methodology including the spegeifanllecting
and analysingorocedures The clapter further describes considerationsdafa credibility that

leads to thdegitimae research

Chapter 4: Discussions, analysis and interpretation of findings
In this chapter, findings that emerged from the analyses were discussed by the researcher ant
reference was drawn from the interrogated literature in chapter 2. A further reference of the

theoretical frame work was discussed as well.

Chapter 5: Conclusions and Recommendations
This is the concluding chapter where the researcher dealtswitlificant points that emerged
throughout the study. The chapter further provides impdioatifor this study and suggests the

supplementaryesearclalternatives
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CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

A fibre is defined asa natural or synthetic minute, long, linear and pliable polymer consists of a
fibrous structure that resemblasair that isthousand times longer than dgameter Sorieul et
al., 2016:3.

2.1.1 The basic properties of a typical textile fibre

A fibre is defined asa natural or synthetic minute, long, linear and pliable polymer consists of a
fibrous structure that resemblashair that is very small in diameter in relation to its thousand
timeshigherlength To become a textile fibre, it must have some fundamental properties such as a
high length of at least 100 times to its diameter ratio 620 microns (Azanawt al, 2018:51),
elasticity, spinning power, high degree of fineness, outstanding flexjbggonable strength and
cohesivenessStivastava, 2012;1Sinclair, 2014:34). A textile fibre, therefore, is a fundamental

unit or the building block from which textiles are manufactured. This implies that textile fibre
properties include length that rcdbe classified as filament otherwise staple, size and surface
contour. The sidehains size and the presence of crystalline and amorphous areas in the molecule
sway the mechanical strength, elasticity and water absorption properties of various fibses. The
properties affect the textile serviceability of fibre such as aesthetics, appearance retention comfort,
care and durability (Msahdit al,, 2015:2).

2.1.2 Textile fibre classification

The fibre functions can be used to classify textiles. The term textilesfilenote the fibres that
gualify to be used in weaving of cloths whereas the technical fibres are the hard wearing rope,
making fibreand the fibres usefbr stuffing upholstemg and mattresses are referred to as filling

fibres (Sinclair, 2014:3)Table 2.1 represents the textile fibres; classified according to their origin.
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Table2 .1: Schematic representation of textile fibre classification according to origin

NATURAL FIBRES MAN-MADE FIBRES
VEGETABLE ORIGIN - CELLULOSE FIBRES NATURAL POLYMER BASED
» REGENERATED CELLULOSE:
» SEED FIBRES: COTTON, KAPOK » VISCOSE MODAL,LYOCELL, CUPRO
*» BASTFIBRES: JUTE, FLAX, HEMP, RAMIE, » REGENERATEDPROTEIN:
KENAF .. CASEIN, ARACHIN ZEIN

CELLULOSE ESTERS: ACETATES
RUBBER: ELASTODIENE

* LEAF FIBRES: ABACA SISAL HENEQUEN ...

* ALGINATE
ANIMAL ORIGIN - PROTEIN FIBRES SYNTHETIC POLYMER BASED
= WOOL ACRYLIC, ARAMID, CHLOROFIBRE,
* HAIR FIBRES: ANGORA MOHAIR, ALPACA ... FLUOROFIBRE,MODACRYLIC, POLYAMIDE,
» SILK POLYESTER, POLYETHYLENE, POLYIMIDE,

POLYPROPYLENE, VINYLAL, POLYLACTIDE ...

INORGANIC: INORGANIC:
ASBESTOS CARBON, CERAMIC, GLASS, METAL

(Source: Smolet al, 2013373

Textile fibres are norally categorised in accordance with their sources or chemical compaosition.
There are two main typical classes: natural fibres and synthetic fibres (Table 2.1) (Mather &
Wardman, 2015:2). Synthetic fibres are Maade fibres because they are developed bylpe

using chemical and mechanical processes. There are two types -whadanfibres: regenerate

and truly synthetic fibres (Mussig & Slootmaker, 201642).

2.1.2.1Natural fibre classification

Natural fibres are defined as flexible, fine andder than it€rosswise measurement, substances
produced by nature in fibore form. The two main classes of natural fibres are organic and
inorganics. Inorganic natural fibrelass has mineral asbestgas one weltknown example.
Organic fibres are subdivided into aninaadd plant fibres. Their chemical structures include the
elements carbon, hydrogen and oxygen with additional nitrogen for animal fibres. (Saxena,
2011:122; Smolet al, 2013:373; Cherif, 2016:14#ecast al 2018:4.

2.1.2.2Mineral fibres

Mineral asbestofibres are shaped into fibres and are mainly used in the fireproof fabrics. Mineral
fibres are fireproof, resistant to acids and are used for industrial purposes (Cherif, 2(6€l4).

to its cancerous propertiessbestoss no longer used as a textilerke.
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2.1.2.3Animal fibres

Animal fibres are largely made up of proteins like silk, hair (wool and mohair) and feathers. The
most commonly used type of animal fibre is wool and mohair. Animal fibres are also categorized

as:

1 Hair or staple fibres such as wool, motend speciality hair fibres
1 Secretion of filament fibres such as silk i.e. spider silk which is an insect fibre (Elsasser,
2010:35).

2.1.2.4Plant Fibres

Botanically, plant fibre is described as a single elongated,-ttédled, plant cell of powered
sclerenchyratic tissue considered as a very long cell of a specialised secondary cell wall.
Vinodhini & Malathy(2002444), describea plant fibre aslengthy, fine, tapering, rigid and thick
walled for support; cell that is dead and resonating at matoftsn obtained in the vascular

tissue anatonsists mainly otellulose, hemicellulose arignin. In ordinary terms, fibre is lang
bundle of unspecialised cetlsat are cementetd one anotheby thenonfibrous plant materials
(Sorieulet al, 2016:3; Mikshinat al, 2013: 92). Natural plant fibres also referred to as vegetable
fibres are celluloseich natural fibres derived from plants (Msadétial, 2015:1;Yu, 2015:30.

They are produced as a result of photosynthesis (Zimniegiskia 2011:98).

Natural fibres are obtained from two main types of plants depending on the main purpose for
which they are produced: basic (main) and secondary fibre plants. Main fibre plants are produced
specifically for their fibres while secondary fibre piaiare produced for other purposes and fibres
extracted from them are waste products e.g. banana fibre, and coir from coconut plant @iguong
al., 2013:53)The plant fibre can also be classified as soft and hard fibres. THébe®fs

obtained from th phloem tissues of the plafidr instancelax, hemp jute and ramie and the hard

fibre are obtained from both the phloem and xylem tissues. The xylem tissue is the hardened wood
core of the plant. ThAgave sisalangsisa); Agave americana.l.bananaand palm fibres are the
examples of hard fibrg&inodhini & Malathy,2009:444).

The most common plant fibre classification system usdbeisone thatorrelates with the plant
part from which the fibre is extracted (Thometsal, 2011:11; Smolet al, 2013:370;Teli &
Jadhav, 2015:384&,u, 2015:30:

1 Seed fibres are fourmround theseedsf a particular plantkapok cotton
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1 Bast fibres aralso calledsoft fibres. They are clusters of phloem fibres extracted form
dicotyledonous stems inner bark.ephinclude nettle flax, kenaf, hemp, ramie, and. Jute.
They are considered as the strongest of all plant fibres.

1 Leaf fibres areconversely termetiard fibressincetheyare stiffer with more quantity and
quality of lignin than soft fibres. They are exttae d fr om t he monocot
the vascular bundles or veins of xylem and phloem as well as the unsheathing fibres. They
include Agave sisalanavhich is commonly calledgisal, Agave americana | henequen,
pineapple to mention a few
Fruit fibresare obtained from the fruits of the plaobconut fibre from the coconut palm.

Stalk and reed fibres are acquired from the stalks of the plants that include corn, rice,
barley, oat, straws of wheat and others like grass and banMgsamy & Rajendran
2010:2926,Célino et al, 2013:2; Saxenat al 2011: 124, Levetinih
Zimniewskwa et al, 2011:100; Chandramohan & Marimuthu, 2011:197; Mather &
Wardman, 2015:25; Sajitt al, 2016:1).

2.1.3 Plant fibre cell wall structure

The plant cell wall isa complicated extracellular medium that surrounds each cell in a plant.
Plantbased natural fibres are long and tapering cell, dead and the lumen,isvairckempty hole

inside the individual cells that transports watethin the fibre (Kantharajet al, 2017:2) They

have systematic internal thick cell wall structure and that functions as a support system for the
plants to help maintain their shape and structure (Taherzadeh & Karimi, 2008:1623; Burgert &
Dunlop, 2011:27; Kallioinen, 2014:1; Waa al, 2014:60; Pattathiet al, 2015:4280). The plant

cell wall (PCW) is a dynamic and complex macromolecular structural frame of plant fibres
(figures 3 & 4) that surrounds, protects, supports and strengthens the cell and is a distinctive part
of plants necessgifor their survival (Caffall & Mohnen, 2009:1879). Theantities and quality

of PCW contents changm order for the plant to grow and survive against pathogens (Oebfre

al., 2014:276). Natural PCWibres are multiples of rigid cellulose microfibrils entrenchedhie
lignin-hemicellulosematrix (figure 2) (Taherzadeh & Karimi, 2008:1623; Burgert & Dunlop,
2011:27; QuiroZCastafieda & FoleMallol, 2013:119; Kallioinen, 2014:1; Woet al, 2014:60;
Pattathilet al, 2015:4280).

2.1.3.1The Plant fibre cell wall structure

Plant cell walls are multiunctional structured cells of cellulose miegob r i | s e mb e dd e

unstructured milieu containing various physical and practical constity&matstharajet al.,
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2017:2) They have a systematic internal cell wall structure. From the inner to the outer part, the
natural plant fibre cell consists of primary and secondary cell wall layers and lumen middle
lamella layer as illustrated by figure 2.4 (Asih al, 2015:3;Nishitani & Demura, 2015:177;
Sorieulet al, 2016:5). The cell wall cellulose microfibrils are embedded in and cemented by a
noncellulosic components matriXélia et al, 2011:3,Thomaset al, 2011:3,Zimniewskaet al,
2011:104,Dunganiet al, 2016:45).). The Structural arrangement of natural lignocellulosic fibre

cells is presenteahiFigure 2.1.

Cell wall

/

Middle lamella

Amcaphous regions comsist
of ignin and hemicellulose

Secondary cell wall

A A

~

Smgle fiber

Figure 2.1: Structural constitution of natural lignocellulosic fibre cells (Dungani et al., 2016:44)

The width of eacllayer and its components makp differ in cell types, tissues and plant species.
Primary (S1) and secondary cell walls (S2) remarkably vary in the structure of their matrices
which designate their diverse functions and highlight the key role of thexnmatstrengthening

the cell wall fibre (Burgert & Dunlop, 2011:3&hmadet al., 2019:3.

2.1.3.2The middle lamella (ML)

The middle lamella (plural lamellae), is the first, outermost, minor layer, (figure 2.1) that binds
adjacent plant cells (Sorieet al, 2016:5). ML is usually found at the intersection where the
walls of neighbouring cells meet. The structure of the ML is different from the other layers
because it consists mainly of pectin and different proteins. Pectin is easily hydrolysed into
individual cells by acids or enzymé®choaVillarreal et al, 2012:63; Pt al, 2013:2; Smolet

al., 2013:37; Nishitani & Demura, 2015:177).
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2.1.3.3The primary cell wall (S1)

The S1 is the thin initial outmost layer that propagates at the time of plant growth and is
positioned just outside the cell membrane (figure 2.1), and is supple, letting the new cells to grow.
The primary wall is comparatively unspecialised and has the same molecular structure in all kinds
of cells. The primary cell wall propagates during actilenpgrowth. The Stomprisesof the
cellulose, hemicellulose, and pecpnlysaccharidedut it is dominantly comprised of cellulose
molecules, organised into reedy Rilte structures named microfibrils. The microfibrils are mesh
worked within lignin henicelluloses and pectins matrix; which binds them together and reinforces
the cell wall (Cziple & Marques, 2008:134; Straubeal, 2015:67).

2.1.3.4The secondary Cell wall (S2)

The () is a thick lignified layer inside the primary cell wall with a smaller dungfigure 2.1).

The (S) is formed as cells differentiate after growth. The structure and composition) créS
extremely individualised, indicating the distinctive structure of the cell (Ordég & Molnar,
2011:61). A large amount of plant photosynthesisurs in secondary walls. The secondary walls
encompass more of the total plant biomass and control the contour, function of cells and their
environmental respongdhmadet al, 2019:2) The secondary cell wall is primarily comprised of
cellulosemicrofibrils and the hydrophobic polyphenol lignithe hydrophobic polyphenol lignin

lowers the water content of the cell wall biomass (Gierlinger, 2014:1).

The S is made up of three distinctive, diverse and successive layers nan&yaid S in the

order of deposition (figure 2.1), (Mikshiret al, 2013: 93). The Sis the outer layer which is
nearby the middle lamellae and consists of microfibrils that are oriented crosswise and have a high
angle. The Sis themiddle layer thais the thickest paion of the wallwith the least microfibril

angle alignment. The3Ss the inner layer of the cellulose microfibrils, from the ML towards the
lumen; the layer also has crosswisgented microfibrils. The S3 varies in its malgps: the
proportionamongstcellulose hemicellulose andignin in the placement or spiral angle of the
cellulose microfibrilgyPereiraet al, 2015:10.;Thomaset al, 2011:3; Sorieuét al, 2016:5).

The angle at which the cellulose microfibrils are twisted to form spirals of the fibre axis is termed
a spiral angle. The spiral angtiiffers with individual plant fibre depending on the type,
development, location in the cell wall and degree of growtie.varying contentof both cellulose

and lignin, the degree of polymerizatjospiral angle and thplant partfrom which eachfibre

typeis extracteddetermine thenechanical properties of plant fibré3unlop, 2011:37; Thomaet
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al., 2011:7; Silvaet al, 2014:1068; Asimet al, 2015:3; Sainiet al, 2015:1; Sorieukt al,
2016:5).

The fibre strength and cellulose content increase proportionally and inverselgpivahangles
towards fibre axis. Cellulose fibres have more orderly crystalline regions than amorphous regions
distributed throughout the fibre (Thomasal, 2011:13). The cellulose contegtowsgradually

from S to S whereaghe hemicelluloseamounts remain unchged in all layersLignin content
increases alongside with increase in cellulose content. Hemicellulose molecules are meshed
structures interconnected with cellulose fibrils, lignin and pectin that bind them together. The
cellulosic fibre strength and iigjty are due to these adhesive properties. There is no pectin but
morecellulosein the secondary wall tham the primary wall. As a result, the § stiffer than the
primary wall, and contain no enzymes and glycoprotein (Agial., 2015:3).

2.1.4 The structural components oflignocellulosic fibre

The ignocellulog is the mostplentiful, diversified potential andsustainablenatural textile
materialsin the world. It is aviable alternateto nonrenewablefossitbased textileresources
(Isikgor & Becer, 2015 4499500; Limaet al, 2016:1). The lignocellulosic fibres are fibres
obtained from a number of plant molecules containing cellulose, with varying amounts of lignin
(Kazimierczak et al, 2014:758). Lignocellulose (LC) is a complex carbohygrablymer;
containing predominantly polysaccharides: cellulose (~50%) which is the basis of all plant fibres
(Wielgus et al, 2012:291), and hemicellulose (~30%) built from sugar monomers (xylose and
glucose) and lignin (~20 %), a highly aromatic mateffajure 2.2), (QuirozCastafieda and
Folch-Mallol, 2013:120; Anwaeet al, 2014:164;Yu, 2015:30;,Desaiet al, 2016:27). In addition

to LC polymers, there are other constituents, such as pectin, waxes, inorganic salts, nitrogenous
substance and pigmentsathexist in minute quantities (Linget al, 2014:12013Sharma &

Malik, 2015:274; Dungani et al, 2016:45). All plant fibres are basically the structural
polysaccharides of plants that are chiefly composed of these three poladusgy et al.,
2019:2617)(figure 2.2), hence why they are called lignocellulosic fibres (LCFs). The LCFs are
furthermore referred to as photo fibres because they are a result of photosynthesis (Edshtban
al., 2010:36; Naderet al, 2012:26; Konczewicet al, 2013:116; Pattathilet al, 2015:4280;
Acharya & Shilpka, 2016:297). The natural plant fibres farthermoretermedcellulosic fibres
because there is more cellulose than drthe@r components (Galletti &laudia, 2011:2; Silvat

al., 2014:1068)The characeristic representatiorof the lignocellulosic fibrestructureis illustrated

in figure2.2.
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Figure 2.2: The representation of the physical structure of thigrocellulose fibreconsists of the three main
constituentyLee et al., 2014:4)

The ratio of fibre constituents is determined by the age, source of the fibre, environmental growth,
extraction conditions and processing techniques used to obtain the fibres based on the source
(Howard et al, 2003:602; Vegeet al, 2012:1; Xuet al, 2013:802 & 803; Lingert al,
2014:12013; Sainet al, 2015:1; Sharmdalik, 2015:274; Wahlstrom & Suurnakki, 2015:694;
Desaiet al,, 2016:27).

Cellulose molecules are interconnected widgmicellulose and pectipolysaccharides anthe

non polysaccharidejignin in plant cell walls (figures 2.2 & 2.3) resulting in more complex
morphologies (Siro & Plackett, 2010:459; Harmsanal, 2010:7). Cellulose microfibrils are
predominantly crystalline while hemicelluloses and lignin arerahmous heteronatrix (Dashtban

et al, 2010:37), that collectively with other minute fibrogeneous substances are firmly
intermingled along the hierarchical structure of cellulose, from ultimate fibrils to fibre bundles are
filling, binding, stabilizing ad strengthening the whole fibre structure (figures. 2.2 and 2.3)
(Harmseret al., 2010:7; Siro & Placket010 459; QuiroLastafieda &olch-Mallol, 2013:119;
Thygesen, 2013:378; Ragt al, 2014:37; Limaet al, 2016:1). The LCFs do not refer to
individual fibre cells per se but groups of elongated cellulose fibre cells that form microfibrils
aggregated into vascular bundlesacr of i bri |l s figures 2.3 & 2.4
There are complex lignocellulosic covalent linkages which are impetenbalriers that prevent
permeation of solutions and enzymes to cellulosic structures for fibre upgrading (Akin, 2010:18;
Yanget al, 2015]:422; Sainiet al, 2015:1; Sharma &alik, 2015:274) Figure 2.3 illustrates the

chemical structure dhe lignocellosic fibreconsists of cellulose, hemicellulose and lignin
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Figure 2.3: The representation of the hemical structure of lignocelluloi fibre consists of the three main
constituentgRubin, 2008:843)

These lignocellulosic components are affiliated to each other at various degrees and composition
that depends on the origin, plant species, age differences, quality and environmental conditions
(Puet al, 2013:12; Leeet al, 2014:4; Pattathiét al, 2015:4279; Ramamoorthst al, 2015:110)
anddeterminethe textile performanceharacteristicef the fibre (Thomagt al, 2011:11; Smole

et al, 2013:371).

Most of noncellulosic constituents in lignocelluloses are located on fibre surfaces (cuticle). The
cuticles comprise of aboufl3% proteins, 0.9% pectins, 06 wax, 2.0% noncellulosic
polysaccharides, ash and other various constituents, all of which safeguard the cells from potential
ecological and pathogenic damage during cell growth and developmertie(diand Yotlo,
1998212; Pereireet al, 2015:10). (Anandjiwala & John, 2011:188; Bihal, 2011:422] ee et

al., 2011:157; Vegat al, 2012:1 Ramamoorthyet al, 2015:110; Acharya & Shilpka, 2016:297;
Limaet al, 2016:1).

2.1.4.1The physicechemicalstructure of cellulose

(@) The physical arrangement of cellulosic fibre
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Anatomically, natural lignocellulosic fibres are insoluble, elongated and tapering cellular
yl ament ous structurgdrcalbletdad 2004g20L3). THese cadludsi c r
molecular cells have different sizes, shapes and arrangements of cells, depending on the types o
ybres in a matrix involving |lignin. There i:
which each ybre induct MetimedSatyamarayanad al,t2011:219;t s ¢
Thomaset al, 2011:6; Lingeet al, 2014:12013).

The cellulosic molecules are packed linearly and polygonally along the fibre axis; into ultimate
fibrils which are aggregated together to form microfibrils ofahhin turn are bundled together
into macrofibrils (figure 2.4) and the lamellar membrane (Rippon & Evans, 2012Yi23,;
201530). The bundling of ultimate fibrils into microfibrils (Ordég & Molnar, 2011:6:62; Thomas,
2010:11; Yanget al, 2011]422). In some regions, of the microfibrils cellulose molecules are
densely packed into crystalline frameworks termed micelles (figure 2.5) thatiigstallitewhile

other regions are amorphous along the length of the {ibue 201530). A typical celllose
microfibril comprise of a diameter of about 180 nm and30i 100 cellulosemolecules thaare n
rectilinear sequence; parallel to the longitudinal axis have, a high degree of molecular
arrangements that result structurally strong rigid fibre, that lbev elongation and pliability
(Thomaset al, 2011:7; Wielguset al, 2012:291; Chen, 2014:3P; Silvaet al, 2014:1068;
Shahzadet al, 2014:247; Sosiati & Harsojo, 2014:33; Sahial, 2015:1; Mather & Wardman,
2015:2). Figure 2.4 presents the pocial illustration of the lignocellulosicfibre structural

arrangement in thplantcell wall.

Secondary wal Compound ~._ Celubse jc—0
(3 layers) T middle lamellae \\\\ molecule ." :51—'-:/
Lo - N _'_\ 2al)

\ | g Qe (1

Fibers mm/um l Fibrils pm/nm ’ Crystal structure A

1um = 1 Micrometer = 1/1000000m 1nm = 1Nanometer = 1/1000000000m 1A = 1 Angstrom = 0.1 Nanometer

Figure 2.4: Diagrammatic representation of the structural cellulose arrangement of plant fibres in the cell wall
(Thomas et al.2011:7)

(b) Chemical composition of Cellulose in fibre
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Chemically cellulose (§H110s)n, is a linear condensation biopolymer of anhydroglucopyranose
molecules that are revolved to 180 degrees to form a reiterating disaccharide unit termed
cellobiose (figure®.5 & 2.6), connected by betai n k-g, d-glycosidic bonds) (figres 2.5, 2.6

& 2.7) (Martin &Gt ef an , 2007: 3; Rudb al,n2010:ZKalx &t:algd 2021;2; Har
Lee et al, 2011:157; Yanget al, 201:422; Volynets & Dahman, 2011:428; Wges et al,
2012:291; Sorelet al, 2014:193) and crystalline forms with iri@ndintra-molecular hydrogen
bonds (figure 2.7), creating long straight flat, relatively inflexible, mayatalline cellulose
microfibril consist of both crystalline (a welirdered structures) as well as roystalline
(amorphous) structures respectively (Burgert & Dunlop, 2011:36; Galletti & Antonetti, 2011:2;
Xu, et al, 2013 803; Mahatet al, 2013:96; Sorekt al, 2014:193; Sharma & Malik, 2015:274)
giving a steady, hydrophobic polymer with high temstrength and stiffness (Ramamooréty

al., 2015:110}eeet al, 2011:157).Figure 2.5 shows a repeating cellobiose component that is a

basic structural element of a cellulose molecule.

HO -,
{i - L] —
,,-fEr- N Gﬁ Ho ;Ea" Jr A J,I\F
C, \
C.\ o / Q%
- NN
= HO=( C C 0
3 OH %1 ™4 *"E'ﬂ- §
HO
—
— 1—=4 —n

Figure 2.5: Structure of one cellubse molecule consisting of a repeating cellobiose unit as the basic structural
element (Wegner et al., 2013:3)

The Beta position is theOH group on the same side of the ring as the C number 6 makes it
hydrophilic in nature. However, the repeated elemgntatiulose unit is the dimer cellobiose,
(figures 2.5 and 2.6), which i s -Indlhkagewapd o f
intermolecular hydrogen bonds (figure 2.7), through condens&mlma(et al, 2011:2 Thomas,
2011:11 & 39 Pecaset al., 2018:94. Regardless of it€omparativechemical simplicity, the
physiecmorphological structure ofinatecellulose in higher plants isompoundand diversified
(Harmsenet al, 2010:7; Siro & Plackett, 2010 459; Yargal, 2011:422; Puet al, 2013:2).

Figure 26 presents an inclusive structural composition and arrangements of cellulose in the plant

fibre cell walls
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Figure 2.6: A comprehensive structural composition and arrangements of cellulose in the diitng¢ cell walls
(Quiroz-Castafieda & FolchMallol, 2013:121; Kallioinen, 2014:18; Chirayil et al., 2014:21)

Figure 27 shows the chemical structure of cellulose chains and its glucosidicdntta

intermolecular hydrogen bonding.

Intramolecular hydrogen bond
(between same chains)

)
HOH H H
Q- 1
HO ) OH
IRy ’ H ©
Intermolecular ____3\H H vH H ™1~
hydrogenbond ~———%—— | i 9” N\ n ”‘0“
(between HOH > H JiOH
neighboring chains)
HO OH
Hi

Figure 2.7: Chemical Structure of cellulose chains arits glucosidic linkage: Intra and intermolecular hydrogen
bonding (Lee et al., 2014:6)
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Cellulose is the toughest and firmest component of the plant fibre cell walls (Haetnsén
2010:8;Lee et al, 2011:157; Wielgust al, 2012:291). It is formed by the stoking of glucose
units obtained through photosynthesis (Wielgtial, 2012:292) figure 2.7 (Kristensen, 2008:10;
Mortazavi & Moghadam, 2009:3307; Konczewier al, 2013:116; Ranet al, 2014:12). The
nearly pure cellulose and white lignocellulosic fibres are considered to be of good quality when
compared to those that are high in lignin, which are usually browner, of lower mechanical strength
and thus, of poorergal ity (Levetini Mc Mathalg 2010:1;2Stn0leBt:al2 9 9 ;
2013:371; Rowell, 1992:12).

Several cellulosic fibre properties are determined by the degree of polymerizatio(P@2B3et

al., 2018:5) The DP is the sum of glucose units requi@@dompose one polymer moleculéhe

DP can wvary from 500 to 17 ;b6udocellgidsas miadiils, mo |
subject to the typef tissue. Fibres that exhit#minently high tensile strength and maduhave

large amounts of botbellulose contenand degree of polymerization and a low microfibrillar
angle and vice versa (Bavan & Kumar, 2010:3601,; 201530). Progressive removal of the less
organised parts leads to the progressive improvement of fibre crystallinity, until 410@8st The
crystallinity is partial due to the presence of hydrogen bonds between the cellulosic chains (figure
2.8). Therearehowever some hydrogen bonds found in the amorphous pleass, thoughhey

are poorly organisedLée et al, 2011:157; Sahin & Aslan, 2008:79; Roslt al, 2013:1893;
Soreket al, 2014:194; Pereirat al, 2015:10).

2.1.4.2Chemical structure and composition of hemicelluloses

Hemicellulose(figure 2.8)is the subsequeninost plentiful polymer in plant fibre cell wall, after
cellulose. It is heterogeneously branched in nafitemar et al, 2016:150) Hemicellulose is a
collective term for heterogeneous pentoses polymepsyl@se and karabinose), hexoses (mainly
D-mannae, less Bglucose and Byalactose and sugar acids that are different in composition
(Eichhornet al, 2001:2109; Saha, 200443 Rubin, 2008:842; Yangt al, 2015&422; Puet al,
20132; Ruamsook & Thomchick, 2014:8 & 9). The rate of polymerization h&f most
hemicelluloses is #2200 monosaccharide units. Hemicelluloses seal the gap between lignin and
cellulose Hemicellulose solubilisation is straight linked to a rise of the biomass porosity (Akin,
2010:15; Eichhoret al, 2001:2109; Wielgust al., 2012:293; Volynets & Dahman, 2011:429).

Hemicelluloses are carrying the load and cilodsng cellulosc fibre bundles,lignin, pectin

proteinsand norstructural polysaccharides through numerous covalent and noncovalent bonding
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substances in the cell wall (Sorekal, 2014:197; Galletti & Antonetti, 2011:1). As such plant
hemicelluloses are different in a number of ways: polydispersity, polydiversity and
polymolecularity. Xylan is thenost importantomponenof hemicellulosee mpr i s tlpdg o f
linked D-xylopyranosyl remains (figure 2.8). Mannans are the second most common forms of
hemicelluloses (figure 2.8) (Shahzadial, 2014:247; Aartet al, 2015:119)Figure 2.8 presents

the chemical structures of the most commonibehulose biopolymers: Xylan and glucomannan.

(i) Xylan
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Figure 2.8: Chemical structure of hemicellulose compounds (Xylan and glucomannan are the most common

biopolymers) (Lee at al 2014:5)

Cellulose and hemicellulose interconnectedh noncovalent bonds to the surface of each
cellulose microfibril (figure 2.2). Hemicelluloses are made up of -inkéd b-d-hexosyl
materials. The hemicellulose is different from cellulose in at least threee&ayesFirst, it has
different sugar units, while cellulose comprises only -b-[3-glucopyranose units (Aartt al,
2015:119). Secondly, they are branched, with less orientation than cellulose which is truly a linear
polymer. Thirdly, the DP for hemicelluloses rasgbetween 100 and 200 units while that of
innate cellulose is 10100 times higher than thatf hemicelluloseqYang et al, 2015422;
Mohanramet al, 2013:3; Acharya & Shilpka, 2016:297).

Mechanically, hemicellulose adds little to the rigidity and gjtienof fibres. It is easier to
hydrolyse hemicellulose into sugars than cellulose. Fibres comprising of a higher amount of
hemicellulose would not be desirable for producing textile (Mohamtaah, 2013:3; Roslet al,
2013:1894).



2.1.4.3Chemical structural, omposition and functions of Lignin

Lignin is the main nostarbohydrate heterogeneous thdimensional alkylaromatic polymer
consists mostly of three; -Hydroxycinnamyl alcohol syringyl, S, guaiacyl, G and p
hydroxyphenyl, H; monomeric phenylpropanoidtarfPandeyet al, 2014b:41);(figure 2.9) in
which the aromati c un iottfee hydroxylhgrodps (Ddshtbaet al,3 et
2010:37; Liet al, 2014:1176 Kumaret al, 2016:15Q. The phenylpropane units are derivatives

of carbohydrates, coming from the dehydration and cyclisation of sugars that are interconnected
t hrough al k y®4, aQ-4), laronatic rether (O linkagesand carborcarbon
linkages (55 6 -®)rby cbndensation process (Rubin, 2008:842; Galletti & Antonetti, 2011:2;
Levasseuet al, 2013:2; Lingeetal. , 2014 : 12 @dhleven, ZDa4b6PR; Shahz&tial,
2014:247; Dunganet al, 2016:4445; Sorieulet al, 2016:7).Figure 2.9 illustrates he chemical

structure of lignin and its threscoholic precursors:-Boumaryi, coniferyt and sinapyl
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Figure 2.9: Chemical structure of lignin with Pcoumaryt, coniferyl and sinapyl alcohol precursors (Lee et al.,
20144)

Lignin in plant biomass is a hard, hydrophobic and insoluble 4thireensional structure
(Nagarajeet al, 2014:108. It strengthens plant fibres, affects water movement, nutrientbyand
productsin the plant cell. Lignin is a much compleand interconnected molecule with Ron
crystalline structure glues individual cells and the fibrils creating the cell wall (Eictgtaah
2001:2109; Howarckt al, 2003:604; Harmseat al, 2010:11; Volynets & Dahman, 2011:429;
Yang Bholayet al, 2012:®; Rosliet al, 2013:1894; Sorekt al 2014:193).The mechanical
properties of cellulose are more than those of lighignin is amorphous in nature (Volynets &

Dahman, 2011:429). It is not hydrolysed by &cidhedium but soluliised by hot alkalhe
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chemicals readily oxidised and condests byphenoic chemicalgYanget al, 2015&422; Smole
et al, 2013:371).

Lignin is thefirst formedfibre constituentpetweerthen ei ghbour i ng cel |l s in
connecting other components into tissue, and move into the cell wall passing through
hemicelluloses and interlinking the cellulose fibrils. Lignin gives compressive strength and
stiffness to the cell wall of thebire and protects it fromhysical and chemicalamags (Jianget

al., 2018:64886481) The lignin content of the fibres affects thiere organisation, properties,
morphology, elasticityand hydrolysis degree (Reddy ¥ang, 2005:23; Leest al, 2011:158;
Mahatoet al, 2013:96Pandeet al, 2014b:41 Soreket al, 2016:197).

2.1.4.4Structural amorphous components
(a) Structuralpectin

Pectinis the most common plant cell waltleteropolysaccharide found in the middle lamella,
which consists essentially of 1,4 ¢lyapidid mds, ur o
with limited xylose, arabinose, galactose anthamnose molecules as the side chains (Ketlia

al., 2011:12; Ocho/illarreal et al, 2012:67; Chiliveriet al, 2016:559).Pectin dissolves in

water and seal in the cellulagemicellulose biomass in primary cell walls that resides just
underneath the cuticle and accrue between cells, in the middle lameliading cementing
linkage. They add value cell growth and variation and so control the interconnectedness and
stiffness of plant tissue. The pectins are most plentiful in the plant's primary cell walls and the
middle lamellae (Nadert al, 2012:26).Pectins that contain a high amount of methylated and
acidic sugars; normally galacturonic acid are highly diverged and organisationally very intricate
(Caffall & Mohnen, 2009:1879; Thomas, 2010:16; Scethl, 2014:197).

Pectin forms a web with other noallulosic components, such as proteins and waxes (Vortgen

al., 2009:263; Zhowet al., 20155714). Pectin is the major constituent of plant biomass that
cemens the fibrefibrils into fibre bundles and controls trghininessandthe textureof the fibre
(Konczewiczet al, 2013:116). Pectins protect plants against pathogens and wounding. They also
promote plant cell growth, enlargement, morphogenesis;cetlladhesion, wall structure,
motioning, wall permeability, ionic bonding and enzymes inflection, seed hydratiah, le
abscission, pollen tube growth and fruit growth (Vorageal., 2009:263; Ocho¥illarreal et al.,

2012:67). Pectins are anionic in nature. They regulate ion transport andzymee penetration
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through the walls. fiey furthermore regulate the watdmsorbency othe cell wall (Vorageret
al., 2009:263).

(b) Structural wax

Waxes are other but minor plant fibre cell wall constituents. They comprise of water and acid
insoluble kind of alcohol (Thomast al, 2011:12; Volynets & Dahman, 2011:430). They are
made up ofalkanessterolslong-chairs of fatty acids and alcohal®atural waxes can be utilised

in cosmetics, polishes and coatings, medicines, and insecticides (Volynets & Dahman, 2011:430).

(c) Structural ash

Ash signifies the mineral content of biomassttigadependent upon the soil and ecological
environments In overall the ash content of wogdnaterials is significantly lower than that of
nonwoody materied (Reddy &Yang, 2005:21

2.1.5 The basic textile fibre properties

Fibre properties can be broketown into five arbitrary subgroups that are maiplgical,
physical, mechanicalchemical and topochemical. Morphological properties include; Length,
width, length: width ratio, wall thickness and lumen diameter. Physical properties are as follows:
Water dsorption, drainage, degree of polymerisation, colour, swelling, refractive index, and
birefringence. Mechanical properties are the tensile strength, shear strength and stiffness.
Chemical properties refer to cellulose, hemicelluloses, pectins, lignimarghnic constituents.
Topochemical properties include the distribution of chemical components and bonds at or near the
fibre surface (Morrison, 1999:20%everal fibres are not suitable to become textile fibres. A fibre

to qualify as a textile fibore mustave the following primary properties: adequate lergtividth

ratio of 1:100Q pliability, adequatetensile strength, fineness, lustrous uniform surfa@nd
cohesiveness; a property that is induced by fibre softness, in order to form teRtless

2007:3; Humphries, 2009:14Srivastava, 2012:1;Sinclair, 201514). The properties of
lignocellulosic fibres are mainly influenced by a number of factors that inctudamical
composition, physical and internal fibre structuresljulose type, cell sizes orbfibrils angle,

and faults, which vary with different plants and their parts and variétlesddet al, 2019:4.

2.1.5.1Fibre length-to-width ratio

Morphologically, the length and width of fibre are important but the length: width ratio is a basic

factor thatdetermines the potential use of a fibre. The length: width ratio tiggie@al textile fibre;
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should at least be 1:1000 to allow the individual fibres to be spun into a thread (Morrison,
1999:20). The length of the fibre directs sfginability and usefuless.Spinability is the easiness

of textile fibres to be twisted into constant, even yarns, with viably satisfactory properties. The
fibre length is a property of profitable worth because the cost is largely dependent on the length of
fibre. Longer fibreshave superior spinning characteristics when compared to shorter ones.
However, the length of a fibre is an indeterminate quantity, as the fibres, even in a small
haphazard bunch of a fibre, differ immensely in length (Gowda, 2007:27).

The distance acrogbe textile fibre crossection is normally referred to as tisameter The
diameterof natural fibres varies greatly along its length; because natural fibres are irregular. This
compels textile scientists to use an average to measure fibre diameterigrhimrmally measured

in dmicrons6 or Omicr omet r e sSinclafr,20a5l1).viNbrimadlyh i s
textile fibre diameter ranges from 10 and 20¢C
em. Ani mal f i broolhaveadamee rarge df Ik (B0Bd e m) t o up t
respectively. Synthetic fibres canjpoducedvi t h a di amet er range fro
t o over 4 0-duymarpetdibres.ilreedibre/with smalilameterhassuperiorsurfaceto-

weight ratiosand is usually thinner and finer, more pliable, more flexible and softer than thicker
fibres. This implies that a fibre has a softer feel and a more improved drape. Thinner fibres are of
better quality and the more expensivBinglair, 201513). Clothes are characteristically
manufactured with fibres which have a smatdlemmeter than heawduty textile fibre which must

have a larger diameter for textile applications such as carpetsldir, 201512). Textile fibre

fineness implies the thiress of fibre; the fibre of smaller diame(8inclair 201513).

2.1.5.2Fibre Fineness

Fibre fineness is one of the principal characteristics needed for textile fibre performance (El
Oudianiet al, 2015b:30). The fibre fineness measures the dimensions of the fibre per unit length
referred to as linear densitlyibre finenesss described in terms of its diameter as denier which is
measured in microns or by the mass per unit length. It, thersigrefies the crossectional size
(thinness or thickness) of the fibre (Detsal, 2013:755). Thinner fibres have bigger surftae

mass percentages and are extra supple; resulting in higher quality fibore with more flexible and
softer to touch than thiek fibres. Fibre fineness is an innate property dependent on plant age at
harvest. Fibre fineness determines the spinning value of a textile 8brelair, 2015:16)The
increased fibre fineness positively affects the performance properties a fibréorngréducts

such asstiffness,torsional rigidity, evennesand exhaustiomf dyes, cohesion, texture tensile
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strength, extensibility and lustre (Gowda, 2007:2).can be detected simply by close
examination of the fibre (Kant & Alagh, 2013:2548).

2.1.5.3Tensile Strength and elongation

Fibre performance characteristics of textiles are highly influenced by its tensile strength and
extension. Strength or tensile strength is another important fibre property. Fibre tensile strength
indicates the maximum pressute fibre can resist before breaking. It is the breaking tenacity.
The rate at which fibre extends before breaking is the elongation at break or breaking elongation.
Fibres require different points and forces for elongation at break. It defines thetislomgto of

fibre at the break. Elongation at break is a measure of fibre usefulness within the limits of its
breaking load. It is compared to a fraction of the starting length. This is an essential fibre property
that makes fibres functional in textileSibresought tobe bem (e.g. atelbowor kneg in order to
tolerate high loading throughout processing and utilisation, but they must also be resilient enough
to restore their original shapes and sizes. The fibre elongation should preferabB%beorl
slightly more. Strength and elongation go hamdhand (Gowda, 2007:27; Fidelist al,
2013:150151; Kant & Alagh, 2013:254%inclair, 2015:1%

2.1.5.4Flexibility or Stiffness

The textile fibre nechanical properties akgtal when the fibre is going to be used as a textile. If
the textile fibre is used for clothing, it needs to be pliable to allow the body movements while the
fibres used for furnishings need to be much harder and mordadstigg (Morrison, 1999:21).
Fibre flexibility (stiffness) is another indispensable fibre property that influences fibre quality,
fibre processing characteristics and performance properties such as the dusabitigtjon and
drapeof textile fibre products. Fibre flexibility is influencday the organisational structure of the
fibre, especially the width and cressctional contour of the fibre. The thinner the fibre the more
flexible it is alongside its productsarns and fabrics. The fibre with finely arranged crystalline
cellulose molecies is a comparably more rigid fibre with more structurally oriented amorphous
cellulose moleculesSinclair, 201515 & 17).

2.1.5.5Defects

Defects are the factors that cause total or partial harm to the fibre quality. Fibre defects can be
divided into two maingroups, explicitly a) Main defects and b) Negligible defects (&taal,
2013:755).
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2.1.5.6Density

Density is the weight to volume ratio of fibre regarding all air spaces in the fibre. It is graded by
the feel of weight or weightlessness of two or more fibredi®s) held within a grasp between

two hands moved up and down. The sample that feels dense and heavy is rated as 'heavy bod
and slack and théghtweight sample is graded 'medium bodyeavyweightsample is graded

high because it spins into good quality yarn (B&al, 2013:756).

2.1.5.7Colour

The colour of the fibre is thieok the fibre possesses as a result of the way in which fibre reflects
light. For example, red, blue, and green are colours. Colour is a quality that makes fibre look
attractive and interesting. Plant fibre colour is influenced by retting conditions, watléy gund
washing conditions (Alet al.2015:243).

2.2 THE IMPACT OF CONVENTIONAL TEXTILE FIBRE PRODUCTION AND
PROCESSING

Worldwide ecological catastrophically elements such as rising temperature, rampant population
growth and increasing levels of per capstansumption pressurize the diminishing amounts of
agricultural land, oil and mineral reserves and freshwater supplies (Patterson, 28GRM#Y et

al.,, 2019:2617. The growing concerns about the textile ecological, social and economic
sustainability andhe greenhouse effect; such as high pollution, growing need for decomposable
and CQ neutral textiles produced with little or no greenhouse gas emissions, environmental
guidelines and protocols, scarcities of textile raw materials and increased demaextilies,
deteriorating textile quality and rising textile materials price, inadequate hygienic water; limited
textile resources; arable land for fibre production and energy to retain textile industry, have
globally intensified the needs and interestshim sustainable and scientific natural lignocellulosic
textile research and use (Li & Cai, 2008:8iremath et al, 2012:140; Cohen & Johnson,
2010:13; Connell & Kozar, 2014:41 & 44; Carlesal, 2014:1;Canavan, 201542 Kakoty et

al., 2019:2617.

The use of natural lignocellulosic fibre sourdiat arealternateto nonrenewablesynthetic fibre
sources is encouraged so as to reduce dependence on fossil fibres, since they are considerec

sustainable bioresources and have a potential to advance global textile fibre industral(Li
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2014:1174). The textile industry is among the industries with thestapgeduction, employment
and material wealth impact worldwid&akoty et al., 2019:2617) However, the conventional
textile industry is among the most environmental polluting which, must be replaced or
supplemented with the unconventional environmenfaindly textile industry industries (Thiry,
2011:27;,Canavan, 201542; Vladet al, 2015:115; Toprak & Anis, 2017:1)

2.2.1 Air pollution

Air-pollution (illustrated in Figure 2.10) is the discharge of exhaust fumes from combustion of
textile inputs mainly petdleum resources and airborne fibres (Kjellstretrd., 2006:818; Cohen

& Johnson, 2010:309; Hirematkt al, 2012:141; Toprak & Anis, 2017:12), chemicals,
particulates, or biological materials that are harmful to people and/or the living organisms as well
as the natural environment into the atmosphere (Tiwdakel, 2013:65). Most textile processes
produce atmospheric discharges such as air, dust, oil efigisiical vapourandfragrancesAir -
pollution has been recognised as the second typstofpollution concernssubsequento waste

water pollution for the textile industry (Tiwari 8abel, 2013:65). The agmissionsyemarkably
Volatile Organic Compounds (VOCsre a serious cause of air pollution (Cohen & Johnson,
2010:13 & 309; Parvatft al, 2009:3).

Figure 2.10: Exhaust fumes as significant sources of air emissions (BMBF) & (BMEL) Germany, 2015:3)

2.2.2 Water pollution

Water pollution (figure 2.11) is the manount cause of environmentarms allied to the textile
industry mainly due to untreated effluents from the dyeing and bleaching activities that have
contaminations such as dyes, objects and traces of heavy metals (Hie¢migtR012:147) The

negative impacts include contaminani textile emissions that include mineral oils, suspended
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solids and other organic composite which are released from the textile production and processing
that include scouring, bleaching, mercerizing, desizing, printing, dyeing and other particular
subsanceqToprak & Anis, 2017:12)large amounts of water is used during textile productivity,

and most wastewater produced contains various chemicals, that can cause ecological pollution anc
harm if discharged into the environment without propaste managment(Kjellstrom et al,
2006:820; Hirematlet al, 2012:147; Cohen & Johnson, 2010:13; Islam & Khan, 2014:3 & 4).

Figure 2.11: Polluted water effluent from the textile industry (Parvathi et al., 2009:3 & 4)

2.2.3 Solid wastepollution

Solid waste (figure 2.12) in the textile industry is fiieduct of textile manufacture andagethat

fill up the land without rot, being recycled or reugblam & Khan, 2014:3 & 4). Biodegradable

solid wastes that are eguoduced includenatural fabric scraps, yarns and package materials
which may not be hazardous. Solid waste from the cutting room may be enormous but can be
reduced through efficient and effective recycling and reusing to manufacture other essential textile
artefacts (Cohe & Johnson, 2010:14).

LAND POLLUTION

Figure 2.12. Solid waste pollution from the textile industryh{tps://www.slideshare.net/bekhter/larubllution-
54848170
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2.2.4 Depletion of resources and other ecological issues

The other major environmental impacts include energy consumgtidistantialexhaustionof
resources such as water, fossil fibre, and raw materials. Production of pethazlsadhsynthetic

fibres, transportation, laundering, machines operations and dyse@ lot of energy and water
(Fatma & Jahan, 2016:883). Excessive noise or odour and workspace safety are other
environmental issues that must be carefully considdfarvathi et al, 2009:43; Uygur,
2017:167.

2.2.5 Global warming

Global warming is an environental problencaused byreenhouse gases (GHG) especially, CO
(anthropic emissions) (Toprak & Anis, 2017:4), methane JCHitrous oxide (NO),
perfluorcarbonates (PFCs), sulphur hexafluoride;Y &Rd hydrofluorinecarbonates (HFCs), in the
atmospherdorming the gas layer that impacts in the serious environmpriablems This layer

acts as a preventive layer that absorbs the infrared (IR) radiations of sunlight from the earth (as
illustrated in figure 2.13), which normally would exit into outer spaedlects them back to
earthodés surface as il lustrated in figure 2.
concentration of GHG in the atmosphere accentuates global warming (Eklahare, 2011:8 & 69;
Uygur, 2017:16Y.

The textile industrial dealopment isone ofthe causesof global warming because there are
detrimentalgases released to the atmosphere (Toprak & Anis, 2017:1). The burning of fossil fuels
during petroleurrbased textile production emits great quantities of greenhouse gases (GHG) i
the atmosphere, especially €(@nthropic emissions). Conventional plant fibre production uses
some synthetic fertilizers which contribute significantly to global warming. Furthermore, the
extreme use of nitrate fertilizers converted into nitrous oxgl@xceedingly detrimental when
compared to carbon dioxide (@Qin relation to global warming. Global warming is also
worsened by the use of pesticides which release green gases. Organic and wild fibres have &
positive impact on global warming becauseytmeither use fertilizers nor pesticides (Chavan,
2014:1; Uygur, 2017:166).
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Figure 2.13: Greenhouse gases absorb and reflect back the IR radiations of sunlight on the Earth (Eklahare,
2011:8)

2.2.5.1Textiles contribution toPrevention of Global Warming

Global carbon dioxide (C£) concentration in the atmosphere also has a positive effect on plants,

it causes plant stomata to narrow, so water loss is reduced and the efficiency of water usage
improves. Plant photosynthesis ids@a aroused by increased atmospheric carbon dioxide
concentrations under sunlight and gives back oxygeh (his signifies that the production of

fibre plants cleans the atmosphere; thus reduces global warming. Increased carbon dioyide (CO
concentratio has a fertilizing effect on various fibre crops (BIC 2012:18). But natural animal
fibres productiorincreases effect onto global warming in inverse since animals breatheamdO
breathe out C@® (Parvathiet al, 2009:43;Uygur 2017:16Y. Intensifying plant fibres can
positively contribute to the prevention of global warmimghich leads to climate change
Conventional production of natural plant fibores consumes a lot of water and engages the use of
toxic chemicals that upon accumulation may be detriedléa human health and the environment
(Oecotextiles, 2006:3). The sustainable textile materials and technology that strive to reduce non
renewable resource and energy utilisation and waste otaxim and ethically produced are
identified substitutes @vathiet al, 2009:43). These alternative resources necessitate an eco
friendly care and maintenance. The recycling, reuse, energy recovery or compgsinagiucts

and the products are novsfrategiesto effectively discardthe sustainable textile thacould

provide valuable characteristics to the consumer. The production and manufacturing processes car
be improved to various ways such as engaging finest practices in recent systems, executing new

more operative technologies, or substituting currerterisds and practices for fibre processing
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standard that eliminates the use of hazardous chemicals (Fat@dahadh, 2016:88884).
discarding

2.3 THE TEXTILE SUSTAINABILITY: IDEAS, PHILOSOPHIES AND INDICATIONS

Sustainability is the ability to tolerate and continue indefinitely. The word sustainability is
imitative from the Latirsustinere(tenere, to hold; sus, up) (Ezeoaiual, 2012:2).Sustainability
meansliving a life where an individual is natonsumingmore earth resourcethan what is
substituted. It is thdife stageat which individualssurvive alongwith nature without becoming
detrimental, but beneyci al to the environme
nature as well as a tool by whiindividuals act responsibly to maintain or improve the ecosystem
(Saxena, 2017:44; Venkatachalanal, 2017:6 & 23). It implies that the utilisation speed of
renewable must be less than the regeneration speed. The utilisation speedreriema@ble
reources (higkguality minerals, fossil fibre) must be less than that of renewable resources, used
sustainably, can be replaced for them. The pollutant rate of emissions must be less than the rate &
which they can be reused, assimilated, or dgwaded by he environment (Anupama,
2010:1&15; Hammerle, 2011:18; Ashby, 2013:3@%gk 2017508).

2.3.1 Textile sustainability

Textile sustainability is aimed at a grand textile production, processing and utilisation to approach,
where materials and technologies that make up the textile product and services should be so saf
to humans and the environment that they can be congnuséd through reuse or recycling
approach. The environmental and human health impact should be lessened, throughout the entire
textile product lifespan from textile raw material up to -efdife management (Savastarbal,
2010:55; Eisentrau, 2010:NEP, 2011:89; Curteza, 2012:5; Patterson, 2012489 Kumariet

al., 2013:1381; Vlacet al, 2015:115). Textile Sustainability should balance costs and benefits to
nature and people, with consideration for change towards the future in the textileyindusta
systemic concept that capitalizes on optimism and reduces negative sustainable impacts with
textile manufacture and processing (Gardetti & Torres, 20Khdn & Islam, 2015:12; FAO,

2012:4). It is also the textile production and processirgiesys which safeguard that people
utilise natural textile resource® minimisetextile inputs but maximises quantity and quality of

textile products and services as well as human life (Thidell, 2010:2).
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It includes production processes utilisedpt@duce in a more ethical manner by preserving an
ecological balance and by preventing exhaustion of natural resources and improvement that
satisfies the current needs vatlt compromigng abilities for future generations to satisfy their
textile needs dumg their time (Curteza, 20122 Vlad et al, 2015:115). Textile Sustainability,
therefore, is the use of textile resources and processes to gratify the contemporary human textile
essentials and ambitions wit hawtononhic satamcesdys i n
preserving biodiversity and natural ecosystems indefinitely while safeguarding transparency,
resiliency and adaptability to various textile situations (OECD, 2001:6; Buckhalk, 2005:1;

Kateset al, 2005:10; Thiry, 2011:28; Ciaza, 2012:B; Dansiet al, 2012:1; FAO, 2012:2).

Textile sustainability empowers people to recognise theientialsand develop their quality of

i fe, safeguard and i mparcomseanceshder waiehrhantascan! i f
occur in praluctive harmony (Curteza, 2012:3; Khan & slam, 2015:2). Sustainable textile
technology refers to textile production, processing and use which do not utilise harmful resources
and /or exhaust resources from the earth without their reciprocal replacemekat@dtdalanet

al., 2017:23).

2.3.2 The pillars of textile sustainability

The textile sustainability can be explained through environmental, social and economic textile
pillars (Venkatachalanet al, 2017:24). Textile sustainability is based on accomplishing an
equilibrium of the ecological, fiscal, and societal pillars of sustainability in textile production,
processing utilisation and disposal (Kagtsal, 2005:10; Akin, 2010:5; Karte, 2015:2; Murphy,
2012:15; Vladet al, 2015:115). These three textile sursbility pillars are also known as the
textile triple bottom, a line that contributes to the attitude and social science of textile sustainable
development @Qzek 2017506). Three interrelated dimensions of textile fibre sustainability:
textile ecology, éxtile society, and textile economics (Maia, 2012:185). These three textile
sustainability pillars are interrelated and intertwined (figure 2.14) to form an intersection so as to
succeed in easing and overcoming the global textile ecological andesme@mic concerns
(Basiago, 1999:150, Toprak & Anis, 2017:2).
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The Three Spheres of Sustainability

Environmental
Social- Naturs! (esoUrce use, Environmental -
Environmental Environmental Management, Economic
Enviconmental Justice, ™. Pollution Prevention - Energy Efficiency,
Local and Global - N Subsidies/incentives
Natural Resources - for use of Natural
Stewardship ‘/ Resources
Sustain
-ability
Social Economic
Education, Community, | Profiz, Cost Savings
Standard of Living, Equal Fconomic Growth, R & D
Opportunity /

-

Social-Economic
Fair Trade, Workers’ Rights,
Business Ethics

Figure 2.14: Three pillars of textile sustainability (Venkatachalam et al., 2017 24)

The production and processing Afave americana Lfibre, need to be in line with the three
essential pillars of textile fibre sustainability: economic efficiency and feasibility (novelty, wealth
and efficiency), social equity (dearth, commune, wellbeing and wellness, human rights) and
ecological respongility and respect (biodiversity, land use, climate change) to ensure that this
remains so now and in the future (Akin, 2010:1; Maia, 2012:185; Patterson, 2012:40&Theis
Tomkin, 2012:7).

2.3.3 Sustainable textile fibres

The sustainable textile fibres includeroduction processes needed to use renewable textile
resources and the final textile product that satisfies its purpose and has a fair social impact (Rusu,
2011:2;Canavan, 201538). A sustainable textile reflects on the effect of product, process and
protocol decisions on how the textile product will be planned and what materials will be used in
its construction. Sustainable textile fibres are the textile fibres obtained from renewable recyclable
or biodegradable and organic (that cannot be exhaustedy iapd outputs that are ecologically,
economically and socially safe, to enhance social -balg. Sustainable textile fibres are
environmentally friendly and respective to social and economic quality through pollution
prevention (Kumaréet al., 2013:1388
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They reduce excessive energy and water use, resource depletion, greenhouse gas (GHG) releas
nutrients discharge (resulting into eutrophication), dangesgysoducts ef puent asso.
the fibre production and processing stages aodtoxicity from production and processing
fertiliser, pesticide and herbicide use. They meet both, quality and eco requirements, and makes
the use of resources more efficient (OECD, 2001:6; ¥laal,, 2015:115Curtezaet al, 20177,
Venkatachalanetal., 2017:31). They are also considered hypoallergenic, comfortable to skin feel
and antibacterial by natur®drth & Carus, 2015:32Sirohi, 2016:2526; Curtezaet al, 2017:7,;
Saxeneet al, 2017:45; Venkatachalaet al, 2017:32.

2.3.4 The principles of textle sustainability

1 Products and services engaged in textile production, utilisation and disposal doioon
ecofriendly, suitable and intended to be havdaring, repairable, recyclable and
biodegradable; manufactured and packed with the least amdunaterial and energy
potential.

1 Textile manufacturing is envisioned to function in such a way that wastes and eco
incompatible byproducts, chemical, ergonomic physical hazard are lessened and
eradicated to save resources for most relevant and destteses

1 Textile workers and their work are respected, designed to safeguard and advance their
efficacy and ingenuity; their safety, development and-beihg is a priority

1 Communities living around textile production, processing, utilisation and disposas
are valued and their economic, social, cultural and physical wellbeing are enhanced.

1 Sustainable economic feasibility is dependent on renewable resources that can be
replenished at the same rate as consumption

1 The speed with which both renewable awagh-renewable textile resources are used should

be the equivalent or less than the rate of resource renewals (Curteza, 2012:7).
2.3.5 Textile fibre sustainability and ecoefficacy

Sustainable development in textile fibres is the development that satisfiesubtht and future
generationsd textile needs wit hout-frieadlyyandc o mp
social obligation pillars. The economic pillar supports the textile fibre industry to grow without
compromising its integrity; social pillar supgis that human rights be respected, with social
fairness and social security; efriendly pillar supports the textile fibre industry to care for the

environment. The textile fibre industry needs to be economically feasible, environmentally
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respectful andsocially fair to people to be considered a sustainable textile industry (Maia,
2012:185).

Textile fibre industry that is capable of providing reasonable textile fibre goods and services that
me et peoplesd textile fibr e lifeqevle simultameduslyi mp r
decreasing textile ecological i mpact and res
efficient. Textile eceefficiency, waste reduction, decomposability and-efitife controllable
disposal theories are explathén an easy phrase, creating more with less through. This means
textile fibre industry must reduce textile fibre resources intensity; minimise energy intensity in
both textile products and services; decrease the amounts and the dispersal of toxic textile
producing substances and decrease the level of toxicity of such substances; encourage recyclin
and reusing and the use of renewable and durable textile resources and products, thus, increas

resources and service intensity (Maia, 2012:185; Patterson,3204@).

2.3.6 Consumer awareness of textile sustainability

Textile sustainability consumer awareness has motivated the textile industries to look for ways to
substitute conventional natural and synthetic polymeric fibres which use unsustainable inputs with
the natural fibres that are increasingly being alternatively recognizedfagoarable substitute
which canencourage the growth of sustainable agriculture, accept environmentally friendly
production and processing technologies, foster economic developmdnisteangthen the
participation of smallholders in the textile production and proces$Smg g p et ali 4012:202;
Stegmaier, 2012:116; AbilashSivapragash, 2013:53; Lex al,, 2014:2).

Textile consumers are constantly seekingdecomposabland ecologicaltextiles to safeguard

the natural environment (Savastastaal, 2009:56). Currently, there is more streasecefriendly

fibres, the norconventional fibres as these fibres have a special advantage of easy availability, are
biodegradable, renewable and possess high specific strehgtihcompared to synthetic fibres

(Zhu et al, 2013:5172; Christy & Kavitha2014:26; Khan & Islam, 2015:1). Exploring the
sustainable production of lignocellulosic fibres alternatively opens a wide avenue to utilize these
nortconventional fibres to fulfil the growing textile demands and a major smoaomic role

which is estabthed by its large influence to the gross domestic product (GDP) and to the
employment rate (Savastarbal, 2009:68; Vastraét al, 2015:198199; Wegneet al, 2013:4;
Dunganiet al, 201646; Mabhaudhkt al., 2017:).
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Natural cellulosic fibres extcéed from the nostonventionalresources are considered to have
properties comparable to those of conventional cellulose fibres in currenfLuge Zhao,
2015:37).Agave americana Lis considered as a promising, economically feasible and suitable
alterndive source of material for textile fibre but it ignderexplored and underutilised
(Chattopadhyay & Khan, 2012:38ahuet al, 2013:339).The reasons for thenderexploration
andunderutilisation oAgave americana Lfibre crop vary. It may be that its useful qualities have
been ignored; feasibly there is on or inadequate processing and marketing or a lack of interest

and/or political will on the part of agricultural and textiléesice research (Thies, 2000:1).

2.4 AGAVE AMERICANA L. FIBRE AS POTENTIAL, SUSTAINABLE TEXTILE
FIBRE ALTERNATIVE

The textile production and processing aientified to be the biggest environmahipolluters;
resulting in ecological imbalance and depletion of resources. Due to technologicatedeats,
everincreasing consumptiotimitations on the naturaiextile resourcesieededo producdibres
andincapacityto escalatehe supplycorrespondingo the demand to make most of t&esting

fibres either too expensive amnobtainablefor commodity presentations these crises like
situations have become a potential threat to humanity. The use of naturdtjeedly,
biodegradable, renewable and recyclable fibres and enzymes for textile processing is being
encouraged as a good altdima biotechnology for the local textile industry to produce value
added products for apparel and other housetextiles (Curteza2012:89, Ortegaet al,, 2019.

The declining supply of raw materials and an increasing global environmental awareness, the
naturally growing drought and concerns about climate change, increasing costs, limitations in the
availability of land, water, and other resources necessary to grow conventional natural plant fibres
are leading to a resurgence of interest to grow uncoioveh drought and pest resistant natural
plant fibres likeAgave americana Las potential sources in an effort itaprove textile fibre
security with the alternative fibr¢Karthik & Murugan; 2014:54, Dungast al., 201646).

The sustainable and ecological production and processing of unconventional plantarfiéres
encouraged since theyeless detrimental to the environment and hurhaalth(Wegneret al,,
2013:4). These still follow the principle of green technology andigeothe ecesocic-economic
benefits and textile properties that are comparable to those of conventional plan{Liibfes

Zhao, 2015:37)Agave americana Lis considered as a promising, economically feasible and
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suitable alternative source of material textile fibre (Djizi & Bouzaouit, 2019:113)put it is
underexploited and underutilize@lfattopadhyay & Khan, 2012:33ahuet al, 2013:339).

2.4.1 Agave americana LPlant as a source of fibre

Agave americana Lfibre is apita lignocellulosic fibrealsoreferred to asnistle; extracted from

the vascular bundles or veins &gave americana Lplant leavegTameemet al, 2016:2). The

| eavesd vascular bundl es consi st unghéathibgotesh p h|
Levetin & McMahon, 2008:29. Agave americana Lis innate to the USA (Hullet al, 2015b:1;

Davis et al, 2015:2) and Mexico where it is used as a fibre pl#&gave americana Lfibre is a

hard lignified fiore made up of ultimate fibre cells are bundles of small, short lignified cells

unsheathingAgave americana Lplant leaf xylem and phloem (figu&16) (Gowda, 2007:2).

Botanically, Agave americana Lplant is a slowgrowing monocotyledoous (a plant which
produces a single small leaf from the seed called a cotyledon when germinating (mono = single,
cotyledon = seed leaf)) and monocarpic (growing for a number of many years before flowering
that happens once, then dies after that), voloosn evergreen herbaceous, perennial,
rhizomatousplant of agiant botanical genus of th&gave(Adams & Adams, 1998:11; Msaldt

al., 2007:3951; Mylsamy & Rajendran, 2010:2926; LB#éz et al, 2015:3924; Bouaziet al,
2014:27)

Agave americana Lplant isoverwhelmingly the most populatiustrious and abundant varieties
of agave species that belongs to Agavaceadamily (Djizi & Bouzaouit, 2019:1130rtegaet

al., 2019 Krishnadevet al, 2020:2443 inherent tobarrenand sentbarrenareasof America
particularly, Mexico (Hulleet al, 2015b:1); where they were a staple of the Aztec culture, for
food, drink, and clothing and really just about anything (Bouatial, 2004:1; Msahliet al,
2004:540; Singha & Rana, 2010a:157; Escanlileviio, 2011:2; Mylsamy & Rajendran,
2011:76; Mara, 2013:1; Chest al, 2014:320; Bouaziet al, 2014a:1; Vilaneet al, 2014:130;
Mielenzet al, 2015:1 Rahmarat al, 2015:1).
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Figure 2.15: Agave americana LPlant; a soure of pita fibre

The Agave americana Lplant produces approximately 80 leaves per year (Hullet al,
2015h:1 Krishnadeet al,, 2020:244% and 200250 leaves throughout its productive period. Each
leaf has a weight make up of fibre; 4%, cutid®e75%, other dry materiaB% and moisture;
87.25%. Consequently, a typicAgjave americana Ueaf weighs about 3% of total weight with
each leaf having about 1000 fibres. The diameter of the fibre varies from 100mm to 300mm
(Mallikarjun et al,, 2017:119) The plant iswithout stem, but wittmassive greyplue (figure 2.15)

to bluegreen leaves that are alternate and spirally arranged and radiate directly out from the
central stalk of the mother plant to form a dense rosette of about 4 m wide (Mtatili
2004:540; Boauziet al, 2014a:1; Hullest al, 2015b:2).Fibre walls of adult leaves are usually
lignified thus, become stiffer and thicker than those of young le&gzsie americana Lis of the

plant kingdom, the sources of strong natural hard fibre (Angela, 2011:36; ¥ilahe2014:395).

The leaves are uphill to flat, widest in the middle, tapered toward the tip and thickened toward the
base, the margin straight to undulate; spif@&sambers& Holtum, 2010:10), usually even in size

and positioning hardly unevefhe marginal spineat the centreof the leaves range betweeint3

mm whereas those at the slim tips arched from low pyramidal bases are shatey fram 1-2

cm in length.The marginal spineare narrowly spaced out:ZL.cmlong. At the broadaseareg

they aredark brownand packed downThey arelight to dark brownin colour. They are fleshy

thick, leatheryswordshapedand covered with a thick cuticle and a coating of wax which make
them hairless(lfiiguezCovarrubiaset al, 2001:102; Chandrasekat al, 2010:2; Mylsamy &
Rajendran, 2010:2926).
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The leaves can grow up to 2.50 m in length and (25 cm) wide and are laiaimgorosssection
with, brownred marginal spines that are 5 mm long arfdl4£m apart, curved like fishhooks and
ending in sharp spiny pointed tips (2Bmm long) (figures 2.18 and 2.19) which can pierce
through clothes and leather; with ease. Theseespare an adaptation of these plants against
pestering of plant invaders. The normaave americana Lplant leaves are of one colour which
blue or green except the youngest leaves which have not unfolded which arentreanas
illustrated in figure2.16 and 2.17 and acquire colour as they are exposed to suwigéih the
youngimmaturecentre leaves unfoldnarginal spike impressions are noticeable on the still erect
younger leavess illustrated in figures 2.16 and 2.Ifhe older leaves often gracefully arch
down, figure as illustrated in figure 2.15 (Msakdt al, 2005:540; Bickerton, 2006:219;
Chattopadhyay & Khan, 2012:33; Bezarial, 2014:2).

Figure 2.16: Agave americana Lplant with unfolding inner leaves

One leaf ofAgave americana Lplant creates four times more cellulose fibres than hastiest
developing eucalyptus treeAgave americana L.provides a multitude of human and
environmental health as well as economic benefits (Tameah 2016:2; Uygur, 2017:165). The
leaves serve as the main photosynthetic organs of plants where sunlight energy is trapped anc
converted into chemical energgserved for storing carbohydrates (figure 2.18) to be used during
flowering (Hulleet al, 2015b:1). In the adult leaves, the fibre walls become thicker and tend to be
lignified. The lignin is a strong and watertight body that crosses the cellulosicwiddle and

makes them stiffer. The leavesAdave americana lare characterized by the abundance of long
cellulose leaf fibre bundles representing the vascular system, consist of shorter ultimate fibres, run

lengthwise of the leaves and are wdtating in nature, which gives thAgave americana L.
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leaves their stringency and tenderness. The ultimate fibres are less than 5 mm long and are
approximately 25 um 182 um wide (Msahlet al., 2007:3951; Rowell, 2008:18animekalai &

Kavitha, 2017374). The chlulose microfibrils have various types of chemical bonds like
covalent hydrogenand Van Der Waals bonds (Chaabouni & Drean, 2006:367; Bouszé,,
2014a:1).

Figure 2.18. Agave americana Lplant leaves with stored nourishment for flowering

In reality, outdoor plants typically bloom between th& a@d 30" years in warm regions and as
muchas 60 years in colder climates. Indoor plants rarely floweatdjiwala & John2011:183;
Chattopadhyay & Khan, 2012:33). During spring the plant begins bolting and yields its
considerable inflorescence held aloft a huge and robust fleshy stalk. Itssfldkasometimes is

termed the trunk which is produced rapidly at maturity. The long narrow flowering stalk that can
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grow as high as-30 m or so longbears branched, candelalbiee greenishyellow flowers
(Adams & Adams, 1998:1) up to 9 cm long thag¢ aermaphrodite; (thus possess both male and
female organs); bloom in panicles, which contain the plentiful nectar for insects pollinations, but
also hummingbirds and bat€hattopadhyay & Khan, 2012:33; Bouaeizal, 2014a:1; Bouaziz

et al, 2014b:12).

Agave americana Lplantis clonal, it dies after blooming, but produces suckers/offsets from its
roots at the base of each rosette, throughout its life and these remain to continue the lineage, oftet
forming a colony of new plants produced through vesiooeristems (flower, root and shoot)
(Bickerton, 2006:219).Agave americana Lplant reproduces sexually and asexually using
different strategies for reproductioAgave americana Lplant reproduces sexually through self
pollination. The pollinated flowsr mature and produce young plants that are attached to the old
flowered stalk. At this stage the young plants can be; transplanted into new individual plants
(Hamissa2008:50).

The pollinated flowers also produce fruits of which after mature releass sdedh can also
germinate into young individual plants (Adams & Adams, 1998:2)l Agave americana L.
plants mainly reproduce asexually, from the rhizomes of the mother plants and bulbs. The
vegetative buds on the inflorescence produce plantlets; whichdevelop roots to form new
individual plantlets around the mother plant. This regiroductivesystem, called theneristem
reproduces plantlets that resemble the mother plants geneticalljnértstem reproduction starts
underground and plantletshootspringing into the floral stem or root suckers which develop into
floral stems. (Bickerton, 2006:219waneet al, 2011:84 Adams & Adams, 1998:12; Sandoval

et al, 2012:11).

2.4.2 The drought-tolerant characteristics of Agave americana Lplants

It is forecasted that global climate change is to raise thedsgilg conditions due to the
increased heat and drought. This is expected that crops be sensitive to water vapour pressurt
shortage, ensuing in crop output losses (Davtisl., 2015:4). Inceasing competition between
agricultural and industrial resource use efficiency (RUE), advocates that crops with greater
adverse and extreme growing conditions tolerance and higher-usgegfficiency (WUE) vital

for sustainable fibre plant production. dountries where water is scares, #gave americana L.

plants hae potential to turn into a viable yield and vital tool for promoting textile fibre economic

development in those areas and considerabhancinghe quality of life for a number of people
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in those communities (Cheat al, 2014:320; Davi®t al, 2015:9 LeaDiaz et al; 2015:3924,
Houri & MachakaHouri, 201689).

Until recently, productivity, processability and agronomic inputs mustdmesidered seriously

when selecting and developing ndwmofibres for textile production. However, issues such as
biodiversity, competition with textile fibre supply, impacts on society, greenkgasemissions,
sustainability and water usage, need to be carefully considered. The optimum utilisation of water
to produce particular fibre crops is essential due to severe droughts that lead to water scarcity. The
Agave americana Lplant has high wateuse efficiency and can survive under dry growing
conditions of arid and serarid with minimal competition food ops (Escamillalreviio,
2011:32; Cheret al, 2014:320Mabhaudhet al, 2017:).

Agave americana Lis definitely the most tolerant of all thgaveplants. Thisexplicates the
reason for its worldwide naturalized spreading (Bezdzal, 2014:2). It is one of thé&gave
species that have developed diverse biochemical and biophysical mechanisms. The cuticle is the
most important protective membrane which is interface characteAgage americana Lplants

are also adaptive for stressofection for adverse weather conditions, even whereby increased
water use efficiency is significant (BernardiNocanoret al, 2012:3550). It is extremely resilient

to the hostile agro-climatic conditions,especiallyin peripherallow fertility soils, in beaches,
grasslands, riparian zones, rocky slopes, sandy,akalkowand urban areas, woodlandery

dry hilly terrain and,at a very low growth ratdt tolerates wind, salt, extreme temperatures,
droughtas well as irregular rainfall. It is well adaptedpimvide a reliable stageof fibre security

to the underprivileged peopleThe most ideal soil conditions are that which are tolerant of
weather conditions and soil that is wefained (Bouazizt al, 2004:1; Raviet al, 2010:111;

Davis et al, 2017:314).The Agave americana Lleaves are dense succulent plants with large
leaves that store a lot of water. During severe and prolonged drought, they lose some viscosity,
become floppy andimp to some exten To avoid transpiration and subsequently loss water,
Agave americana Lleaves are naturally coatadth wax that gives them the characteristic bluish
green colour. In addition to its thickneggjave americana Leaves are very fibrous. The fibres

run parallel tothe length of the leaf from base to the apex (Stewart, 281)5:3

Agave americana Lspecies is extremely drought tolerate because it tieesvaterconserving
crassulacean acid metabolism (CAM) photosynthetic pathggve americana Lplants are
strategic plants; that open their stomata during the night when it is cool and during the day when it

is hot; they close them to preserve absorbed moisture and this improves their exceptional water
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use efficiency (WUE), thuspermits it higherproductivity (Nobel, 1990:1; Kant,2010:1;
BernardineNicanor et al, 2012:3550; McNally, 2015:1; Davist al, 2017:314;Houri &
MachakaHouri, 201689). As suchAgave americana Lspeciephotosynthesizes during the day,

with closed stomata, after it hagpened the stomata, to absorb and fix,G&D night when
temperatures are lesser than during the daytime, thus lessening water loss by transpiration from
plant to the atmosphere (lfigu€ovarrubiaset al, 2001:101; Borlandet al, 2009:2879;
Chambers &Holtum, 2010:18; Liet al, 2014:1;Stewart, 2013:3). Its WUE in thedry and semi

dry lands isup tosix or moretimesthan the WUE of any of the current conventional fibre crops

for fibre biomass (Chambers & Holtum, 2010:20; Chetnal, 2014:320;Cushnan et al,
2015:4179; Kandhasamy & Vasudevan, 2015:849).

The Agave americana Lresponds vigorously to its environment in the drought seasons where it
will pucker up to decrease the entire leaf surface for evaporation, so as to improve crop yields in
aridand semiarid areas (LeaDiazet al, 2015:3924; Mielenet al, 2015:1; Yanget al, 2015:3).

I n times of extreme heat or sun, it changes
effects (BernardindNicanor et al, 2012:3550; Bouazizt al., 2014b:12). Agave americana L.

has adapted well to marginal, harsh, local growing conditions, ofSaharan Africa (SSA),
countries that include Lesotho, thus offers potential sustainable textile production and processing
conditions (Chivengeet al, 2015:5689). It has developed efficient mechanisms and structural
characteristics, which make them productive regardless of harstasdrgrowing environments,
where soil surface temperatures regularly surpa§€ Bhd water, as well as nutrients, are
severely limited (Ifigueovarrubiaset al, 2001:101; Pandest al, 2014:82) Agave americana

L. Plant has proven to be the most productive and-tiatant Agave species tested (New
Phytologist, 2014:739).

Inadd t i on, t he s-tich ocatute ofhdave amedicana lhleaees and their rosette
arrangement are an essential tool for this fibre plant for the photosynthetically active radiation,
great est abs or ptJaodnchaaneléhg of wadet tihair moderditelyshigrficial

root systems for the successful photosynthesis even in weather extreme pécidely, 2015:1;

Mielenz et al, 2015:12). The roots ofAgave americana Lplant rootsystems, also respond
accordingly to water scarcity: they contract during the dry season, to minimise water loss, but they
also fast to create yne r oot s -axistedoamdceasiontlm r a
addition, deadAgave americaa L.leaves accrue at the base to buffer the living tissue of the leaf

from elevated heat temperatures, which can array from 50 6 B¢olte, et al.; 2012:12,
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Mylsamy 2011:12Daviset al, 2015:1-2; Stewart, 2015:3)Agave americana Lplants flourish in

both the urban and rural areas at all seasons of the year even when water and nutrients are scar
(Saraswat & Gope, 2014:Kandhasamy & Vasudevan, 2015:34% thrives in these regions
where traditional annual crops cannot, becadses shallow rooting system too (Chattopadhyay

& Khan, 2012:33; Bouazizt al, 2014b:1). But they need easydrain soils and are very
resistant to drought and high temperatures, and can tolerate frost, if it is not regular, down to 27 °C
below zero (Mysamy & Rajendran, 2011:76; Rahmanial, 2015:1).

Agave americana Lplants have the prospective future to sustain textile demands associated with
global growing populationd.iterature indicates thahgave americana Lplants are very easy to
cultivate since they grow wild and require little care and maintenance, (Boehailz 2004b:2;
Daviset al, 2017:324). They require no watering once well established. Their input costs are less
for them to survive, regenerate & maintain on a justifiable bétsis. usually full-fledged in
patches andencing crop in uninhabited and wilcenvironments (as illustrated in figure 2.21),
where soils are dry and unsuitable for crop cultivation (Mielstnal, 2015:1; Stewart, 2015:4).
They therefore, have @mparativebenefitin peripheralands because they are naturally grown to

endurestressfukituationg(Baldermannat al, 2016:107).

2.4.3 Processing techniques for obtaining\gave americana Lfibre

There are various ways to extract the natural plant fifsos fibre plants.Agave americana L.
fibre is an example of such fibres that need such to cleaning before use (i@ahag011:11;
Smoleet al, 2013:370).

2.4.3.1Selection and harvesting of leaves from a plant

(@) Selection

To obtain and determine good quality and quantity ofAbave americana Lfibre content, the
selection of the plant leaves has to be done properlyAghage americana Lplants with sturdy,
dense, clean, statuesque, blemeds and healthy foliage have be selected for textile fibre
extraction. The flowering plants should not be used for textile fibre extraction.Aghee
americana L. plants are ready for textile fibre harvest from the third year onwards. The mature
leaves by then with the length ofore than a metre are harvested. Agave Americana ffibre

content varies with a varied range of 2i5%%6% (Hulleet al, 2015c:65).

(b) Harvesting
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EstablishedAgave americana Lplant leaves that are at the lower sides of the plant can be
harvested from -3-year old plants and from the fifth year onwards regular harvesting of leaves
can be done for fibre extractiowhen the leaves are equal or more than a metre (ldul,
2015h:1). Mature lower leaves, at an angle of more than 45° to the upright argagufrom the
plant with a shargheavyduty knife. The leaves are transported to fibre extraction place, after
harvesting.The leaf margiral and tip spikes are detached before fibre extractionlffiguez
Covarrubiaset al, 2001:105; Hullest al, 2015a:2; Hulleet al, 2015c:66Kolte et al, 2012:2

Teli & Adere, 2016:257).

2.4.3.2Fibre Extraction Processes

The quantity and quaty of lignocellulosic fibres;are determinecamong otherspy the used
extraction method. Extraction @dfgave americana Lfibre is the separation of cellulosic fibres

from the buttressing substances which include pectin or lignin, wax, ashes, resin, fats and other
carbohydrate¢Bora & Padmini, 2019:145)The principle for plant fibre extraction is to degrade

and remove thaoncellulosic components of the leaf biomass so as to obtain the cellulosic fibre
bundles (Ebisikeet al 2013b: Ftral, 20@&2AYZH &¥aniDam, 2002:7). Thegave
americana Lfibres lie embedded longitudinally in the leaves. In ordesatitenthe fibres various
preliminary chemical and mechanical processes are used to degrade plant leaf biomass, so as t
achieve witheasebetter results for fibre extraction (Dungaeti al, 201646, Bora & Padmini,
2019:145.

Agave americana Lfibre extractionis costeffective and harnessing its alternative potentials to
synthetic fibre properties will contribute enormously to the textile industrial inventive world
growth (Angela 2011:35. Fibre extraction process is hamed after the method of fibre separation
from the leaf biomass (Chandrasekaral, 2010;Ales & Sumanasiri, 2016)The methods used

for the extraction oAgave americana Lfibres are comparable to sisal fibres extractiothmes
(Thomaset al, 2011:9). Generally, separation of rfilrous constituentdrom the fibre is
attainedmanually or mechanically and followed by physjadiemical olenzymatic processingf

fibres (Konczewiczt al, 2013:118) The proper extractioprocesausually results in higlguality

fibre with essentiallength, fineness and strengthigh cleanliness optimum effectiveness and
uniformity (Van Dam, 2002:7Kolte et al, 2012:2;Selvam & Arungandhi, 2013:96)

2.4.3.2.1Mechanical fibre extraction
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Mechanicalfibre extractionmeans that the process is carried out manually through a process
known as decortication (Van Dam, 2015:12), where manual decorticators using modern
machinery or basic tools like knives, cans, lids of aluminium containers, savapge biomass

pulp, perhaps after pounding the leaves with a mallet. Traditional hand decortication is a very
slow and tedious process that requires too much time and manpower. Alternatively, fibre
decortication can be conducted effectively using a modesichinedriven decorticator. The
leaves are then crushed by a spinning wheel set with blunted teeth that cannot damage fibres
(Chandrasekaet al, 2010:3). The mechanical fibre extraction processes such as fibre separation
washing and drying must be cadiout immediately effect or else the adhesives in the leaves
harden, triggering the pulp to stick to the fibres and make it challenging to properly clean the
fibres. Theremoval of noncellulosic fiore components from theellulosic fibore components
cannd be done efficiently using mechanical extraction methods (Thoetaal, 2011:10;
Satyanarayan&t al, 2011:219;Angela 2011:44;Kolte et al, 2012:3;Ray et al, 2014:37;
Saraswat & Gope, 2014:Hulle et al, 2015b:2;Hulle et al, 2015c:6667; Ales & Sumanasiri,
20162; Teli & Adere, 2016:257).

2.4.3.2.2RettingProcess

Retting refers to a method of fibre extraction by which intercellular noncellulosic leaf biomass
that intimately binds together fibre bundles is degraded chemically in order toteapfiam the
cellulosic fibres(Ray et al,2015a:101 Bora & Padmini, 2019:144 Chemical retting can be
achieved by using inorganic chemicals (such as acids, bases surfactants and chelators) or organi
chemicals such as enzymé&nzymescan be obtained commercialtly producedy using micre
organisms (Dast al., 2014:276272;Hulle et al, 2015b:2Sistiet al, 2018:101).

()  Inorganic Chemical Retting

Inorganic chemical retting yields higjuality fibre, although it is viewed as relatiyeostly, and

not ecafriendly because of high energy and chemical utilisation (Thaghas, 2011:11; Da®t

al., 2014:270). Lignin and hemicelluloses are easily hydrolysed into smadiferculesthrough

the use of acids in cellulosic fibre extractiokcid treatment formgeactive groups that assist
fibres to fibrillate, resulting irhigh fibril crystallinity. Contrary to that, alkalbreals up the
lignocellulosic components between fibres and splits structural bonds between lignin and
cellulose, which results in an enlarged surface area and an increased degree of polymerisatior
which reduces fibre strengthi(lle et al, 2015c:67).
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(i)  Organic emical Retting

Retting is a chemical organic fibre extraction process when water and microorganisms or enzymes
combined actions ferment and softens Agave americana Lplant leaf biomass to release the
lignocellulosic fibre (Omennat al, 2016:275 Manimekalai & Kavitha 2017:33). Good quality
lignocellulosic fibre is usually extracted by the organic retting method. Organic chemical retting
does not produce any toxic materials, and th@dogucts are completely biodegradable. Organic
retting ofAgaveamericana Lplant can be achieved through water and enzymatic retting (Thomas
et al, 2011:9; Hulleet al, 2015b:2; Sistet al, 2018:101).

(i)  Water retting

Water rettingis an organic process whereltlie Agave americana Lplant leaves are submerged

in water, to allow aerobic and/or anaerobic bacteria to digest away noncellulosic plant biomass
leaving cellulose fibres intact (Gowda, 2007:22; Savastnal, 2009:56; Konczewicet al,
2014:119; Thygesen, 2013:373; Teli Bdere, 2016:257). It is a microbial biodegradation
process which allows ecological and easy separation of fibre from pith. After harvesting, the
leaves are immersed in water for some time (abeBitw&eks) during which the nesellulosic
biomass that coratts the fibre with other plant constituents is fermented and degraded by retting

micro-organisms (Sistet al, 2018:104).

When adequately fermented, the fibres can be easily separated from the leaf biomass étulle
2015h:2) and produces good qualitore even though fibre quality is mainly dependent upon
retting conditions and duration (Pariga al, 2011:5268; Srinivasakumat al, 2013:3). If the

leaf retting isoverdone fibres quality decreasdfay et al, 2015a:102) Underretting leads to
partial removal of adhesive materials and extraction of fiore becomes a challenge (Sastastano
al., 2009:57; Ebisikest al., 2013a:96; Ebisiket al, 2013b:36; Saravana & Kumar, 2016:3600).
Hence, the rettingprogressmust be checked prudently at intervalspreventfibre destruction.

The natural water retting is a slow process (Bhikhu & Shah, 2015:69), but it ieffaxttve (Teli

& Adere, 201®:257).Overdue

Retting duration is dependent upon temperatateosphec retting conditions which include
sometimes nutrients, thickness of the leaf and type of bacteria and the existence or lack of oxygen.
Organic water retting is a potential option for physical or inorganic chemical lignocellulosic fibre
extraction procesng. The fibres are separated from the woody leaf biomass using mechanical

methods. The water retting method poses no special disposal problems because the material i
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biodegradable (Vogl & Hart, 2003:1&7 124; Elsasser, 2010:56; Koztowski, 2012:70).tiRgt
utilizes the microorganisms that require lower energy input, no chemical and mild environmental
conditions (Thomaset al, 2011:9; Koztowski, 2012:70; Bezaet al, 2014:1; Van Dam,
2015:12).

The good qualityAgave americana Lfibre basically relieon a controlled retting process. The
Agave americana . eavesdo quality, thickness and quan
and ecological situations which can affect temperature during retting, the existence, number and
activity rate of microbg, the prereatment of the leaves are some of the most important factors
controlling retting rate Ray et al, 2015a:105Ray et al, 2016:59). Plant fibre retting must be
carefully monitored or else the resultant fibore would either be under ofreivedndesretted

Agave americana Lfibre is usually coarser in texture with cuticular debris and-osted fibre is

easily destroyeduring extraction and end up shorter, thinner and less strong than nisiamagt(

al. 201323).

(iv) Enzymatic Retting

Enzymatic Retting is another class of organic retting. Enzymatic retting uses industrially produced
enzymes to degrade the pectin materials binding the fibre bundles. It is quicker than water and
dew retting methods and yields softer, more pliable andabfarfibres (Hulleet al, 2015b:2). It

is potentially easier to control and a cheaper method of fibre extraction because the retting enzyme
can be reused a number of times before it is disposed. The enzyme concentrations can be higher t
haste the rettingrocess Klulle et al, 2015c:68Kolte, et al, 2012:3. The enzymatic retting is
potentially an effective fibre extraction that can minimise environmental impact with no
significant strength loss of cellulosic fibrédérnandezHernandezet al, 2014:1). Enzymatic

retting leads toan improved fibre quality,predominantlythe greaterfibre fineness feature
(Koztowski, 2012:74).

2.4.3.3Washingand drying of extracted fibre

After fibre extraction with any of the discussed methods, fibres are washeater until clean

and dg thoroughly The washing and rinsing of the fibores must be proper to get rid of the fibres
binding tissuesAngela 2011:44; Saraswat & Gope, 2014:1). Fibre should be thoroughly dried
because moisture content determines fibre quality-iNdural drying is highly recommended for

best fibre quality but it is not viable for all (Chandrasedtaal, 2010:3). Before packing for use,
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dried fibres should be combed and sorted according to different griddis €t al, 2015c:65;
Boguslavskyetal., 2007:3).

2.4.4 The structure, properties and composition ofAgave americana Lfibre
2.4.4.1The structure

Agave americana L.fibres are multiple-celled fibres, extracted from the leaves of
monocotyledonous, naturally occurring uncultivatddave americana Lplant. The Agave
americana L.fibre in a leaf comprises of xylem, phloem and divarasheathingells that are
scattered all over in leaf condensed milieu. The cells are lignified and stiff in nature. The entire
fibro-vascular bundle is called fibrAgave americana Lfibre isirregular,rotund; narrowing to a

point, with one thicker side; that is from the base side of the leaf. The fibre from the underside of
the leaf is betteguality than the coarse one obtained from the upper side of the leaf (Mafaes
2006:92;Hulle et al, 2015b:3; Hulle=t al,, 2015c¢:65)

The Agave americana Lfibre is obtained in bundles which have a minimum length of 65.2 cm up
to 2.8 m long (Mafaesa, 2006:96) Eakbave americana Lfibre is made up of numerous cells
called ultimates or ultimate cells. The ultimates are overlapping and bound by waxy and sticky
materials such as lignin, hemicelluloses and pectin (Smblal, 2004:47; Msahliet al,
2007:3952; Rayt al, 2014:37), @ form the technical filament fibre that is relatively thick. The
Agave americana Lultimate fibre, is thin with a diameter of aboll50 ¢ m(Hulle et al,
2015c:69) and it is very difficult to obtain and thin to be spun on its own (Chaabbuahi
20181).

Agave americana Lfibre is lengthy with a varying diameter which is determined by a number of
ultimates across the sectiodulle et al, 2015b:68). The ultimate fibre cells have the following
parameters: the aver age mnm)iMsahlhetab 200G1OMsahtiat 1 0 .
al.,, 2007:395land t he average width of 3.1 em which
about 10 to 30 em and sisal ultimate fibre
Covarrubiaset al, 2001:D2). Agave americana Lfibre bundles are very strong with 39% to 49%
strain range due to the spiral nature of ultimate fibre cells. This structure explains the mechanical
strength of this technical fibre (Msahdit al., 2007:3953; El oudiaret al, 2009:15; Kolteet al,
2012:2;Saraswat & Gope, 2014:Hulle et al, 2015c:68 69).
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2.4.4.2The properties ofAgave americana Lfibre

Agave americana Lfibre is a natural cellulose fibre that possesses excellent specific properties
for textile fibre such as reasonable strength, moisture absorbency, low density and appropriate
length (Smolest al, 2004:47). But it is stiff to function as a textile fibi@ fmaking diversified

and valueadded products, without special softening treatment (Mssthal, 2015:1).Agave
americana L.fibre is flexible, smooth & lustrous and has burning characteristics comparable to
ordinary cellulosic fiboresGhattopadhyay & Kan, 2012:33).

(&) The Physical and Mechanical Properties

To find the full potential textile benefits agave americana Liibre there is a need to understand

its chemical and physical structures along with properties, defects, strength dimensions, yariabilit
and crystallinity; to mention a few examples (Dungainal, 2014:4),because the textile fibres

are complex and diverse. The performance characteristics and end uses of any textile fibre depenc
on the fibre type andstructures age, production and processing metho@Singha and Rana,
2010b:1057). Comprehensive knowledge of textile structure will facilitate an intelligent
assessment of standards and brand of merchandise and will develop the ability to distinguish
qguality in textiles ad, in turn, to appreciate the proper uses for the different qualittes.
knowledge of thephysical, mechanical and chemical structures @magerties of the individual

fibre will facilitate the intelligentexploration procedures and potential end uBasv#&n & Kumar,
2010:36013602). The physical structure that is identifiable with the low powered microscopes or
the naked eye is the macrostructure. The physical properties inlelnge, diameter, surface
appearance, colour, and light reflection. Conelgrsthe fibre microstructure is detected with the
more sophisticated systenextiles (Smith and Block 1982:31)

The micro properties such as tensile strength and elasticity are determined by the type of chemical
molecules and their mode of arrangemenhinithe fibre. The microstructure affects the chemical
properties such as such dye fixation, sunlight resistance and resistance to mould and fungi (Smith
and Block 1982:65)The performance of textiles and textile products of durability, maintenance
comfort, appearance and appearance retention as well as cost are affected by the prbgerties
fibre(s) from which they are made (Kalebek & Babaarslan 2016:3). Durability performance
properties are affected by the tensile properties that are due to d fib load performance of

any textile fibre is dependent upon the molecular structure and also the spacing of the molecules.

The crystalline structural textile is more durable and therefore more serviceable for specific
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purposes than the amorphous stuuak textile. Comfort performance properties are affected by

the fibre moisture absorbency, elasticity, hand and feel of the fibre. .The textile fibre that is more
absorbent is more comfortable to use next to the skin. The lignocellulosic fibres are highly
absorbent and strong (Smith and Block 1982:31 &70), thus, providesngaiatenance

durability and outstanding comfort performance characteristics to the textile end products. They
are therefore good for skirontact towels and clothing that includesrspaear as well as dippers.
However they lack sekxtinguishing properties, they can burn rapidly even after removal from
the flame. They are therefore not good for <c
they are treated with flame proof darhe resistant finistFibre content can also play such a
significant role in determining textile performance properties bed#ss are the basic units of
textiles (Holleret al 1988:5.

Different fibre separation techniques produce fibres with idiffees in physical, mechanical and
morphological properties, which later influence the properties of the textile end product. The
physicemechanical properties like colour, length diameter and tensile strength influence the
processing and end use perfore®characteristics of textile fibres. For example water retting of
plant fibres produces the better quality fibre with greater uniformity mechanical extraction and
dew retting Efficiency in processing activities produced acceptable physical propertiegt co
and mechanical strength of the fibf@akariaet al.2020:72087212).

The Agave Americana.Lfibre is a lignocellulose fibre. Thus, it is organic chemical cellulose
complex molecules consists of carbon, hydrogen and oxygen atoms bond togethewatsidast

to provide it with unique structures that could determine performance characteristics and the end
uses in textile. This chemical and physical textile knowledge is needed to analyse, evaluate and
anticipate the textile potential performance chemastics, benefits and end uses Afave

americana Lfibre.

The Agave americana Lfibre is a technicamulticellular fibore bundle consiss of numerous
polygonal ultimate fibres glued together by noncellulosic fibre components with imbalanced
proportions along the fibre leng#xis (Rippon& Evans, 2012:12ZFI Oudianiet al, 2015b:30)

The Agave americana Lfibre exists as bundles created from numerous ultimate fibres detained
together by waxy and sticky constituents (Chattopadhyay & Khan, 2012i84)to its high
tenacity of 2.94 g/d when dry and 2.3 g/d when wet, higher extensibility of 50% of its length
before rupture when compared to other lignocellulosic fibres of which most don't exceed 10% and

have average linear density of 24 tex. It is a coarse fibre which is superior and more flexible than

71



other fibres from AgaveceadChattopadhyay & Khan, 2012:364bugua, 2014:48; EI Oudiani,
2015a:15). TheAgave americana Lfibre tensile strength is proximate to those of other
lignocellulosic fibres like sisal or flax. Surprisingly it has extreme lower initial Young modulus
and higher rupture work than other sistlignocellulosic fibres (El Oudianet al, 2010:1;
Mylsamy & Rajendran 2011:7&olte et al, 2012:1;Phologoloetal., 2012:17).

Literature indicates thahgave americana Lfibre strength intensifies with plant leaf age. The

| eafds age is determined by the Il evel and p
leaf. Fibre from the leaves of the lower levels is the strongest of all when compared to those
obtainal younger middleaged and top youngest leaves. The youngest leaf fibre is less extensible
(Hulle et al, 2015c¢:69 & 70) The high amount of cellulosic hydrogen bonds binds the fibre
chains, stiffens the fibre structure and reduces its ability to be @dta@ontrarily, fibre extracted

from the oldest leaves possesses fewer hydrogen bonds because of lignin and etbfulosit

sticky componentsAgave americana Lfibre also exhibits low density and higlfater absorbency

(El Oudianiet al, 2009:335; El Oudianet al, 2010:1; Smoleet al, 2013:371;El Oudiani,
2015a:19 & 21Hulle et al, 2015a:2% Fibres obtained from the middle part of the plant provide
the highesttensile strengttand stiffnesgDjizi & Bouzaouit, 2019:113)Thus, thetop and the
bottom leaves of the plant have todwmided forfibre extraction (EI Oudiaret al, 2015a:2728).

Agave americana Lfibre bundles have higtensile strain that exceeds 60% because they consist
of single fibres which have zigzag relaxation arrangements which then, allow them to be
straightened before distortion (Thamae¢ al, 2009:73 & 97). This is contrary to other
lignocellulosic fibres whibh have only up t010% length extension before breaking. When forces
are applied, these fibremefirst straighteed out before being pulled apart to a breaking point.
This feature is thought to increase the strains ofA@ve americana Lfibre (Bunsell,2009:87;

Hulle et al, 2015b:3). It is the potential alternative source of biotextile fibre with minimal
pollutants emissiorKplte et al,, 2012:1;Phologoloet al, 2012:17)Agave americana Lfibre is a
natural resource that possesses aburalaitiiotic and hygienic properties for use to manufacture
fabrics that can be used effectively to treat and dress open wounds to prevent bacterial infections
(Kandhasamy & Vasudevan, 2015:848).

(b) The texture

Agave americana Lfibre is strong and durable (Tameeanal, 2016:2). The dried rasgave

americana L.fibre is coarse, harsh and rigid in texture (Hwdteal, 2015a:234; Hulle et al.,
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2015h:4) and hardurfaced due to the presence of lignin on their surface, whitle distinctive
characteristic of all the leaf fibres (Mafaesa, 2006:92; Helleal, 2015a:4, Hulleet al,
2015c:70). It has a limited textile value, since it is more rigid and coarser than the bast fibres. But
they can berocessed to be soft and fiele. Thepotentially usefulAgave americana Lfibres

remain underutilised and underexplored because of the increased importance of synthetic fibres
for cordage use and agricultural and processing limitativtsal(li et al, 2006:9; Msahlet al,
2007:3952Mylsamy, 2011:4.

(c) The colour

The colour of theAgave americana Lfibre can be offwvhite to yellowish rust, subject to the
handling method and time elapse for fibre extraction (Mstdi,, 2006:11; Hulleet d., 2015b:1;
Hulle et al, 2015c:D). Retted fibre discolouration is due to retting situations, quality of water and
washing (Dat al, 2013:755).

(d) Lustre

The uneven surface and cresectional shape dkgave americana Lcause it to be seraiull in
appearance. Its uneven crasxtion tihows light in all directions, with few bright lights. The

correctly extracted and a single fibre shine up and look attractive (étwdle 2015b:4).
(e) The burning characteristics

The burning characterissof Agave americana Lfibre are comparableo those of otherplant

fibres. When approaching the flame, it does not shrink away from the flame; rather it flares up
immediately when coming in contact with the flame. After ignition, it continues to glow even
when removed from the flame until it finished.hihs a burning odour that resembles a burning
paper. It produces soft leathery ash (Chattopadhyay & Khan, 2012:3;dtlalle2015c:70).

(H  Chemical Composition

Like most naturally occurring lignocellulosic fibred\gave americana Lfibres bundles are
compmpsed of 6780% cellulose fibrils interleaved in a 15% hemicellulose afitB% lignin,

0.26% waxes, and 8% moisture (Paudel & Qin 2015:38aswat & Gope 2017:165~hich are
comparable and range along with the percentage contents of other lignocellulosic fibres but the
Agave americana Lfibre lignin content is lower than that of other plant fib(€sattopadhyay &

Khan, 2012:3% Pectin, watesoluble materialsand ash are also existing along with major
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contents even though it is in small quantities (Singha & Rana, 2010b:1057; Beualzi2014:1;

Hulle et al, 2015c:72). The property of each constituent contributes to the overall properties of
the fibres. For exmple, the ravAgave americana Lfibre is difficult to spin for use in textiles due

to relatively high lignin content which causes the fibre to be stiff. Karolia & Bhoj (2016:18)
confirmed that the stiffness of the fibre reduces its cohesiveness andlemmnt properties for

fibre spinability Cellulose micremolecules are bound to one another, with various types of
chemical bonds like covalentydrogenandVan Der Waals bonds (Chaabowtial, 2006:367;
Chattopadhyay & Khan; 2012:36; Paudehl; 2015:219).

The fibre disintegrates when exposed to strong chemicals, but it was resistant to weak ones
(Msahli et al; 2006:9 & 11;Kolte et al, 2012:2;Mbugua, 2014:48; EI Oudiamit al, 2015:16).

Like other natural plant fibresAgave americana Lfibre is hydrophilic and haghe moisture
content of 9.19 % and moisture regain ranging from1I@6 which is equivalent to that of other
lignocellulosic fibres such as sisal 11%, jute 13.75%, linen 12%, ramie 8.5% (EI Oedalni

2009: 436; Singha &ana, 2010:156). It is assumed that its hydrophilic behaviour occurs because
of free hydroxyl groups on the chemical structures of the fibre, that effect polarity which attracts
the already polarized water molecules (Mafaesa, 2006:121; Mealdi, 200611; Mbugua,
2014:48; Izilesu & Thamae, 2015:39). TAgave americana Lfibre is an eligible prospective
source of textile fibre (Chattopadhyay & Khan, 2012:34, Mbugua, 2014IA8) natural fibre can

be upgraded to a soft pliable and valuable textileefiiBouazizet al, 2014:1; Hulleet al,
2015c:72).

(g) The effects chemicals okgave americana Llfibres

Agave americana Llfibres are not easily damaged by weak acids and alkalis, thus, the weak acidic
and alkaline bleaches, detergents and dyes can successfully be used with no effect on structur:
and tenacity ofAgave americana Lfibres. However strong acids and bases casalve and

distort these fibres. The bonds connecting the ultirdedave americana Lfibres are more
unstable to acids than alkalis so this can lead to loss of fibre tensile strength. In contact with
concentrated bleaches can bleach fibres but with pemsiexposure, the fibre strength is
weakened. Chlorine bleach must bsed for a short timand then rinsed out thoroughly to
prevent further fibre damage to théulle et al, 2015b:45; Tameenet al, 2016:2).
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2.4.4.3The uses oAgave americana Lplant and fibre

Agave americana Lplanting reserves nature in many ways as described @mBl&r(Escamilla

Trevifio, 2011:2; Manson, 2013:1; Daws al, 2015:1-2.). It has great potential to be upgraded

into new sustainable textile fibre crop that can be used for various domestic, commercial,
ornamental and medical applications (Kozlowski al, 2004:61; Mafaesa, 2006:5& 42;
Chandrasekaet al, 2010:2; Singa & Rana, 2010b:1057; Chattopadhyay & Khan, 2012:33;
Manishaet al, 2012:69; Singha & Rana; 2010&4, Saraswat & Gope 2014:1; Kandhasamy &
Vasudevan 2015:849; Rahmagtial, 2015:1).Agave americana Lplants were employed in the
brewing of alcoholic bverages, as fodder source, a natural sweetener, a food source, a defence
against pests and technical resources such as roofingearidrdng composite materials by
ancient Mexicanslgikgor & Becer, 2015:4498).

The Agave americana Lis a resourceful plant with versatile environmental, economic, and social
products and bproducts such as biofibre, biofuel, biogas and-dmhol; are obtained and
sustainable jobs are created as such it has the potential of transforming lives @frpoamities
(Tameemet al, 2016:2 Krishnadevet al, 2020:2443 The Agave americana Lplants can be
densely grown (as illustrated in figure 2.19), as a natural hedge and biofence to secure humankind
properties since they are impermeable to cattle @oglp due to their lonrgpaf rosettes with side
margins and the vicious ergpikes at the tipsThe dried stems of flowering are used as a

waterproof roof thatching and building materials and stools in Legdtieomae 2008:5556).

Figure 2.19: Agave americana Lplant forming a dense biohedge

In ancient timesAgave americana l. eavesdé ter mi nal Spines wer e
needles or awls which were naturally attached to the leaf threads or fibhestested in figure

2.20 to create embroidered leather cafigdadoand to sew coarse textiles produced for by native
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nations mostly Mexicans (Mara, 2013Z2waneet al, 2011:84. To prepare the cord, the leaf
cuticle and the nocwcellulosic biomass were detached from the fibres, but the spine was not
removed. the fibres were then twisted into the required twine ready for use with the fibre attached
and when the work was completee remaining thread and /or point was cut off and discarded
(Castetteet al, 1938:72), (figure 2.20).

Figure 2.20. Agave americana Lleaf fibre thread and needlehftp://www.smragan.com/2011/10/18/agaspine

needleand-thread)

Agave americana Lleaf thorns were used to make pens, nails and needles by Indiana
(Chattopadhyay & Khan, 2012:36)gave americana Lfibre can be used to manufacture fabrics
(even though it is difficult to spin) for medical end usages (Kandhasamy & Vasudevan,
2015:848). ThéAgave americana Lfibre is used to produce twine and ropes, papead bands

nets, rugscushion paddinggdoomats,saddle padshags, carpetssandalspacking bagsbrush
brittles, fish stringers, baskets, bracelets, doilies and motifs, modeririendly biocomposites
(Rowell, 2008:4; Thamaet al, 2009:96; Gaaet al, 2015:54766477; Tameenet al, 2016:2).
UnderutilizedAgave americana Lhas the potential to supply innovative prospects for income
generation if their sustainable fibre properties, processing and market potentials were fully
renowned and established (Thies, 2000:3).

If softened intca more polished fibre, appropriate for producing refined lacework; figures 1.5 and
1.6 (Mara, 2013:1). Th&gave americana Leaf fiore was used by the Native Americans and
Mexicans. Literature shows that the best quality fibre is obtained from the wiuegeesAgave
americana L.is also one of the most optimistic unconventional plants which can be utilized to
produce biosynthetic fibres against petrolebased synthetic fibres. It can alserve as a
supplementaryfibre for conventional natural cellosic textile fibres (Isikgor & Becer,
2015:4498).
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2.4.5 Limitations on the uses ofAgave americana Lplant fibre
2.4.5.1Relatively high lignin content

Agave americana Lfibre makes better quality ropes and twine than bast fibresiaisto produe

coarse and lovgrade textiles usually requiring no spinning because of its coarseness and stiffness,
due to its relatively high lignin content (Thameed., 2009:96; Gacet al, 2015:54765477,
Tameenet al, 2016:2).

2.4.5.2Lack of market infrastructure

Like many underutilized fibre crop®gave americana Lis excluded in both subsistence and
commercial farming, regardless of its viable and potential market. Perhaps this happens because
of the absence of production, processing and marketing infrastructtine thatable for quality

and amounts needed for potential custor{i€hges, 2000:3).

2.4.5.3Lack of technologies

Agave americana Lfibre processing is labodntensive and tim&onsuming. To increase its
production scale, effective, wealrganised manufacturingtorage and processing technologies

have to be invented so as to ensure good quality standards (Thies, 2000:3).

2.4.5.4Loss of cultural diversity andack of information

Agave americana Lplant has neglected potential fibore andgdrgducts characteristics which
should be explored by scientists and consumers in order to change the perspectives about loca
plant fibres. The adverse attitudes people have about, indig&gawe americana Lplant fibre

and its byproducts result in loss of cultural diversity and Lack of understanding. Studying and
improving Agave americana Lfibre can be updated and provide information for cultural diversity
(Thies, 2000:3).

2.4.5.5Deficiency of political motivation

The political motivation to produce and process indigenous plant fibres normally favours the
green insurgency fibre crops and puts excessive emphasis on conventional fibre crops like cotton
and flax. The neglected and underutilised fibre speciesAldeae americana Lfibre which can

flourish even under adverse growing conditions are excluded. These policies inhibit research and

market for unconventional, local plant fibre variations (Thies, 2000:3).
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2.4.6 The Potential Sustainability Impacts ofAgave americand.. Fibre

Agave americana Lfibre production and processing can be achieved through environmentally
and socieeconomically sustainable ways. From egologicalperspective Agave americana L.
fibre production and processing can minimize any undesiraiaddriendly effect and keep an
ecological balance in nature because of its cheap means of planting, regional availability and to
some extent theaseof collection which directlynfluencesits suitability to become an alternative
source of natural fibre (Asiret al, 2015:122). The main responsibility ohgave americana L.
fibre producers and textile science researcigete advance the production, processing, supply
and marketing perfornmees and approaches towards best textile sustainabigignve americana

L. fibre plant is in this case regarded to be of "hugbfit" potential. Highprofit plant refers to the
plant that enables a sustainable livelihood including the relationship betiibee plants and
people as well as income (Takasteal, 2010:). Agave americana Lfibre asa natural fibrehas

the advantage of being sustainable fashion fibre becauskidgdisgradablenoncarcinogeniand
costeffective (Asimet al, 2015:1, Hales, 2015:104).

Agave americana Lfibre plant has several functions that are of ecological, economic, social and
social security, construction, textile and medicinal and pharmaceutical nature. If it is,
environmentally, socially and economy promoted armet@ssed to produce textile fibre, it can
have a sustainable future of which, people are very conscious @tsaliliet al, 2006:9;Singha

& Rana, 2010b:1058056; Niinimaki & Hassi, 2011:1877, Pandey al., 2014a:82; Izijesu &
Thamae, 2015:39).

Textile sustainability advocates for the use of textile resources at a speed that never surpasses th
capability of the planetarth to renew thenmAgave americana Lfibre production and processing
sustainability measures should ensure unchangedducel waterand land usage; resourceful

and cautious use of textile inputs; reduced GHG productions; loptédity expected investment;
supported resistance and decreased ecological influence (UNEP, 2011:33). As such the fibre is
sustainable because it is neaflom organic, recyclable or degradable textile substances, that are
relatively safe and netoxic and it has a reasonable seemnomic impact (Rusu, 2011:2).
However, theAgave americana Lfibre is sustainable to some extent because, the kgskie
americana L.plant leaves have sap and marginal and terminal spikes that can be harmful to

human beings if care is not effectively and efficiently engaged (BIC, 2012:18).
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Sustainable textilentensificationcan consequently be defined asprocess ogffectively and
efficiently producingtextile products witmo additionakextile resourcesfor a long time so as to
uphold its potential to satisfy present and future textile needs and targets, concurrently, while
increasing environmental reparation afabricating pliability and the eesociceconomic
currents of textile services (Basiago, 1999:155).

2.4.6.1Agave americana L fibre is an organic fibre

Uygur (2017:164165) clearly defines organic textile fiore manufacturing as sustainable textile
production ad processing approaches which prevent the use of chemical fertilizers; pesticides
and herbicides in order to decrease global warming, depletion of the natural resources, energy
requirement, waste such as biological degradation and the-emmmmic impad (Biobased
Industries Consortium (BIC), 2012:18; Hayles, 2015:104). The futudgave americana Lfibre

is determined by dimensions such as, its cultivation and textile processing approaches that are
ecological, social and sensitive economically. Tinerease inAgave americana Lfibre
consumption implies the increase in organic textile fibre cultivation possibilities and the positive
eco-socioeconomic textile impacts (BIC, 2012:18; Chattopadhyay & Khan, 2012:33; Murphy,
2012:15; Minderhoud, 2015:8; Rooset al, 2015:19).

Agave americana Lfibre production qualities mostly qualify it to be an organic fibre; even
though;it requires much more time to grow and it is labour intensive to extract but less cost value,
little or no care and adapt &pecial cultivated growing conditions than conventional fibhes.
Lesotho,Agave americana Lfibre production is generally wild and without the use synthetic
fertilizers, herbicides and pesticides because pests and diseases are of less concern for it
cultivation (Thamae, 2008:54) into useful textile fibore and has environmeetallogical,
economic, social positive impacts (Chattopadhyay & Khan, 2012:33; Murphy, 2012:15;
Minderhoud, 2015:3}; Rooset al, 2015:19).

During production processing, it engensl predominantly organic wastes and leaf remains that
can be used to produce bioenergy, produce animal feed, biofertiliser and ecological construction

material Jygur, 2017:165)At the end of its life cycle, it is completely decomposable.

79



2.4.6.2Ecological Impact of Agave americana LPlant and Fibre

The Agaveamericanal. fibre plant productiorhas minute ecological and economic effé€Etulle

et al, 2015c:73).This could be achievediue tot h e  pWwidespteadsoot systemthat
contributes optimisticaly to the water crisismanagement economy. The leaves are cut during
harvesting, a major portion of the roots remains within the soil (Ciechanska & Nousiainen,
2005:61).Agave americana Lfibre crop is a perennial fibre plant species, as such it provides
yearround cover that can upsurge the water retaining capability of theAgane americana L.
plant can increase soil carbon stock through both roots and leaf litter. Its residues alsthieft on
field prevent weed growth (Eisentrau, 2010:14).

The Agawe americana Lfibre and their byproducts after further processing maintain and improve
land soil fertility because they are 100% biodegradable, thus, provide natural manure for other
subsequent crops to be grown (Elsasser, 2010:41; BIC, 201Qusdymanet al, 2015:4179;
Kandhasamy &, Vasudevan, 2015:849; Mieleakz al, 2015:1; Stevart, 2015:4; Uygur,
2017:164) Agave americana lfibre plants have a natural tendency to grow on rocky and infertile

soils as such it stabilizes the land and local envireiraed reduces soil erosion figure 2.21.

Figure 2.21: Agave americana Lfibre planted in a donga for land reclamation

Agave americana Lplants get rid of heavy metals ions fronpolluted soil and prevent
desertification(Li et al, 2014:1; Cheret al, 2014:320; Lok Sanjh Foundation, 2016:8pave
americana L.plants can increase soil carbon stock through both roots and leaf litter (Eisentrau,
2010:14) As such, it can also mitigate climate change (Lok Sanjh Foundation32@®dgave
americana L fibre crop has high biomass productivity with minimal inp#gave americana L.

plantas a deejooted, perennial that uses CAM pathway of photosynthesis has aniesixfold
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moreWUE than C4 and C3 crops, respectivélg.a resllt; it has a highly positive impact on the
WUE from catchments drought experiencing countries like Lesotho (Eisentrau, 20;18idw
Phytologist, 2014:738).

Agave americana Lplants produce fibre which has potential sustainable biotextile properties for
semiarid and arid lands because it uses CAM pathway thus, they can vitally fight against textile
fibre insecurity (Singha & Rana, 2010b:1057; Chivergal, 2015:5688) Agave americana L.

plants to maintain balanced ecosysteftgave americana Lfibre plant adapts well to the adverse

plant growing conditions such as extreme weather and other abiotic stresses, and have enougl
resilience to ensure good and continuous yields (GFAR, 1999:5; Chambers & Holtum, 2010:20;
Chattopadhyay & Khan, 2012:34; Barth@Garus, 2015:6; Baldermane&al, 2016:107).

Scientific researchers claim thidite fastest growing eucalyptus tree yields up to four times less
cellulosic fibre thamrAgave americana Lplant whichcollects five times more CQhan the best

known carbon collecting bionetworks (Elsasser, 2010:41; New Phytologist, 2014fAB8)cuts

on GHG discharge amounts and the use of petroleased fibre (Quarshie & Carruthers,
2014:44).Measured over its lifeycle, Agave americana Lplants absorb more carbon dioxide
from the atmosphere than it producégyave americana Lplants can lower the indigenous
adverse social, economic and ecological impacts and maintain the overall solution to climate
change (Chambers & Holtum, 2010:2CGushnan et al, 2015:4179; Eentrau, 2010:197;
Kandhasamy &asudevan, 2015:848}ygur, 2017:16%

Agave americana Lplants aregreen renewable fibre sources that are par replaced automatically
by nature and avoid environmental overloading to purify and renew themselves by natural
processes and cannot be depleted easily betaeyeeproduce in both sexual and asexual means.
The Agave americana Lfibre production and processing are less likely to lead to natural
resourcesd depletion as it is the case with
2012:1).Agave americana Lplants are monocarpic; sustainable planas #re fully renewed with

no or lesause of chemicals but by nature (Barth & Carus, 2015:6; Uygur, 2017:164).

2.4.6.3Economic Impact ofAgave americana Lplants and fibre

Agave americana LPlantis an economically viable and sustainable source of textile biofibre
(Borland et al, 2009:2879:Angela2011:4Q. The nutrients and water use efficiencies and the
biomass productivityjor Agave americana Lplantare veryhigh. FurthermoreAgaveamericana

L. Plant prevents desertification and removes heavy metals ions from polluted soil. These
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attractive properties make it potentially treasured as actost global biofibre source (lat al.,
2014:12). Agave americana Lfibre production and upgding have the potential to reduce
reliance on international textile markets and price increase. With petroleum prices expected to
increase, the competitive alternative production and processiAgade americana Lbiofibre

can relatively stabilise markerices in the long run. These activities can advance technology for
fibre production and processing, further decreasing prices and rendering them competitive against
conventional fibre crops and synthetic fibres in the medium to long term. Poor conesuniti
producing Agave americana Lbiofibre, however, stand the chance to benefit from the extra
income they can acquire by selling thefnpducts (Eisentrau, 2010:1434;Houri & Machaka

Houri, 201690).

Agave americana Lplant is a multpurpose planthiat possesses fwastecharacteristicshat can

allow producersto extrapolate profits on investment through the use of vatided
supplementary commodity supply of market pricksing formal market recessiofpbamme,
2008:3233; Uygur, 2017:16% Commercial exploration oAgave americana Lfibre has a
promising value addition to raise household income. New employment prospects can also be
generated even on marginal land for conventional anecoamentional fibre and nefibre crop
cultivation and the labour inputs. The collection, transport;geessing, and the biofibre and
by-products production can create more jobs. Most Basotho in rural areas, do not access textile
fibre services. The enhanced usédghve americana Lfibre can signiftantly be associated with
poverty reductions because greater access to textile services ease women's basic survival activitie
and reduce deforestation and indoor pollution caused bybioalegradable synthetic fibre use
(Eisentrau, 2010:13 & 144). Thesetigities can increase economic growth and reduce poverty.
The quality and degree of job creation will depend on the level of involvement within the entire
production and processing. This is one of the major motives behind upgreghng americana

L. fibre (Eisentrau, 2010:182 & 144; Yargal, 2011:380).

2.4.6.4Social Impact ofAgave americana LPlants and Fibre

Generally, theAgave americana LPlants are of great significance farnamentaland
landscaping, not only because of their beautidalf shapesnd colours long-leaf rosettesand
eyecatchingblossoms Rahmaniet al, 2015:). Agave americana Lfibre is a promising textile
biofibre (Angelg 2011:35 & 40). Its production and processing can be socially essential because

Agave americana Lplant has a multpurpose character and has the potential to produce good
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quality textile fibres which can be converted into a sustainable fibre source (Bogusth\adky
2007:15; Hulleet al, 2015b:73; Tameemt al, 2016:2).

The Agave americana Lfibre is likely to becomea prospective source of employment. Thgave
americana L.fibre crops are hardy and adapted to the needs of people in negligible farming
milieus. The cultivation oAgave americana Lcrops and their integration into the social needs of
people such as food, clothing and shelter and feed for livestock has possible advantages,
including; improved fibre security, thudecrease humamelianceon onlyconventionafibre crops

for textile wses and petrolewased textile, providing a number of opportunities to solve
unemployment and poverty problems among Basotho communities, increasing use of marginal or
unsuitable lands for the conventional crops, promoting advanced textile technologkilsnibr
underprivileged Basotho communities, intensifying small and medeate business
opportunities in order to generate income and build capacity ones (Eisentrau, 2010:13 &187), for
the Basotho communities, especially the underprivileged ones. \l¢owemight be hazardous to

small children since it has leaf marginal and terminal spiBatra care must be taken when
cultivating it in this regard Wygur, 2017:166).The Agave americana Lfibre cultivation can
sustain life in arid lands where no etifood or water is available (UNIDO, 200714&alDiaz et

al., 2015:3924). Thé&gave americana Lplant is among the most promising sustain&werce of
bio-based textile fibréhat can improve social economies (Boguslawetkal, 2007:15; EI Oudiani

etal., 2015a:15).

2.4.7 Agave americana Lplant, neglected and undetutilized fibre species (NUFS)

Neglected and undeutilized fibre speciesNUFS) are described with terms such as abandoned,
alternative, forgotten, indigenous, local, lost, minor, neglected, mé&che, norconventional,
orphan, promising, traditional and underused fibres (Morrison, 1999:22; Thies, 2000:1; Ahmad &
Javed. 2007:1436; Sastrapradja & Haryatmo, 2008:72; Rslak, 2008:36 & 38; Ravet al,
2010:110). NUFS currently occupy low ks of utilisation status. Historically, they have played

a substantial part in providing textile fibre security (Manighaal, 2012:69; Chivenget al,
2015:5688). TheAgave americana Lfibre is a wellknown NUFS of which Steward (2015:1)
anticipateghat it is neglected and underutilized because afitaparativelylengthydevelopment
cycle. Conceivably, its monocarpidossomingbehaviourand distinctive morphology contribute

tremendously too.
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NUFS are gradually considered very important in textbesause they make textiles more
sensitive and sustainable environmentally, economically and socially. As such NUFS are also
given high priority particularly for tender bionetworks to susceptible to drougitt a
desertification (Williams &Haq, 2002:2; Padosi et al, 2011:507) Agave americana Lfibre is
definitely undefresearched, unimproved, undervalued or unrecognidabl{audhiet al,
2016:13)and its potential is untapped and consequently, it is unable to compete with improved
lignocellulosic fibres although it has potential to become viable textile fibre (Pablal,
2008:36; Padulosi, 2012:7).

It suffers from a negative image, despite its excellent basic textile fibre features and potential roles
in maintaining fibre variability and security dbcal communities (Poloket al, 2008:40;
Sastrapradja and Haryatmo, 2008743 Padulosiet al, 2013:12). The pos2015 agenda
framework indicated that underutilised fibres have the potential to address textile fibre security
and their status as linkeditlv some sustainable developments (Ahmad & Jave, 2007:1435).
Information onAgave americana Las fibre yielding plant is needed for maximum utilisation and
thus, wouldassistin uplifting the socieeconomic statusf the native peopléy strengthening

income generation arvelihood opportunitiegSahuet al, 2013:339), for the Basotho nation.

2.4.7.1The NUFS characteristics oAgave americana Lfibre

Like numerous neglected and underutilized fibre crop species (NUFAL@)ye americana L.

fibre is sustaindly rich (Chattopadhyay & Khan, 2012:33; Bouaeizal, 2014a:1). Its loss can

have a negative impact on crop fibre status and fibre security in Lesotho. The enhanced use of
Agave americana Llfibre can uplift the textile economy and the socially sustdéndévelopments

of the country (Singha & Rana, 2010b:1057; Damnsil, 2012:12, Chivengeet al, 2015:5688).

Agave americana Lfibre crop has variable uses, but it is not so popular in terms of research and
marketing. It is well adapted to marginal astdesssituationssuch as moisture stress, barsel
andextreme adverstemperature (Pandeyet al, 2014:80). Its indigenous potential may be well
known to people, while, business and market values are unidentified to the Sobldalling

global inhabitants and fast diminution Amenewable natural resources oblige people, to explore
the possibilities of effective and efficient uses of newer indigenous plant fibre resourggdike

americana Lfibre, lying unexplored and undeq@oited Chenet al, 2014:320)

Agave americana LPlant is an emergent unconventional source textile fibre due to its loftier

mechanicabndphysicalproperties and its abundance. As a NUFS, it hag addipted to harsh,
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marginal, local growing conditits (Daviset al, 2017:315), of SSA countries, thus offers
potential sustainable textile production and procesd\ggve americana plant is particularly
valuable in sustaining fertility on depleted or marginal soils ardghly efficient in producing

the fibre According to McKell, 2010:51, NUFS are those fibre plant species that grow in areas
that have not been exploited for commercial development and export constitutes an opportunity
for positive botanical developmemigave americana Like other NJFS has desirable attributes

and potential for intensive use. It holds great promise for meeting the expanding needs of society
for fibre, fuel, food, feed, medicines, construction and improved land efficiency and other

purposes on a sustained yield b#Biaduloset al., 2011:507).

Historically, Agave americana Lcrop has been a good source of technical fibore used by the
indigenous communities of its native states. It has potential, to reduce textile insecurity and
alleviate poverty but its cultivation and usage had been uneconomical, unappealing, under
explored ad underpromoted when compared to other conventional lignocellulosic fibres like
flax, which are promoted even under unsuitable conditions (Pacdilaki 2011:507; Chivenget

al., 2015:5688; Kant & Alagh, 2015:2547).

Agave americana Lplants like othe NUFS need quite low agricultural inputs but yield high
amounts of fibre in their lifecycle, thus, exhibits sustainable characteristics (@abk2008:39).
Exploration and utilisation oAgave americana Lfibre can contribute significantly to teil
diversity and the improvement of human life. In the pa8iL5 program framework, a number of
Sustainable Developments are interrelated with a subsection in the biodiversity system which
shows the potential of neglected and underutilised fibre cropaddeess textile insecurity
generate incomandimprovei ndi vi dual staus (Ahnead & Jave,200a:1485).

Agave americana Lfibre crop is siddined, if not utterly overlooked. It is an unrecognised fibre
crop that can be domesticated, selmmesticated or wild species. It is locally naturalised
adaptable notimber speciesAgave americana Lfibre crop is a traditional fibrerop that is
mainly used by women to extract fibre. Its fibre processing is tedious, traditional and used locally
with no commercial purposes. Having been neglected for a long time, Agday americana L.

plant and fibre are gradually recognise for theotential roles in alleviating fibre insecurity,

ecological, economic and social concerns (Thies, 2000:1, Paduklsi2013:9).

Agave americana Lplant has prospective textile options, regardless of its development status

since it can acclimatiseto the fluctuating weatherc ondi t i ons, s o it c a
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livelihoods by strengthening the economy for all actors involved in the value chain activities.
Agave americana Lfibre is production, processing and utilisation had been carried out mainly
women as a way of empower i ng tidentityby vdlung ai s u
conventionaltextile fibre, the allied culture, and ensures fibre production and progessima
resistanceluring climate change (Padulost al, 2013:12).

Agave americana Lplanthas been marginalized globally like all other NUFS, despite its inherent
important adaptive and pilivelihood features. Global research supportA@ave americaa L. is
generally weak rather provided only for conventional fibre crops such as cotton (Patialbsi
2013:1213, Mabhaudhiet al, 2016:2). Agave americana Land other NUFS are cultivated,
processed and utilized relying on indigenous knowledge aydaie hardly represented in ex situ
collections and improvement (IPGRI, 2002:9 &12).

At the national level, Agave americana Lfibore as a NUF can improve fibre security and
safeguard socieconomic impacts which are due to eeencentration on fewer coamtional

fibres. Generally, fibre farmers opt for and depend on NUFS whenever conventional fibre crops
fail them. During strenuous periods, after disasters and other emergétgaes, americana L.

plant can safeguard fibre security and offer other safety. They have a comparative benefit in
marginal lands because they can withstand stress and can contribute to sustainable productior
with minimal inputs (Paduloset al, 2013:1213). Agave americana Lplant is the newaste

NUFS because its leaves pradua lot of fiore and all other parts can be effectively used to
produce viable and sustainable products (Thaebad, 2009:100; Hullest al,, 2015c¢:65).

It is less important than conventional fibres in terms of global production and market value. It is
neglected by science and development ; as su
Like other underutilized crop fibre&gave americana Lfibre was once grown more widely or
intensively in arid and serairid regions.Agave americana Lfibre is perhaps less utilized

because it is in some way not competitive with other conventional textile fibres (IPGRI, 2002:12).

2.4.7.2The NUFS potential roles oAgawe americana L plant

Agave americana Lfibre plant has the potential to address the current dares inclatiingte
change adaptationextile fibre security, the environmemtnd employment opportunities in poor
rural communities Nlabhaudhiet al, 20161). The fast diminution ofresources andver
increasingdemands for textile fibre supply challenges enforce people to produce sustainable

textile fibres, intensify the production, processing and upgrading of the natural lignocellulosic
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fibres; as one wayotachieve increased resilience to shocks and change caused by climate change
(GFAR, 1999:1; Donald, 2010:1764; Ghosh, 2012:271). There is an increasing endorsement
regarding the importance of legsed fibre crops includinggave americana Lplant (Williams

and Haq, 2002:2).

Agave americana Lfibre remains relatively underexploited (Chattopadi@e&Khan 2012:33),

with respect to its alternative properties that enable fatticipateto theglobal everincreasing
textile production and processimgquirements due to its distinctiveness, little production inputs
and fitness to surroundings in which it is plantsthbhaudhiet al, 20161). Agave americana L.

fibore has the potential roles to play which can address textile insecurity, poverty and
environmental degradation challenges (Mayes al, 2012:1075). Undeexploitation and
neglection ofAgave americana Lplant can lead to the genetic loss of its usefulness and diversity.
It is predicted that a boost in production of underexploited and nedlécjave americana L.

fibre will empower people to preserve and increase the local biological and cultural plant
resources (IPGRI, 2002:10) and generate employment through the high labour demand for fibre
processing (Sastrapradja and Haryatmo, 2008:83).

(@) Climate Change Resilience

It is projectedthat climate change and inconsistency will occur, thus intensify weather extremes in
the SSA countries including.esotho The SSA countriesare mainly in semarid to arid
environments and socieconomic and agrecological margins. One means to achieve increased
resilience to these shocks by increasing the production, exploration, use and markagageof
americana Land other NUFS, throtungsustainable textile fibre intensification (UNIDO, 2007:4).

The increased\gave americana Lfibre production can safeguard against crop production risk
and provide a constant environmental protection and more sustainable farming practices, which
reduce &nd degradation associated with rainfaltonsistencyand poor agricultural practices
becauséAgave americana Lplantsadapt better than the conventional fibre crops (Padetci,
2011:507; Chevenget al, 2015:5687 & 5691; Baldermaneaal., 2016107).

(b) Greater textile fibre security

As a local neglected and underutilized fibre crABgave americana Lcan increase textile fibre
security, particularly because it is adapted to SSA specific low agricultural conditions, input and
maintenance (Thies, R0:2; Raviet al, 2010:111). Its wild, managed or cultivatege could

have positive impact on the textile fibre security antlealth of the poor local communities.
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Diversification is a means of risk reduction. Risk distribution is an indispensable means to reduce
susceptibility specifically for already vulnerable people (Thies, 2000:2; Christinck, 2014:2).
Increasing the use ofAgave americana Lcould be one of thébetter safeguards to assist
diversifying and sustaining textile green and economic security in times of chiae@cke &
Pasiecznik, 2009:1).

Fibre crop diversification results in more resilient textile fibre production and processing that
assist in enhacing textile security. Textile security occurs when at all times, almost all
communities have sufficient and safe means to meet their basic textile needs and wants (IPGRI,
2002:5; Ahmad & Jave, 2007:1435; Mayssal, 2012:1075; Chiveget al, 2015:5686Jaenicke

& Pasiecznik, 2009:11). EnhanciAgave americana las an alternative fibre crop that would be
grown to produce fibres as the main product (Morrison, 1999:22) will not only biodiversity textile
fibre plants, but will also provide textile resitice, andmprove textile fiore (Ahmad &aved,
2007:1435; Padulost al, 2013:1415).

(c) Production for income generation

Agave americana Lfibre though, neglected and underutilized is capable of supplying potential
raw textile fibore materials, which wibbffer new market options if its textile market potential is
acknowledged and established (IPGRI, 2002:6; Mayed, 2012:1075; Christinck, 2014:2; Ravi

et al, 2010:111Mabhaudhiet al, 2017:1;UNIDO, 2007:4). Literature indicated the significance

of the neglected and undeilised plant species (Ahmad 8aved, 2007:1435; Hedge, 2008:289;
Rana & Sthapit, 2012:229; Padulasti al, 2013:17) including fibres in textile sustainability.
StrengtheningAgave americana Lfibre research studies could generatmployment by
empowering local communities mainly women, thus; could boost their social identity, status and
seltconfidence labhaudhiet al, 20167 & 8).

(d) Poverty reduction

Like many underutilized fibre plant speciesgave americana Lplant productio relates well

with green economy concept because it requires very few, external inputs and have characteristics
that safeguard the water cycléhe ecological equilibriumversus diversification of fibre
production the carborsequestratiomnd itscontribution towardsclimate change alleviation and

soil enrichmentAgave americana Lplants have high yields even on negligible conditions and

without additional agricultural chemical inputs (UNEP, 2011:17). Where there is no arable land,
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Agave americana Lplants can still be grown wild (GFAR, 1999:1; Pradhe¢ml, 2003:20;
Mayeset al, 2012:1075; Padulost al, 2011:508Christinck, 2014:2).

(e) Sustainableise

Agave americana Lis locally adapted fibre crops and thus, offers promising effective and
efficient utilisation of norconducive plant growing conditions. As such it a sustainable local fibre
plant with ample fibre and bgroduct benefits which furér restore soil richness (Sthapit &
Padulosi, 2012:34; Christinck, 2014:2).

(H Indigenous knowledge

Agave americana Lfibre investigation is another way of conserve and manage indigenous
knowledge. The indigenous knowledge obtained from the local envirordriean by the need to
follow textile fibre social subsistence strategies and economic growth. The indigenous knowledge
about Agave americana Lfibre is deeprooted in social systems and believed to contribute to
ethnic identities, customs, beliefand global perspectivesit is wise to use this indigenous
knowledge so that one cde betternformed about the scientific behaviour Agave americana

L. fibre (IPGRI, 2002:6; Pradheegt al, 2003:20; Christinck, 2014:3; Chivegeal,, 2015:5686.

(9) Culturalidentity

The Agave americana Lplant and fibre are traditional resources that are entangled with the
cultural identity of Basotho. Basotho have knomgave americana Lplant as a local source of
fibre for decades. Conservidggave americana Lplant is a sustainable way to contribute toward
producing fibre from local, traditional, resources; thus saves local ecosystems (Patalqsi
2013:18). Indigenous Basotho can retain knowledge embedded in historical continuity; land
reclamation and party reduction, through the use éfgave americana Lplant and fibre
resources. The cultural and traditional knowledge associatedAgiklie americana Lplant and

fibre production and Basotho lifestyles can preserve the continuity of local culturergeidtfe

loss of textile fibre legacy and its sense of association to the land; thus increase agricultural and
fibre biodiversity and relationships between Basotho and their cultural plant fibre. Conducting
Agave americana Lfibre upgrading research ei$acontinuing efforts to document, the
indigenous Basotho knowledge of a loéajave americana Lfibre, before its loss (Ahmad &
Javed, 2007:1436; Padulagial, 2013:19; Chiveget al., 2015:5690).
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(h)  Cultural diversity

Diversity is the key to coping Wi climate change, for sustaining livelihoods and planet ecology.
Historically, the Agave americana Lplant products have been used for Basotho cultural and
traditional construction, artefacts, laundry materials, food and beverage purpgasese
americara L. fibre production carenormously contributen keeping the cultural diversity of
Basothobooming Even though it has been neglected and underutilized. To attain the vast
diversity, theAgave americana Lplant should be tilised as a textile fibresourceand its by
products. Thédgave americana plant indicates its highest cultural significance at the local level,
where it acquires better attention and association to cultural diversity. The primary challenge is
conserving neglected and underutitizAgave americana Lplant for fibore e production is to
secure its survival and environmental adaptation at the same time to provide increased incomes
for the poor. (IPGRI, 2002:6 &4; Padulosiet al, 2011:507; Ahmad &laved, 2007:1435;
Chivegeet al, 2015:5686).

()  Ecosystem stability

Climate change, land the degradation and scarcity of fibre resources mount curiosity about NUFS
like Agave americana Lfibre. Agave americana Lplant can acclimatise to difficult environments

and occupies specialized enviroents because it bears stresses well. Thgaye americana L.

fibre can increase the general efficiency and constancy of plant fibre ecosystem sustainability and
diversity (GFAR, 1999:1; IPGRI, 2002:6 & 14; Padulesal., 2011:508).

() Biodiversity

African fibre biodiversity has emerged few years back as a strategy for sustainable development.
It is the basis on which the substantial economic, aesthetic, health and cultural welfares are
founded on.Agave americana Lfibre upgrading embraces the concept of African fibre
biodiversity which uses valued resource inputs to adapt and improve goods and services towards ¢
sustainable working environment, that affords human economies (van Damme, 2008:27; Pradheep
et al, 200320, Ahmad & Javed, 2007:1436; May&tsal, 2012:1076Paduloskt al, 2011:508).
Processing ofAgave americana Lfibre has the potential to produce new products for
diversification of livelihoods and rural small business opportunities and to generatmarket
prospects with employment at various levels (UNIDO, 200/Metge, 2008:289) becaugggave

americana L.species is, therefore, an important element of a green economy which is-a multi
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purpose species that can provide textile fiore and the ptdoontextile fibre products for
subsistence and income genera(iohNEP, 2011:13).

2.4.7.3Improving public awareness

Raising awareness about the potential sustainable benefitaoé americana Lfibre upgrading

creates basic and valuable conditions Amave americana Lplant production intensification,

textile fibre utilization and byroducts diversification. All textile fibre stakeholders should be
aware of the practical paybacks that are obtained from effective and efficient upgrading and use of
this fibre and should be encouraged to research and sfamation(IPGRI, 2002:25; Chivenge

et al, 2015:5688). One way to achieve increased textile fibre resilience to shocks and change is by
increasing the study publications about textile fibre biosofteremgl upgrashg of the
underutilisedAgave americana Lthat is naturalized to the extent that is considered indigenous
with traditional uses and cultural links with local people (Jaenicke & Pasiecznik, 2009:11).

If all textile stakeholders are willing to participate in the production, upgrading, publicising and
usage ofAgave americana Lfibre, they can significantly impact the livelihood of the poor rural
population. Promotion and raising awareness Agave amecana L. fibre potential benefits
increases demands and the supply as well as to improve technologies for textile production,
processing and exploitation. These efforts will afford and improve the livelihood andheird

of the communities (Sastrapradjad Haryatmo, 2008:83).

Currently, there is inadequate literature describing the potential benefits of traditional and
indigenousAgave americana Lfibre. Such information exists, as indigenous knowledge which is
not publicly revealed or it is in ancieliterature which is not easily available. On top of that, there

is limited research and development that verify the knowledge about the neglected and
underutilised Agave americana L.fibre, both regionally and globally (Chivenget al,
2015:5688).

2.4.7.4Future trends ofAgave americana Lfibre

Agave americana Lfibre has increasing potential even though to a restricted extent since there is
a rearrangement of the entire textile industry because of the sustainability conceppriawng
research on qualitgnd usage of the fibre due to diminishing major inorganic chemical resources.
Fast mounting environmentaimovementsand consciousnesghe valuable new bioproducts and

by-bioproducts such as reinforced plant polymers, plant base biocomponents which are 100%
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biodegradable, Possibility of cultivation of tgave americana Lplant and on soils polluted
with healthy metals as alternative crop for fioad purposes and soilalamation (Koztowski &
MackiewiczTalarczyk, 2012:104).

2.5 PRE-TREATMENT OF AGAVE AMERICANA L. (LIGNOCELLULOSE) FIBRE

Lignocellulosic fibre is mostly of crystalline structurpredominantlyconsists of cellulose,
hemicellulose, lignin and pectin. Lignin ehwps and protects cellulose and hemicellulose from
degradation. The crystalline lignocellulosic structure is extremely impermeable to most forms of
degradation and complicates the industrial use of the fibre in textile processéeaBrent
which interupts the lignocellulosic structures and improves the enzymatic accessibility into
functional soft biofibre (Vegeet al, 2012:1; Silvaet al, 2014:1068). It does that through
solubilising the cementing constituents of cell wall mostly hemicellulose and alter the structure of
lignin, in order to reducAgave americana Lfibre recalcitrance, disposing cellulose to enzymatic
action (Hu & Ragausas, 2012:1052; Grimaldit al, 2015:9. There are differentechniquesof
lignocellulosic biofibre prdareatmentexisting The pretreatment process is tdistract the
lignocellulose cell wall structure, so thAgave americana Lfibre is accessible ttwydrolytic

softening and upgrading enzymes (Singh, 2016:2).

2.5.1 Pre-treatment of Agave americand.. fibre

The lignocellulosic fibres which have not been-preated are difficult to enzymatically process
because the structure is highly crystalline and elioggd withnon-cellulosic fibre constituents

that includelignin and hemicellulose (Taherzadeh & Karimi, 2008:162I0wever there are

various pretreatment techniquésatcan be applied to effectively disrupt the linkages between
cellulose andhon-cellulosic fibre castituents to effectivelty disturb the stabilised structure of
lignocelluloses to remove lignin and hemicellulo@€smaret al, 2016:152Li et al,

2014:1174)The pretreatment process must be ceffective and be able wiminatelignin and
hemicellulose to some extent in order to soften cellulose microfibrils (Kaetrar, 2009:18).
Everincreasing international energy demand, unbalanced andphizgd petroleum resources
and concerns over the international climate chahges forced the development and popularity
of renewable fibre sources that displace substantial amounts of fossil fibore sources (Hu &
Ragauskas, 2012:1043). The potential alternative biofibre resources siighv@samericana L.
plants are gaining populéyibecause of their high availability and positive sustainability effects

on society, environment and economy (Hu & Ragauskas, 2012:1044; Christy & Kavitha,
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2014:26). However, the potential textile applications ofAlgave americana Lfibre are limited

by a complex cellulose, hemicellulose and lignin structure in which they are and other minor
constituents, making it resistant to enzymatic softening processes (Kumar & Sharma, 2017:1,
Dien & Bothast, 2009:79)Agave americana Lfibres are extracted fromhé plant parts by
different fibre extraction processes. Some plant component debris and impurities have to be
removed through various pter e at me nt p retoat, 8045%56)s In gdditiomto that the
hemicellulosdignin complex crosdinks must bedamaged (Balan, 2014:7sikgor & Becer,
2015:4500) so as tdislocatethe structure of theanulti-component matrix, of lignocellulose
complex (Isikgor & Becer2015:4500%s illustrated in figure 2.23.

Pretreatment is an essential step in a number oi@gimns mainly for biofibre upgrading

(Mohieldin, 2014:85). Prreatment dispels away the physical and chemical obstructions that
make natural biomass obstinaiéius,makes the enzymatic biosoftening of lignocellulosic fibre
easy(Kucharskeet al,, 2018:45). This makes it possible to soften and upgradeiieve

americana Lfibres to textile fibre fothe production of apparel and other valuable textile
products.The primary function of the prgeatment is talislocatethe structure of thenulti-

component matrix, of lignocellulosmplexin order to make cellulose fibres more accessible to
the biocatalysts and improve hydrolytic upgradindjgriocellulosefibre. Pretreatment

consequently, becomes an essential and indispensable stdpwopiodr to bioprocessing of
lignocellulosicAgave americana Llfibre. The pretreatment affects the quality of the fibre

(Sarithaet al,, 2012:123). The research and development have the power to reveal potential values
for pretreatment to effectivelyra efficiently produce high yield biofibres at low cdlsikgor &
Becer,2015:4500).

The goal of prdreatment is mainly intended to break up the lignocellulosic structure of the fibre
to ease enzymatic softening of the fibre. This can be achieved byirgntbe lignin layer and to
decrystallize cellulose and increase porosity, for removal of the surrounding hemicellulose,
swelling of the microcrystalline cellulose fibres and separate fibres into individual microfibrils.
These directly relate to allowinthe fibre softening enzymes ready access to the individual
cellulose strands. To date, a fair number of readily availablr@aement techniques are reported

in the literature (Dien & Bothast, 2009:79).

93



Lignin

Figure 2.22: Sepaation of lignocelluloses into cellulose, hemicellulose, and lignin (Lee et al., 2014:6; Myat &
Ryu, 2016:180)

Pretreatment of lignocellulosi®\gave americana Lis critical to overcome structural obstinacy
and increase the rate of upgrading the fibre. gingsica)] mechanicalchemicalandorganicpre
treatment processes can be performed to transtberstructural, mechanicaland chemical
properties ofAgave americana Lfibre. Physical prdreatment reduces the size but raises the
surface area of the fibre biomass. TWwerking environmentneed to be controlled carefully
because the physiedhemical methods take place at high temperature and pressuteedPmeent
methals partially confiscateand/or disrupt hemicelluloses and lignin and thus, releasing the
structure of lignirhemicellulose complex to some extent as illustrated by figure ZI22 fibre
biotednologicd preprocessing procedures are necessary for fiboredd i gni ycat i
Biodelignification can also brighten and soften the fibre or be followed by softening and
brightening processes with their respective upgrading and softening engylaesy/a et al,
2015:599).

The pretreatment of the biofibre has to be webntrolled for competence and cadtective
reasons. Understanding the natural cellulosic polymer chemistry atticepteent is essential due

to their impacts on lignocellulosic processing and biofibre transtiomgHu & Ragauskas,
2012:1044. Pretregament can drastically change the properties of thetneaed Agave
americana L.fibre properties such as degree of polymerization, crystallinity indp&cific
surface arealignin content, acetyl content and many others can drastically be changed by
effective pretreatment. Enzyme hydrolytic upgrading can be catalysed by efficiettgatenent

processes and the quantity of enzymes needed to soften the fibre biomass into a usable textile
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product can also be significantly decreased. The ease of filseftaining is influenced by the
lignin content because lignin is recalcitrant and is responsible for unproductive enzyme activity.
The removal of ample amounts of lignin during the-ppeatment process will facilitate enzyme

use efficiency and cosffectiveness of the process (Balan, 2014:8).

2.5.2 Parameters for effective pretreatment of Agave americand.. fibre

The efficiency and effectiveness of enzymatic upgradind\gdve americana Lfibres canbe
influenced by a number of factor§he factorsare as fobbws: ligniri carbohydrate complexes
(LCCs), the recalcitrant acetylated hemicelluloses, structure and content of lignivopore
specific surface area of cellulosellulose crystallinity and DBEMauryaet al., 2015:599).

2.5.2.1The recalcitrant structure anckffect of lignin

The presence of lignin provides structural rigor and integrity and prevents the bulge of
lignocellulosic fibre. Lignin also envelops the cellulose and hemicellulose in the lignocellulosic
cell wall framework. Thus shields them againstyene softening The crosdink between lignin,
hemicellulose and cellulose, tleganisational structurend dispersionof lignin in fibres hinder

the enzymtic biocatalysis ofibre polymers t hus decreasing the ef
separation intandividual constituents. Lignin is the most recalcitrant lignocellulosic constituent.
Therefore, the successful d e | iragenandyegtent of lgmn p r ¢
degradation and hydrolytic upgrading of lignocellulosic fibre (Mawtya., 2015:599). There are

times during enzymatic delignification, when lignin attracts enzymes through hydrophobic
interactions to form an irreversible complex that inactivates enzymes and requires the use of more

enzymes than necessary under normal nistances (Sarithet al, 2012:123.

2.5.2.2Effect of hemicellulose

The cellulose is further encased and protected by hemicellulose in the lignocellulosic cell walls of
the plant fibre. Hemicelluloseas a physical barrier protects cellulose from the enzymatic
hydrolytic degrading. Whenever hemicellulose is removed, cellulose is a cellulolytic degrading
agent that speeds up cellulose hydrolytic hydrolysis. The rate of hemicellulose acetylation also
influencesAgave americana Lfibre upgradingsince acetyl gropsandlignin are bothconnected

to the hemicellulosbiomatrix (Mauryaet al, 2015:599).
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2.5.2.3Acetylated hemicelluloses and ligriilcarbohydrate complexes (LCCs)

Cellulose micro fibrils are enclosed by hemicelluloses which impede enzyme softening.
Acetylated lemicelluloses and lignirtarbohydrate complexes (LCCs) are the civds formed
between hemicelluloses, cellulose and lignin with most bonds such as hydrogen, phenyl glycoside
bonds, covalent, esters, and benzyl ethers: hydrogen bonds join the sudeld@asfe fibrils with
unbranchedemicelluloseslignin is covalently joined to hemicelluloses and thieeralchains of
diverged hemicelluloses to form enzymmpermeable crosknks. These crosbknks resist
enzymes to freely catalyse cellulose. Thegnticellulosic fibre softening has to start with
hydrolysis of hemicellulose and breakdown of LCCs bonds to open the plant cell wall striacture.

is recommended that reasonable hemicellulose (>50 %) be removed to considerably upsurge the
enzymatic softenip of cellulose fibres (Hu & Ragauskas, 2012:1045; Maetyal, 2015:599).

2.5.2.4Pore volume, and specific surface area

Moreover, the average specific surface amed pore sizeof cellulose fibres are increased by
removing some hemicelluloses that sheath cellulose and are linked to lignin. This increase
influences the easy adsorption and catalysis of enzymes on the cellulose surface to upgrade
lignocellulosic fibre since enzymemwust bind to the surface of cellulose fibrils before
hydrolytically softening and upgrading them (Sarigtaal, 2012:124; Mauryat al, 2015:599;
Ravindran & Jaiswal, 2016:4). The main aim of-pesatment is to increase pore sizes and surface
area so ® to improve enzyme permeation into fibre biomass, thus intensifies the enzymatic
upgrading rate of cellulose fibrils (Sarithet al, 2012:124; Hu & Ragauskas, 2012:1045;
Ravindran & Jaiswal, 2016:4).

2.5.2.5Fibre crystallinity

The crystallinity of the cellulas fibre is highly associated to its peatment reactivity. When it

has a lower degree of polymerization and crystallinity-tpeatment efficiency is greater than
when it is highy polymerised and crystallind he degree or speed of greatment andreymatic
hydrolytic biosoftening of cellulose deteriorates with increasing cellulose crystallinity. The highly
crystalline cellulose (cellulose 1) is slowly hydrolyseeicause ofhe presencef the sturdy inter

chain hydrogen bonds that lead to densely packed and crystiillireethat intensely resist
biocatalysed degradatigAnsell & Mwalkambo 2009:734).

In contrast, the increased preatment and enzymatic upgrading rate of cellulose filogisur

because of lower crystallinity arldngerdistances between hydrophobic surfaaed the packed
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density in cellulose Il. The préreatment rate of cellulose declines linearly as crystallinity
increases (Sarithet al, 2012:124; Mauryat al, 2015598; Ravindran &laiswal, 2016:4). Thus,
enzymes adsorption properties on crystaline and amorphous cellulose are comparable and
associated to the reactivity difference concerning crystalline and amorphous cellulose structure
(Hu & Ragauskas, 2012:1046; Myaet al, 2015:599).

2.5.2.6The degree of polymerization (DP)

Degree of polymerization (DP) is uttered as a measure of the length and branching of cellulose
chains and it is among the most essential physi@mical properties of lignocellulosic fibre. It
canaffect the mechanical properties of the fibre, the solubility of lignocellulosic fibre in-a pre
treatment solvent, and the enzymatic hydrolysis efficiency of lignocellulosic biomass. The DP
decrease by a piteeatment process is convoyed by the formatiomare cellulose ends available

to the enzymes (Hu & Ragauskas, 2012:1(&imi & Taherzadeh2016:1015; Ravindran &
Jaiswal, 2016:4).

2.5.2. 7Humidity

The role of the water in the pteeatment processes should be overvalued. The presence of water
facilitates prtial deacetylation, depolymerisation, degradation and removal of lignin from the
fibres. Moreover, the cleavage of the glycosidic bonds in the lignocellulosic fibre is brought about
by hightemperatures thand upin a reduced pHnedium. For instancehé medium pH 5.6 is
reached at 22C and the medium pH 7.0 is reached at room temperature. This effect implies that
the role of the water at high temperatures is more efficient and relevant than the role performed by
the free organic aciddfauryaet al, 2015:599 Ravindran & Jaiswal, 20164

2.6 CLASSIFICATION OF PRE -TREATMENT PROCESSES

Pretreatment processes are basically, classified into mwéon categories:nonorganic and
organic. Nororganic pretreatment procedures never include any microorganismsheir
treatments and employ methods that are harsh and cost/emnggive. They are categorised
into physical, chemical and physichemical means (Isikgor & Becer, 2015: 4500; Kumar &
Sharma, 2017:2). Organic preeatment processes, on the other haamploy micreorganisms,
are mild and environmeiitiendly (Sarithaet al,, 2012:126; Mauryat al, 2015:599).
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Agave americana L.fiore is a compound structure of biopolymers; mainly cellulose,
hemicellulose, and lignin. The fibre, however, remains welerlopedio some extentiue tothe
problemsfacedin the charactesation of its native structure and effective and efficient separation

of the structural components. The great challenge for th&rgmement is to find an effective and
costeffective strategy to disturb the lignocellulosic compound structure so that &mzym
bioprocessing can occur, with low enzyme concentrations and processing times, in an economic

and environmentally sustainable manner (Grimatdil, 2015:2).
2.6.1Hydrothermal pre -treatment

Hydrothermal predreatment, also referred to as liquid eater pretreatment, has commercial
benefits and is eetsiendly because it uses pure water, with no added chemicals; as a reaction
medium, it does not need special remoding apparatus and does not produce significant amounts
of unwanted degrading substas like furfural. The prereatment is mainly intended to solubilise
hemicellulose and change the structure of lignin, thus, redAgese americana Lfibre
enzymatic softening recalcitrancAgave americana Lfibre is sustainable and can substitute
fossil fibore. However,Agave americana Lfibre has not been widely utilized because of the
complicated and stable structure of the plant cell wall. Hydrothermatrgmement ofAgave
americana L.s an efficient method to disrupt lignocellulosic structu@mplex. Contemporary,
literature demonstrates the effects of hydrothermatn@e@ment and the change of lignocellulosic
structural complex (consists mainly of hemicellulose cellulose, and lignin) are illustrated as in
figure 2.22 (Chert al, 2018:2).

2.7 AGAVE AMERICANA L. FIBRE VARIABILITY

Natural fibre properties tend to vary a lot when compared to thenmaale fibres. They vary
considerably depending on individual fibore maturity, age, location, source, chemical composition
and structure, related to fibre type, developing situations, hHargetsme, extraction technique,
pretreatment and storage processes (Evettal, 2013:1; Pickeringet al, 2016:99). The
cellulosic fibreshave differentcharacteristics that includbe tensilestrength, length, texturend
waterabsorbency to memtn a few. Fibre variabilitynay beattributed to the type of the fibre, the
part of the plant from which the fibre is acquirsthuctural ancchemical compositiofAyele et

al., 201847-48). The cellulosic fibres such as cottand ramiefibres arenormaly strongerthan

the lignocellulosic fibreslike Agave americana Lfibre. The fibre strengthis mainly due to the
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purenes®f cellulose, the thicknesmndassemblingf the cell wals (Pandey & Gupta, 2003:194
195).

Lignocellulosic fibres are divergent in their mechanical properties because of their different
environmental and climate conditions as well as the chemical and structural arrangements. The
fiorecr o ps 6 tclaszes alsm bring about the distinctive dissimilarities in fibre composition
that can lead to the easy identification of the origin of some species. Whhisameplant,
morphologies ofteriffer due to climate and seasonal growth or age differencesg@niet al,

2014:20; Asinet al, 2015:2;Hulle et al, 2015c:65Sorieulet al., 2016:18).

Agave americana Lfibre species has not been extensively explored equally from different-phyto
geographical regions of the world for its upgrading and asetextile fibre (Hulle et al,
2015:65a) Agave americana Lfibre variability is considered greater than manade fibresThe
morphological properties of these fibres are extremely variable athengselves and alortpe

length ofthe single fibre Agaveamericana L.fibres greatly differ in terms of thesizes and
properties different plant and even within the same crop growing as well as within the same leaf.
Thus, it is not only the difference between different plant fibres of the same species libealso
intra-fibre cell walls variations that have to be measured (Hetllal, 2015c:65; Msahlet al,
2015:2b).

Variability in Agave americana Lplant fibres is caused by several factors thatiaterior and
exterior to the plant. Interior factors eii@evelopmental phase and period, the plant leaves from
which the fibre is obtained, the leaf morphology and structural level of harvested leaves and fibre
microstructure. Exterior factors include ecological or growth environments, the fibre extraction,
softening and testing methods (Lowee¢ al, 2010:2158; Everitet al, 2013:1; Eder & Burgert,
2010:33; Pickering et al, 2016:99).Agave americana Lfibre diverges broadly in both its
physical and mechanical performance properties, because of inhedtddgieal, collecting,
extraction and upgrading factqidsahliet al, 201%:2 &13).

The properties oAgave americana Lfibre bundles differ quite substantially from each other.
This implies that within a single plant species and also within the same plant, fibre properties
often differ owing to age differences, period, climate and growing conditions like availability of
nutrients. Concurrently growingAgave americana Lleaves that are at different growing
positions, in a plant can also produce fibre with different morphological properties. Differences in

fibre structure and morphology are so evident between differens typAgave americana L.
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plants and within the same species, due to climatic conditions, seasonal growth or age differences.
Plants employ various theories to adapt and alter their fibore mechanical propertiesgahee
americana L.fibre mechanical propeds are also ageelated. An orcontinuing growth fibre
stiffness,tensile strengtfand buckling resistance, are directly related to plant aging lignification
(Eder & Burgert, 2010:32; Msahli 2015b:2; Loweal, 2010:2158; Soriewdt al, 2016:18).

The Agave americana Lplant fibres dissimilarities are intgdants and intrdibre cell walls even

in the same plant. Dissimilarities in lignocellulosic microfibril angles alongside the fibre are
related to structural imperfections, referred to as disloestior character designs that can
determine some characteristics of the fibre (Eder & Burgei®:3@1 Mussing & Tanja, 2010:58).

Agave americana Lfibre is a natural lignocellulosic fibre and has fibre properties comparable to
that of other natural ligreellulosic fibres such as sisal, banana fibre and Ageve americana L.

fibres vary in their properties with grade and quality range (also called variability iriritrir

plant fibres) Hulle et al, 2015c:65). ElOudianiet al, 2015a:15) conductedkgeriments on
variability in the fineness parameterAfave americana Lfibre; they found that fibres extracted

from diverse individualleaves harvestedfrom the same level on a plamtave comparable
properties.Conversely fibres extracted from diverdecationson the same leaf (tip, middle or
base) have different properties. Fibres obtained from the oldest leaves of the plants have unlike

properties with those obtained from the youngest ledvke®(dianiet al, 2015a:91).

2.8 BIOSOFTENING OF AGAVE AMERICANA L. FIBRE

Currently, thereis an upsurge in thedemandfor sustainaliity in textile fibre production and
processingechniquespollution but produce textiles of high quality under save and comfortable
working standards. The enzymatic biotechnology in textiles satisfies these demands and rapidly
gains popularity because of its environmentally friendly andsajaty compromising uplities

which overcome those of its counterpart; chemical technology (Shaikh, 2010:48, Radhakrishnan
& Preeti, 2015:10501Sumi & Unnikrishnan, 2015:262 Chemical technology in textiles is a
traditional, successful and ancient practice. However, it pkagy of resources like water and
energy. It is also harsh, harmful and remvironmentallyfriendly. It is therefore advisable to
investigate intensively on emergent alternative, save andriecadly enzymatic biotechnology.

The biotechnology is the usd microbes and their constituents to invent new and unconventional
products (Shrofét al, 2015:445).
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The rapid economic growth and modernisation have improved the standard of living for mankind.
These have a positive influence on the lifestyles of people. However, many textile manufacturing
production processes have a negative influence on the milieuhikexhaustion of natural assets,
global warming, ecological pollution, the utilisation and discharge of detrimental and dangerous
substances. Thus, to prevent insistent damages to nature, textile production and manufacturing
technologies have to becommilieu friendly (Dunganiet al, 2014:14; Kalim, 2015:2;
Rameshaiah & Reddy, 2015:1).

The Agave americana Lfibre upgrading can improve the fibre defects through bioprocessing.
Thus, improve fibre quality valsadded impact and the diversification ofpt®ducts which could
provide textile fibre resilience and technical bagkto increase the fibre production, treatment
and consumption of vals@dded and good qualiygave americana Lfibre. Textile biosoftening

is the bioprocessing technologgedin the textile industry. The textile biosoftening is the use of
active microbes and/or their {products to manufacture textile processes and products, which are
mainly based on enzymes. Enzymatic biosofteninggedve americanaly br e has t he
for new textile fibre. Enzymatic delignification, enzymatic bioscouring, biobleaching and
biopolishing are few examples of biosoftening lignocellulosic fibres for textiles (Kuehad,
2013:1388 Kumaret al 2016:152).The key benefit of this enzymatmoprocessing of textile
fibres is that lignocellulosic fibres do not damage the environment, people become safe and water,
as well as energy, are also saved (Etters; 1999:1, Gurung, 2013:2; Teli & Adere, 2016b:256).

With everincreasing consumer demandsr fquality, reliability, sustainability, and process
optimization (Kopaniaet al., 2012:167), the textile enzymatic bioprocessing is increasingly
gaining momentum due to the fact that enzymes ardriesually, nortoxic and reduce pollution

in textile prodiction. It also shortens processing times, energy and water consumption. Thus, they
save a lot oimoney (Polaina & MacCabe, 200ix; Rehman, 2013:1). Biosoftening physice
chemical treatment that changes the surface of the fibre so as to minimizepoltus a process

by which specific micreorganisms and/or enzymes, are used topbixress the textile fibres;
commonly, the natural plant. With the biosoftening, the following characteristics softening,
thinning, and bleaching of the fibre can be awhd. This process is carried out without using
caustic chemicals, thus it will minimize pollutigikumar et al, 2016:152) Biosoftening; of
Agave americana Lfibre is physicachemical treatment, that ensures smoothness and softness of

the lignocellulosi fibre to get the improved fibre quality (Dessial, 2016:30).
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2.8.1 Enzymatic biotechnology in textile

Textile processing has advanced greatly in bothfeendly and product quality aspects through

the use of enzymes (Bhardwetjal, 2017:832). Enzymebiotechnology in textiles is a dominant
enabling mechanism for attaining uncontaminated engineerimgesses anproducts thatrea

bass for textile industrial sustainability (Banet al, 2017:2). It is regarded as a potential
biocatalysttool in textle technology and is gaining popularity because of increasing demands for
sustainable textile catalysts. It develops sustainable textile strategies for efficient utilisation of the
natural lignocellulosic textile resources, to assure that the resourcg bes current and future
generations (Onofreet al, 2014:276; Muhammaeat al, 2016:1113311134; Teli & Adere,
2016b:256).

It is the biceconomy that assures the esmrioeconomic textile resource balance (Sirgghal,
2016b:1 & 9). The renewable ran@sources are imperative for textile sustainability in order to
improve the ecological stability of industrial production and processes (@aalg 2017:1). The
enzymatic biotechnological alternative explores the natural power of enzymes as biocatalysts
(Uddin, 2015:1) The textile renewable raw materials, bioproduction and bioprocesses through the
use of Enzymes are currently receiving greater emphasis, in order to effectively and efficiently
improve the environmental balance (BMBF & BMEL, 201575).

The enzymes in textile processing have brought a major contribution to textile processing,
especially textile wet processing. Enzymes are harmless unconventional tools in textile
bioprocessing that can substitute harsh chemicals, which when disposetait \pitetreatment

pose ecological distresses. The enzymatic textile processing applications are potentially broad
(Mojsov, 2011:232 3 4 ; Tavl er, 2011: 387; Re hman, 201
Research and development in Textile science necessitateviempents in new and sustainable
technologies that increase the responsible use and reuse of raw natural resources that matc
specific ecefriendly requirements and possess unique properties (Polaina & MacCabe,, 2007:x
Teli &Adere, 2016a:209210). Potentihand specific fibre applications such as single or mixtures;
have been explored due to advances in enzymatic biotechnology use in the textile industry. There
is a still substantial possibility for new and upgraded enzymaptications intextiles (Mojsov,
2011:230234).

The enzymatic biotechnology in the textile indusisyan environmentally friendlyand social

sustainable technology that can improve the quality of the physemhanical properties of
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Agave americana Lfibre (Poonam, 2013:597). It does not pollute the environment, conserves
energy and natural resources, sustainably feasibleyintent and healthy for the workforces
(Singhet al, 2015:2). Enzymatic biotechnology processes are more specific, efacidrgreen
and less health harmful like the conservative physlemicalor chemicalfounded processing
methods. However, the enzymes are expensive and their stability is low (&ib&tia2012:126).
Therefore, for the last few years, research scienéistsinterested in enzymatic softening of
lignocellulosic fibres. Biosoftening ohgave americana Lfibre is multistepped processes like
pretreatment and enzymatic upgrading so that the modified etrgeited biomass becomes more
agreeable to enzymatlmotechnology. Enzymatic biosoftening and brightening is an operative
method to attain upgradedytiocellulosic fibre for textilgproducts, undecontrolled, mild and
ecofriendly reactionsettingsfrom the pretreated Agave americana Lfibre (Anwar et 4d.,
2014:168 Usl uojlu & Ar Shrimaii & Dedhi@d 12816:6872)8 &nzymatic
biotechnology fastracks substratenzyme complex reactionthrough the reduced energy
activationprocesgBharathi & Kanaka, 2018857; Shroffet al, 2015:445G i ngtadl., 2015:50;
Shrimali & Dedhia, 2016:67&arma & Deka, 2016:998).

Safe handling, storage, use and disposal make enzymes the best choice catalysts for the textils
bioprocessing. Enzymes are generally efficient in the textile biosoftening processes such as
delignification, scouring, bleaching and polishing of lignocellulosic textiles to mention a few
(Bharathi & Kanaka, 2015:4854859). Enzymes are biodegradable sustainable catalysts that
originate from natural organisms implying that they readily returnaiure to be recycled as
organic manureHzeonuet al, 2012:16; ACS, 2013:7; Novozymes, 201 3EBva et al, 2010:78).

The enzymatic biotechnology is sustainabkk-free and ecdriendly important in the textile
chemical processinghus it can decraa pollution in textile production and processihfpgsain

& Uddin, 2011:14; JothR013:2970).

2.8.2 Nomenclatural classification of enzymes

The International Union of Biochemistry (IUB) and the International Union of Pure and Applied
Chemistry (IUPAC) established the International Commission on Enzymes (IEC) in 1956. IEC
developed a nomenclatural classification of enzymes that were&kmaiin by then and designed

a standardized technique that could be employed to scientifically name newly recognised enzymes
(Shaikh, 2010:48). Based on the types of reactions they catalyse, enzyntkadae into six

broad clusterssuch as hydrolytic, synthegig, transferring, oxidising and reducing, lytic and

isomerising reactions (Shrimali & Dedhia, 2016:674).
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EnzymeCommission (EC) number is an arrangement of four numbers (with periods in between
each digit) that come af t ifiesceffuage.orheffistrchamocteaahp | €
the EC taxonomic code designates the overall type of reaction catalysed by the enzyme and range
from one to six. Most enzyme names like cellulose pectinase ligninase and many others are
generic and have many typesg the EC numbers and /or ECcepted names specify the exact
enzymes which are being referred to. Accordingetaymatic nhomenclatursystem, each EC
numberis related to a proposed name for the respe@nzyme.Classification starts with EC 1
symboliss Oxidoreductases: enzymes whidither oxidise orredue reactions, EC 2;
Transferases: enzymes which relocate functional groups in a molecule, EC 3 Hyderlageses

which use waterto catalysethe chemical bonds, EC 4 Lyases enzymes which break cllemic
bonds without adding water, EC 5 Isomerases: rearranges atoms within a molecule and EC 6
Ligases are enzymes which covalently bind two molecules. The consecutive three numbers that
follow the first digit further express and refine details of the readype, with regard to the
composite, assemblage, link or product involved in the reaclibe EC name for an enzyme is
normally devisedfrom the name of the enzyrleu b st r at e but eangde owi t Fho
example, Lignin is the enzymsubstratecatalysed with the enzymes referred to as ligninases.
However, there are some exceptions (Mojsov, 2011:232; Novozymes, R)1340jsov,
2014:37).

2.8.3 The origin and properties of enzymes
2.8.3.1The origin of the enzymes

Enzymes are basically derived from animal ues plants and microrganisms.They are
produced by living organisms but they are not alive. These enzymes are usually not produced in
adequate amounts for textile applications. Conversely, commercial amounts can be attained by
separating microbial stras to generate the anticipated enzyme and optimising the conditions for

growth, through the fermentation process (Mojsov, 2014:35).

2.8.3.2Enzymes as biocatalysts

Enzymes are welbrganized biological catalysts that fasick organic reactions (Bhardwetj al.,
2017:829). They are mostly globular structured (figure 2.23), high biomolecular weight proteins
comprising of elongated lined amino acid chains that multifold into ttiireensions, making
specific structures with unique properties (Bernava and Skai@0tE3:131;Rehman & Imran

2014:92). They have a complicated tertiary (figure 2.23) and at times quaternary structure and
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speed up the reaction by creating an enzguoiestratecomplex (Shaikh, 2010:4&arma & Deka,
2016:998). Enzymes increase the respom&se of a specific matter or group of matters
designated substrates (Gurwetgl, 2013:1,0deladeet al, 2016:39).

Figure 2.23: The typical globular structure of an enzynibttps://hubpages.com/education/whate-enzymesvhere
do-they-work)

An enzyme is a specific biocatalyst with unique properties produced by an individual amino acid
arrangement (Moj sov, 2014:135) . The enzymes
sds of chemical reactions which would otherwise react extremely sluggish and are never being
consumed in the process. Enzymes provide a high degree of catalytic specificity unsurpassed with
manmade catalysts. Enzymes biocatalyse the chemical reactionsdioyinge the activation
energy. Activation energy is the energy needed to breakdown bondset (A, 2012:1
Vigneswararet al, 2013:121Khan & Barate2016:853).

The enzyme acts on an initial substance which is referred to as esmpsteate, which is
transformed into a product or products. After the completion of the reaction, the enzyme is
unbound and all set to begin a new reaction (Mojsov, 2014:36; Rehman &, 2rbh9293).
Enzymes stability is limited and can cause them to lose their activity over a period of time
(Shaikh, 2010:48; Khan & Barate, 2016:853). The enzyme biocatalysts accelerate the reactions
inside and outside the cell (Buchhelzal, 2005:2;Gurunget al, 2013:2).

105



2.8.3.3Enzymes specificity

Unlike inorganic catalysts, enzymes are extremely specific to the reactions they catalyse (Kalim,
2015:2). This means an enzyme catalyses only one particular substrate which has a particular
variety of chemical bonds or functional groups and correspompiognetric shapes that perfectly

fit into each another (Bhardwej al 2017:829). This is often b
model which explains enzyme specificity very well, the enzyme stabilization during transition
state which is explained by threduced fit mode(Silva et al,, 2010:78). Enzymes are so specific

that they catalyse only the renewable raw materials that include textiles because they function
under mild conditions, are harmless and tranquil to handle thus; can substitute harshilghemica
act only on specific substrates to speed up reactions, enzymes are renewable and biodegradabl
(Guptaet al.,2015:11).

2.8.3.4Enzymes as efficient catalysts

Enzymes are, highly energized protein molecules that have extraordinary catalytic power to
acceleratechemical reactions tremendously, often far more than inanimate catalysts (Kalim,
2015:2). Some enzymes do not needamiors to activate enzymes since they arersgjiilating.
Co-factors are noiprotein molecules that stimulate enzymes to acceleratedoice the activity.
Co-factors are either inorganic like metal ions or organiean z y me s et @l.G2015i48).
Enzyme catalysed reactions are normally faster than the correspordingtalysedeactions,

with a manifold range of 106 to 1013 times (Rehman & Imran, 2014:93).

2.8.4 Enzyme activity in wet textile processing

In the chemical reactions, enzymes catalyse substrates which are transformed into end products
During a chemical reaction, the emzg active site temporarily binds with the substrate, to lower

the molecular activation energy and hasten the reaction. When the reaction is complete, freshly
produced product(s) are released fromdaheymaticactive site and the enzyme retains its origjina

unique shape. The same enzyme is ready for use in another specific reaction (Mojsov, 2011:232).

2.8.4.1Factors that influence enzyme activity

Enzyme denaturation occurs when enzymes unfold and lose their secondary or tertiary or
guaternary structure; thus intepts its threadimensional structure caused by a number of
denaturants. The denaturation inactivates enzymes either reversibly or irreversibly (Gurung,

2013:3). There are essential factors that can influence enzyme activities which need to be
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carefully considered when using enzymes in textile upgrading (Nierstrasz, 2009:140; Deshmukh
& Bhat; 2011:36, Hasaat al, 2015:17). The most imperative factors that affect enzyme activity
are the type of enzyme and its specific parts, substrate and enzyme coiocsntemivlogical
conditions such as pH values, temperature, a
surfactants and chelators and mechanical strain influence the activities of the enzymes
(Ammayappan, 2013:3; Gupta, et al., 2015Mbhanet al, 2013:8;Uddin, 2015:2).

2.8.5 Components of an active enzyme

The active enzyme has an active site. The active site is adimeasional small polypeptide
chained catalytic crevice (figure 2.24), also referred to anayme binding sitehat reacts wh

the specific substratieinding site. All enzymes are proteins, but some of them are inactive and
need other molecules to active them to work. An inactive enzyme consists of a protein called an
apoenzyme andn activenon-protein chemicalcatalystic compoundermed cofactorAn active
enzyme consists of an apoenzyme combined with a cofactor is referred to as a holoenzyme (figure
2.24). Cofactors are classified into two types: cofactors of inorganic ions which are atoms with a
net electric barge such as copper, iron magnesium, manganese, zinc, calcium or cobalt and
compound biological molecules referred to as coenzymes, for example, CoA, NAD+, NADP+,
FMN and FAD. Biological molecules simply mean the molecules that contain element, carbon.

Coenzymes are comprised partially or entirely of vitamins (Rdtel, 2016:387388).

Apoenzyme + coenzyme = holoenzyme

Coenzyme
Substratei =
|
Coenzyme ‘
\ |
+ l i X y
Apoenzyme Cofactor Holoenzyme V;PW"ZV’M
(protein portion), (nonprotein portion), (whole enzyme), . v 2
inactive activator active Holoenzyme

Figure 2.24: Specific enzyme components (Kumar, 2014 s.p; Patel et al., 2016:387 respectively)

2.8.5.1Enzymeconcentration

Enzyme concentration influences the action of the enzyme in textile wet processing. An increase

in enzyme concentration leads to the enhanced enzymatic activity until when the enzyme reaches
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its optimum concentration where the activity beesnsonstant too. Thispliesthat thespeedof

the reaction is partly proportionate to the quantity of enzyme available for it. An increase of
enzyme concentration; in textile wet bioprocessing; however, increases fibre strength and weight
losses and redes fibre thickness (Nelson, 1998:111).

2.8.5.2The potential of hydrogen (pH) value

The pH is an acidic or alkaline concentration in a solutidre pH value runs from 0 to 14he

pH value of 0 indicates that the solution has very high amounts of hydrogen lesld=solved

and has the highest concentration of acid and pH 14 signifies the most alkaline or basic solution
with the lowest pH concentration. The pH value 7 indicated neither acidic nor alkaline and pure
water is a good example of a neutral solutiorheWV an enzyme pH is reduced H+ ions are
increased, and eventually, enough side chains are impacted and the enzyme shape is distortec
Similarly, when the pH is elevated, the enzyme H+ ions are raised and the enzyme ultimately
changes its active site whidonsequently, does not fit well with the substrate and the enzyme
activity is negatively affected. The enzymes are sensitive to environmental pH values and have
specific ranges of activity. Each enzyme has its optimum pH value. When the pH value goes to an
extreme for the specific enzyme, then the basic structure of the enzyme denatures (Nelson,
1998:111; Ekinci & kent¢r k, 2010: 385) . Maj or
6 to 8. Nonetheless, some specific enzymes function well only incamidbasic environments.

The optimal pH for a particular enzyme depends upon its origin and the type of buffer used
(Ekinci & ke ntYgssik2012:8)0 1 0: 385 ; E I

2.8.5.3Temperature

Each enzyme requires a favourable temperature to work best. Enzymes haveamamopt
temperature range for the maximum activity rates (Hasaml, 2015:17). An upsurge in
temperature mostly leads to an upsurge in reaction rates until it reaches optimum temperature
range, thereafter leads to a sharp decrease in reaction rate;ehmynte denaturation. Contrary

to that, lowtemperature conditions slow down the reaction. The extreme temperatures are not
good for the enzyme activity. However, there are some distinctive enzymes that function well in
extreme temperatures (Ehssin, 201%; Uddin, 2012:301).

2.8.5.4Time of treatment

Treatment time as well, influences enzyme action. Enzyme reaction time is shortened at the

optimal treatment conditions. Fibre damage is greatest when treatment durations are long. The
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internal structure is affectedthen treatment times are elongated even if there is no agitation.
Likewise, short treatment times with agitation mostly impact fibre surface. Generally, reduced
treatment time results in less weight loss and strength loss, and a slight decrease v &43i(E|
2012:6; Ammayappan, 2013:3).

2.8.5.5Extent of agitation

Mechanical agitation can affect the lignocellulosic fibre upgrading hydrolysis reaction. Both the
adsorption and desorption activities of enzymes depend on the agitation to eliminate fibre debris
and foreign matter in order to enzymatically biosoften the cellulosic fibres. This is mostly
important when biopolishing cellulosic fibres; whereby cellulase adsorption is followed by fibres
and fibrils cutting which are debilitated by the enzyme activity. eSgtve agitation usually
damages fibre surface (Anuradha & Nachiyar, 2012:12).

2.8.5.6Substrate saturation

Substrate concentration is proportionate to other factors that affect enzyme activity. This implies
that it can sometimes function as a limiting or boostawor (Uddin, 2012:300). Increasing the
substrate concentration while enzyme concentration and other factors are high enough increase:
the rate of reaction. Understandably, the higher the substrate concentration, the larger the substrat
molecules numberare involved within the enzyreatalysed reaction and vice versa. Enzyme
saturation is achieved when the rate of reaction reaches a maximal point where no more increase
occurs at a particular substrate concentration. At this point in time, there areenenkzyme
activesites to be engaged in forming enzymsubstrate complex; all the enzymes molecules are
restricted to further bind substrate. The reaction rate remains constant; at the saturation point. The
reaction cannot increase the pace even if tititiadal substrate is added. {Ehssin, 2012:6;

Uddin, 2012:301).

2.8.5.7Salt concentration

Most enzymes do not bear extreme salt concentrations. When salt concentration is too high the
charged amino acid side chains of the enzyme molecules repel each ottier aomnal enzyme
substrate interface is prohibited, thus, prevents the chemical ersretrate reaction. Similarly,
when the concentration is too low the enzy
strongly attract each other and denature enzymdarsctivate its activsite. The typical enzyme
substrate interaction is prohibited. The medium salt concentration brings about the optimum

enzyme activity. Normally enzymes function well in salt concentrations range560 InM.
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However, there are excepns such as the halophilic enzymes which need higher salt
concentrations (Deniz & Murat , -Y3as8ii P012368 3; EKkii

2.8.5.8Level of macromolecular crowding

The presence of high concentrations of macromolecules in a solutiomedt@nacromolecular
crowding. Macromolecular crowding reduces the diffusion rate, shifts the equilibrium of enzyme
substrate interactions, changes enzyme structure and properties thus, affect enzyme catalysis (El
Yassin, 2012:6).

2.8.5.9Concentration of reaction pducts

The greater saturation of reaction products can decrease the enzyme speed of reaction. This can k
caused by the equilibrium condition of the enzypneduct more than the enzyrsabstrate
complex which blocks the active sites in certain portiorsnaiymes (Ammayappan, 2013:3).

2.8.5.10 Modulators

Enzymes interrelate with various molecules other than the substrates that regulate how fast the
enzyme acts. Any substance /molecule that increases the rate of the -subgtnate reaction

when interrelated with raenzyme other than a substrate is an activator but if it reduces the
response rate it is an inhibitor. Modulators can also control the speed with which the enzyme
wor ks (Ekinci &Mdhanettl 2018:10. 201 0: 386 ;

2.8.6 Enzyme reaction mechanism

In mostcases, enzymes are bigger than substrates they cafBisactive site of the enzyme
(figure 2.25) is the only part in which there is contact between the enzyme and substrate molecule
to create arenzymesubstratecomplex The enzymesubstratecomplexformationis signified by

the equation: E + S = ES = E + P, aisbillustrated in figure 2.27.
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Figure 2.25: An enzymesubstrate complex (https://www.shmoop.com/enefigw-enzymes/enzymes.html)

The mechanism of enzyme aaty starts with enzyme activation by -¢actor and then followed

by enzymesubstrate complex formation at the active site and converting them into different
molecules, called the products. The active site and substrate molecule shapes are specifically
conplementary and fit into each other each like puzzle pieces (Ammayappan, -3013ize
enzymesubstrate complex is a transient molecule with an activated form of shape held by weak
nontcovalent bonds formed, by the time an enzyoees acrosis substrate at an active site.

This shape change cdimk substrate molecules together divide individual molecules into
smal |l er parts ref er rteal, 201548;Mokan gt alo 20134 1Goreny, ( Gi
2013:3Eki nci & ken3fhrk, 2010 383

2.8.6.1Lock and key model

The Lock and Key analogy was first posited in 1894 by Emil Fis¢hgpathi & Bankaitis,
2017:2).1t explains how well an enzyme interacts specifically with a single substrate to release
products. The loclandkey model, explains @&heory which states that an enzyme is a rigid
framework that interfaces only with a specific substrate which also possesses a fixed and tailor
made shape to fit precisely into that particular shape of its active site to create a catalytic enzyme
substratecomplex to release producf¥igneswaranet al, 2011:34). It also infers how some
other small molecule(s) that inhibit or reduce substrateyme reaction work(s), thus unlock or
start the reactivity (Ringe & Petsko, 2008:1428). In this prototype, nhgnee is represented by

the lock and the substrate by the key. Only the correctly sized, shaped and set key fits into the
keyhole (active site) of the particular lock (enzyme) to bolt and unlock as illusinafigdre 2.26
(Shaikh, 2010:48G i nreit dl, 2015:48).
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Figure 2.26: Lock and key model (Ball et al., 2011: figure 18.11)

2862Koshl anddés induced fit model

The lock and key model was modified in 1958 by DaKie$hland, wheentitled the new modgl

the induced fit theory. The inducditl theory indicates that the enzyme sometimes has to change

its shape to accommodate the substrate and that this shape change could be part of the catalyti
reaction. This then opposes the lock and key theory whidkssthat the enzyme surface is
inflexible and that only the specific substrate would induce the accurate esmpsieate
complex that steers catalysis. The enzymes can transform their shape to precisely fit the substrate
into its catalytic site to initi& the reactions (Ringe & Petskb 0 0 8 : 1 4 28al, 206G5:48)iad
illustrated in figure 2.27.

Enzyme changes shape PI’OGUCtS
Subslrate slightly as substrate binds
Actlve site /
Substrate entering Enzyme/substrate  Enzymelproducts Products leaving
active site of enzyme complex complex active site of enzyme

Figure 2.27: Induced fit Model for enzymesubstrate complex formation (Sheikh et al., 2010:48)
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The active site is repeatedly remodelled to form enzguiestrate complex when coming in
contact with the substrate when the substrate shape and/or size does not fit perfectly into the
enzymeds active site. |t I s atblecude likewideimedifiesd t |
its shape to some extent asgproacheshe enzymeactive site. They both keep changing until

they form a perfect and functional enzyswbstrate complex. This elucidates why certain
substances bind with enzymes but form -neactive compounds. Sometime the substance
molecules may be too large or small to prompt the perfect fit and consequently do not react. Only
the suitable substrate can bring about the perfect fit into the active site (Shaikh, 2010:48; Hossain
& Uddin, 201116).

2.8.7 Enzyme inactivation

Enzyme deactivation is a state of environment which destroys the characteristics of a biomolecule
by distorting its molecular conformation. Enzymes are tlliegensional protein structures which

are sustained only under limited ohete environmental conditions. Enzymes are denatured and
inactivated outside these conditions. Thus, changes in the shape of the enzyme active sites anc
the substrate molecules that are meant to react, cannot bind to the active sites €Gaipta,
201511). To prevent excessive fibre weight, length and strength losses that can lead to
unpredictable and irreproducible results, it is very essential that effective methods of controlling
and ending the enzymesd act i v oftreanent raspeetively.mp | ¢
Enzyme deactivation can be reversible or irreversible depending on a variety of conditions
(Shaikh, 2010:48).

2.8.8 Sustainability benefits for the application of enzymes in textiles

The reduction of pollution is one of the requirensefiar sustainable textile production, processing
and consumption. The utilisation of enzymes in textile fibre softening is increasingly becoming
famous because enzymes are environmentally sustainable since they are (and their jpesducts)
function undemoderate reaction conditions (pH and temperatinighly efficient, specific, non

toxic, nonpollutants that require minimal water consumptidigneswaranet al, 2011:23).

They alsooriginate from natural systentkus, biodegradablereadily return back into nature and
biofertilise the soil. It is also possible to produce industrial enzymes which can be a healthily way
to recycle enzymatic reaction4pyoducts as fertilizer too (Koztowski, 2012:74; Mojsov, 2014:39;
Jothi, 2015:38; Sigh et al, 2016:25). Enzymes can be effectively used in textile fibre softening
since they are less risky when compared to the traditional lignocellulosic fibre softening methods
(Vigneswararet al, 2013:121; Uddin, 2015:1).
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It is highly encouraged worldde, to prevent persistent destructions of natural assets, the
environment and environmentally friendly technologies (Kalim, 2015:2). The tools of enzyme
technology are sustainably essential to diminish the use of destructive chemicals in the textile
indudry to prevent environmental pollution and safeguard biovariety, in order to bring economic
benefits but this is not highly recognised by the public. There is urgent need to improve
productivity and efficiency through valuable environmentally friendlyrafieve processes to
traditional chemical practices for most textile processes as means to drive toward textile
sustainability through commercially successful applications such as bioscouring, biobleaching,
biodelignification and biopolishing using enzym@saujo et al, 2010:21; Silveet al, 2010:90;

Tahir et al, 2011:5268270; Van Dam, 2015:12). Enzymes are successfully applied in
lignocellulosic fibre softening because they are langdeculestheir actvity is constrainedo the
surface of the fir, leaving fibres maintaining timefavourable bulk properties {8a et al,
2010:78).

Traditionally, the effective textile production technologies for softening and brightening the
lignocellulosic fibres consume large quantities of water and energyhapdhéeed costly treatment

of effluent before disposal (Teli & Adere, 2016b:256). Thus, they are not sustainable since they
are not economic, social and ecologically friendly. They are also detrimental to the strength of the
textile fibre. Softening of thAgave americana Lfibre devoid of affecting the strength will be of
utmost importance and a considerable challenge. Enzymatic biotechnology is regarded as
sustainable and edoiendly technology which has no significant adverse effects on fibre strength
and thus, the promising alternative to conventional kexprocessing (Nelson, 1998:111; Van
Dam, 2002:17; Miettinei®inonen, 2007:51; Shaikh, 2010:51:&dyed, 2015:808andhasamy

& Vasudevan, 2015:849).

Enzymatic biotechnology has the potential to trigger new and developments and better quality
processes, goods and services to satisfy human needs from alternative underutilised raw textile
plant materials such as lignocellulosic fibres (Buchtatlal, 2005:1). The E3 which stands for
energy and environmental conserving and economical paybacks are benefits of enzymatic
biotechnology when compared to traditional wet processes in textile processing (Pavégo
1998:186; Adrio & Demain2005:8; Auterinen2006:1; Arja,2007:52; Shaikh2010:48; Mojsov,

201 4: 13 Btal, 2B15m8).[Furthermore, the enzymes iargeneraleasy to use since they

do not need special equipment and can be used effectively with normal equipment at moderate
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heat and noitorrosve and acceptable pressure conditions at any stage of textileregsssing
(Bernava &Skaidrite, 2013:131).

Consumers are increasingly becoming aware of global demands for sustainable textile fibre
production and processinghich reduce the exploitationf resourcesand excessive waste
production(Vegaet al, 2015:161). The use of enzymes has currently become an indispensable
part of the textile technology (Mojsov, 2014:36). The enzymes save chemicals and energy with
the capability to reduce processitigne and improve the aesthetic and hand properties of
lignocellulosic fibres without processing damage. They can optimize the production process
through raw material efficiency and by combining enzymes and production processes @Araujo
al.,, 2008:332; Guga, et al, 2015:11; Skaidrite, 2013:131; Bharathi & Kanaka, 2015:4857;
Shrimali & Dedhia, 2016:674).

The use of enzymes in textile technology is social, cost and ecological efficient since bulk buying
of enzymes can be cheaper than chemicals, enzymsatith also saves energy and water,
produces less waste, results in shorter processing time, has higher efficiency and is more specific
(Adrio & Demain, 2005:8). It has contributed to approximately 60%amtr textile fibre
production. Contrarily, very hah chemical softening of lignocellulosic fibore needs extremely
elevated temperatures, pressures and pH. This chemical disposal causes environmental problem
(Mojsov, 2014:35; Rehman & Imran, 2014:93). Enzyme technology is regarded as a potential
sustainal# textile fibre production and processing alternative to hazardous conventional chemical

use in textile processing to improve lignocellulosic fibre quality (&arm)., 2016:6).

Conversely, enzyme biotechnology does not create harmful discharge, because enzymes car
easily be deactivated before they are disposed of (Satyanarayaala 2011:222). Enzyme
biotechnology lucratively unlocks up new textile prospects for use in foymaridentified
application areas rather than only improvement of innovative yields for conservative textile
industries (Nierstrasz, 2009:141; Hardin, 2010:142; Deshmukh & Bhat, 2011:36; eYalg
2011:421; Jagannathan & Nielsen, 2013:228 9 ; G adhleven, 20K4:50.

2.8.9 The enzymatic biotechnology in textile technology
2.8.9.1Alkaliphilic enzymes in wet processing textile technology

Alkaline enzymes are nowadays regarded to be the most appropriate enzymes for lignocellulosic

fibre scouring by many textile remehers and scientist, because; of their ability to degrade and
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eliminate norcellulosic components of plant cell wall; thus; facilitates biosoftening which is
adopted as a clean technology in textile fibore manufacturing (Queeshj 2012:12563; Garegt

al.; 2016:6; Kubraet al, 2018:23). Alkaline (alkaliphilic) enzymes are currently utilised with
great success in the bioprocessing of lignocellulosic fibre textiles (Bhaethagj2017:832). The
alkaliphilic enzymes are usually more stable, energy @steffective (because they use lower
temperatures), produce a speedier and more trustworthy product, decrease waste disposal hitche
(Moubasher, 2018103 -104). The Alkaliphilic enzymes catalyse reactions between neutral and
alkaline pH value rangat the elevated temperatgrand these enzymes are stable at high reaction
temperatures, have short reacting time, do not compromise the strength of fibre, and have good
finishing properties. Enzyme treatment of fibres iseaafriendly way ofupgradingthe following

fibre properties:desirable appearance and soft handle (Jabasingh & Nachiyar, 2012:12;eKubra

al., 2018:23). Commercial enzymes have for a long time been found as acidic and neutral
enzymes, categorisedth the pH rangs atwhich theyarehighly activeand use-friendly (Uddin,

2016:2). Alkaliphilic enzymes are considered very important as they are recently accessible in
biotextile technology. The alkaliphilic enzymes are those that are very active under alkaline
conditions (Vegaet al., 2015:160).

Alkaliphilic enzymes have unique properties, which make them suitable to close up the gap that
exists between biological and chemical textile fibre processing of lignocelluloses (Moubtasher
al., 2016:104). Alkaline enzymes are secreted by atialic bacteria, with pH optima for
growth ranging from 8.0 to 11.0, but mostly pH 9.0, defined as alkaliphilic microorganisms.
Alkalophiles are unigue microorganisms with great potential for microbiological and
biotechnological exploration. Alkaliphilimicroorganismsare sourcesf many new extracellular
enzymes whichreveal distinctive specificities in many respects (Patdl al, 2011:116). The
optimal activity of alkaliphilic enzymes from neutral to alkaline pH, and are increasingly being
involved in textile fibre treatment processes because the alkalinity or neutrality in pH lessens
textile back staining (Hardin, 2010:141; Zhoet al, 2015:5714; Vegat al, 2015:161; Uddin,
2016:2).

2.8.9.2The lignocellulolytic enzymes in textile wet processing

The Lignocellulose, also referred to as xylgrextinelignocellulose, is globally the most
plentiful renewable biomaterials. It is the main substrates of lignocelldiegeading enzymes
that are referred to as either the xylgrectinalignocellulolytic enzymes or lignocellulases
(Nierstrasz, 2009:141; Deshmukh & Bhat, 2011:36; Sieghal, 2015:1). Lignocellulolytic
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enzymes ar@nzymescapable of hydrolysing tough lignocellulose complex networks from the
plant biomass in order to extract and upgradeligrcellulosic fibres. Various microbes that
include bacteria and fungi are good sources of lignocellulosic enzymes (Madtadly2015:17,
Sainiet al, 2015:1). Lignocellulolytic enzymes are utilised in textile biosoftening processes to
effectively sibstiute the conventional chemical processes. Enzymatic biosoftening technology is
more ecesocio-economic sustainable andenegy f ect i ve t han its count
Singh et al, 2016:25). The lignocellulolytic enzymes are used extensiwvelijgnocellulosic
textile processing because they are able to transform the lignocellulosic fitsgaduredand
desirable waysso as to upgrade plant fibre quality and appearance. Bioscouring,
biodelignification, biobleaching and biopolishing are meéntified modern textile applications

of Lignocellulolytic enzymes on lignocellulosic fibreKdlia et al, 2011:9; Anwaret al,
2014:168; Singlet al, 2015:1.).

The xylan, pectin and lignin are imperative lignocellulosic biocomponents of plant fitich are
efficiently degraded by lignocellulolytic enzymes (figure 30) (Singth al, 20151). The
commonly used xylanpectinclignocellulolytic enzymes in the textile industry are cellulases,
hemicellulases, ligninases and pectinases which are usedenrsaliapplications, hence why the
name Xxylanepectinalignocellulolytic enzymes (Radhakrishnan & Preeti, 2015:10501; Sini

al., 2015:1). The resistance of plant cell walls to breakdown has been reduced by transforming
plant cell walls through biotechrady. The reduction of recalcitrance is accomplished through
dislocating ligniii carbohydrate complexes linkages which assist to decrease lignin content and
change its structural configuration and manipulate hemicellulose bioseparation using enzymes in
plantfibre upgrading (Let al, 2014:1174).

Enzymatic treatment of lignocellulosic fibores has been established to upgrade a number of
physicamechanical properties of lignocellulosic fibres, such as softness, smoothness and tenacity
(Backgrounder, 2013:1; Kalia & Bhoj, 2016:18). Enzymes that are used mainly in the textile
processing are traditionally referred to as technical enzymes (Nierstrasz, 2009:141; Deshmukh &
Bhat, 2011:36). Enzymatic treatment of lignocellulosic fibres using different enzymesildefeas

The relevant lignocellulolytic commercial enzymes for biofibre softening are a collection of
hydrolytic enzymes accountable for cellulolytic and xylanolytic biosoftening undertakings. They
are mostly cellulase, pectinase, hemicellulase and lignir(d4tes 2012:1548) as illustrated in

figure 2.28 CommerciaLenzymes are not pure and comprise of unstated other enzymes with
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other activities. For example, xylanase preparations contain cellulases and considerable
hemicellulase activities (Dien & Botha&009:82).

|f -'
| Lignocellulolytic enzymes |

emicellulase <
Cellulase | Ligninase |
|
Xvlanase ! : - :
ﬁfmglgiﬁﬂﬁe ) 4[ {m{'mmw ] Phenol oxidase | Peroxidase
region of crystalline cellulose) ) |
Exoglicanase | —[ Mannanase ] Laccase Lignin peroxidase
‘{ mg.,mgum] | (315 0n manRan) (acts on polyphenols) {depolymerisation of lignin)
Arabinase
Glucnsida_se : {acts on arabinnan) ] Manganese peroxidase
o el 4 {acts on phenolics and aromatic
componnds)

Figure 2.28: Diagram illustration of lignocellulolytic enzymes (Sajith et ak016:3)

(@) Cellulases

Cellulases are often utilised successfully in the textile fibre processing of cekaotEning
material s. Cellulases are also referred to
2013:100; Onofret al, 2014:276; Maket al, 2014:165; Bharai & Kanaka, 2015:4858; Saiet

al., 2015:3; Vegat al, 2015:161). Cellulase is a complicated enzyme that is composed of multi
component enzyme systems (Bahtiyatral; 2011:3) which are substraspecific, have different
structures and mechanisms.€ephinclude endd-glucanase (EC 3.2.1.4), exeglucanase (EC

3. 2. 1. 9:dluboyidases (EC $2.1.21) which work together at the same time (Miettinen
Oinonen, 2007:51; Zhargt al, 2013:133; Mishra & Suseela, 2016:65; Hosstml, 2017587).
Cellulases are hydrolytic enzymes produced predominantly by different species of microbes. But,
plants and animals; to some extent, also produce some cellulases (Nierstrasz. 2009:142; Singh
al., 2016:24; Uddin, 2016:1).

Biosoftening of denim garnm¢, biopreparation, biopolishing, and biosoftening of lignocellulosic
textile fibores and their products are mainly achieved through the use of cellulases €tratan
2016:44 & 49 Beheraet al, 2017:205, with an intentionto upgrade their tactile texte and
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visual look (Dattaet al, 2016:26). Thus, the improvement and upgrading of the textile quality
through controlled modification of lignocellulosic fibres. The fibre surface is improved through
the removal of the protruding fibrils and microfibriteus transforming lignocellulosic fibres into
smooth,soft, cool, bright coloured, pliable and better pilling resistant fibres that can be used for
further textile applications (Konczewic & Koztowski, 2012:168; Uddin, 2015:1; Moubasiaty
2016:104).

(b) Hemicellulases

Hemicellulases or xylanolytic enzymes are the enzymes which catalyse hemicellssra)

et al, 2017:3) Xylanase and galactanase are examples of enzymes that belong to the
hemicellulase group (Backgrounder 2013:1). Xylanases (gh@sss which hydrolyse xylan) are
largely used in lignocellulosic fibre biosoftening processes (Kalim, 2015:2). The major function
of xylanasess to break down fibre by converting one of its componentgjmmy polysaccharide
(beta 1, 4) xylan, into simeland soluble substances such as xydoskxylobiose(Qureshiet al.,
2012:12563; Hosseet al, 2017:586).

The use of xylanase increased its importance in textile sustainability and enzymatic upgrading of
lignocellulosic fibres. The effectivdviosoftening of lignocellulosic fibre involving xylanase
enzyme system consists of EC 3.1.1.72 (acetyl xylan esterases), EC 3.1.1.73 (ferulic/coumaric
acid esterases), EC 3.2.1.837%[-xylosidases), EC 3.2.1.8 (endb, 4 -xylanases), EC 3.2.1.55

( -L-arabinofuranosidases) and EC 3.2.1.139l0curonidases. Xylanases (E.C. 3.2.1.8) are
prospective enzymes for effective use in textile industries where they are largely used in
lignocellulosic biosoftening processes and in waste treatment (Kalim, 20d6uhasheret al.,
201@:104; Hosseret al., 2017:586).

Xylanases hydrolyse the hemicellulose in the lignocellulosic fibres and biobleach them with no or
minimal effect on strength rather enhances the physical properties (Betleady 2016:339;
Walia et al., 2017:8). The use of xylanases also unstiffens the fibres, letting them be cohesive and
spinable. Xylanase has great potential to revolutionize fibre bioprocessing. The xylanase can be
used to improve biomass peatment economics by removing odueing the need for fibre pre
treatment process (Corral & VillaseAGrtega, 2006:310; Sairet al, 2015:5). Beyond these
benefits, xylanase is also able to boost textile fibre bioprocessing efficiency and, more generally,
make bioprocessing more econoaticXylanase utilisation can also reduce the need to use harsh
peroxide (Shaikh, 2010:51; Pastdral, 2007:67; Burlacet al, 2016:339). The thermostable and
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cellulosefree xylanasesre favoured for biobleaching 8gave americana Lfibre (Thakuretal.,
2012:2221).

2.8.9.3Lignolytic Enzymes

Lignin is the carbohydrate with an extremely complex structure comprising of different
biologically stable linkages. Ligninolytic enzymes are ligdegrading enzymes also termed
ligninases because they hydrolyse polymer lignin; which is complex anditrecglcLignolytic
enzymes are multipurpose in nature (Niladevi, 2009:397). The ligninolytic enzymes include three
eminent oxidativeenzymes lignin peroxidase (LiB)manganese peroxidase (Mn&)d laccase
(Aarti et al, 2015:123). Ligninolytic enzymes Hiteach lignocellulosic fibre(Kirk and Jeffries,
1996:2 Niladevi, 2009:398; Macielet al, 2010:4. However, the lignin hydrolysis of
lignocellulosic fibres with the eeenvironmentally friendly enzymatic procedure is a global
challenge for textile resezhers and developers. The adversative effects of lignocellulose fibre on
the environment can be reduced by economical,-fiégendly and sustainable approach
(Konczewic & Koztowski, 2012:168; Aar#t al, 2015:122).

(a) Laccases

Laccases are extracellular,ubl multicopper oxidoreductases (BMC@hich are glycosylated
(Kantharaj et al, 2017:4) They usemolecular oxygen to oxidise phenols, the principal
recalcitrant component in the lignocellulose and a variety of aromatic anehroomatic
compoundghrougha radicalcatalysed reaction mechanism (Dashtbaml, 2010:39; Hasaet

al.,, 2015:18). Water is produced as a-pgmgduct by laccases.Laccases have distinctive
characteristics of reactive radical production (Kalim, 2015:1). The laccase is produced by
different types of organisms such as plants, fungi and bacteria (khraln 2012:1; Aartiet al.,
2015:123). Various complex substances are hydrolysed by laccases because of their low substrat
specificity. They can display ligninolytic and polymerizingpabilities when acting on lignin in

plant fibre. This laterahetworking property is essential for them to gain speedy sustainable
application in lignocellulosic textile {fibre
50). Of all ligninases,akccase is the most popular enzyme; however, combinations of more than
one ligninolytic enzymes are often synergistically efficient for biodelignification of
lignocellulosic fibres (AbdeHamidet al., 2013:1; Placido & Sergio, 2015:3).

(b) Heme peroxidases
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Lignin and manganese peroxidases are collectively termed heme peroxidases because they conta
protoporphyrin X as a prosthetic gro(fgantharajet al, 2017:3) They are extracellular enzymes

that catalyse lignin which is found outside the cell due itgelaand complex structure which
cannot allow it to enter the cell for intracellular action (Dashtban, 2034t0 Lignin
peroxidases camspecially catalyseelevated redox potentigihenolic or nonphenolic aromatic
compoung which comprise more or le€0% of lignin. They require KO, for activating their
reactions. Veratryl alcohol is the LiP substrate, which acts as redox mediator for subsidiary
oxidation of other substrates. Manganese peroxidases reqiixgdbe activated since they are

low redox potetial heme peroxidases (Shaikh, 2010:51; Bhaddyal, 2012:59; Aartiet al,
2015:123; Sainet al, 2015:5; Hosseret al, 2017:588).

2.8.9.4Pectinases

Bioscouring of lignocellulosic fibres is attained through the uspeatinase¢Bhardwajet al,
2017:832). Pectinases are a diverse collection of enzymes which degum pectic substances in the
natural lignocellulosic fibres (Kusuma & Reddy, 2014:162SBYyed, 2015:805; Sarma & Deka,
2016:997; Sethet al, 2016:12; Kubraet al, 2018:23). They aralso referred to as pectinolytic
enzymes and can be classified into the following three main groups; pectinesterase (PE),
polygalcturonase (PG) and pectin lyase (PL) based on their mode of action on the pectin
containing substrate (Tariq & Latif, 2012: @5 hatriet al, 2015:2). Pectinases are considered

as the most effective enzymes for bioscouring of lignocellulosic fibre (Ravindran & Jaiswal,
2016:4; Sethet al, 2016:2).During pectinase bioscourirthe middle lamella disintegrates and
release fibreeasily during fibre separation (Gummaadial, 2007:98;Sarma & Deka, 2016:998
Hossengt al, 2017:588).

Alkaline pectinolytic enzymes have great biotechnological potential as amieodly treatment
on lignocellulosic fibre upgrading and are curhgm@in essential part of tak industries (Hardin,
2010:14;Garg et al, 2016:6; Sarma & Deka, 2016:998). Pectinase treatments can efficiently
eliminate the shave and epidermal tissues of the lignocellulosic flReget(al, 2011:2).These

indicate thaAgave americana Lfibre can be softened successfully with pectinases.

Lignocellulosic fibre bioscouring was traditionally performed with harsh alkaline chemicals such
as sodium hydroxide at elevated heat. Pectinolytic bioscouring effectivelyeamfiliendly
substitutes sodium hydroxide with pectinases to hydrolyse pectin but does not impart negative

effects on fibre strengttbecauseectinasesave little or no cellulase activity which could affect
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cellulose integrity and are selective to pedtyarolysis (Pedrolliet al, 2009:15; Ramakantét

al., 2014:1; Sarma & Deka, 2016:99They alsocontributeto the natural recycling of carbon in

the environment (Tavl er, 2013: 100, Radhakri:
preparations havesynergistic catalytic activities mostly of pectinase, and to some extent
hemicellulases and cellulases. Enzymes containing high amounts of pectinase and reduced amour

of cellulase are highly preferable to prevent lignocellulosic fibre danRge( al, 2011:2).

2.8.10 Biosoftening ofAgave americana Lfibres

Textile fibre softness is an essential property that determines theserahd selection criteria of a
textile product. In order to reduce fibre prickliness on the skin and improve softness and lustre,
enzymes are currently used to treat textile fibrepeaastheir enelises (Ammayappan, 2013:8).
Biosoftening ofAgave americana Lfibre is physicachemical biotechnology, used to transform

the surface of the fibre so as to minimize pollution. Enzymatic biosoftening is a bioprocess in
which the effect of the natur@lgave americana Liibre is achieved with the use of specific
enzymes, particularly tward surface celvall components. In this lignin; which causes, the
brittleness to thé&\gave americana Lfibre is partly removed from the surface. With this removal

of impurities, the fibre components that include cellulose and hemicellulose to became mo
compact, and increase the fibre strength and flexibility of the. Thus, the quality after biosoftening
is expected to stay more or less the same (8thad, 2014:1068; Desait al.,2016:30).

The growing world population along with modern developmdats to a scarcity of nen
renewable textile fibre resources, which pushes human beings to explore alternative, under
studied and unutilized fibre sourcégyave americana Lcan become a source of biotextile fibres

for the production of textile items (Alnda & CavocePaulo, 1993:185; Cheet al, 2014478).

Agave americana Lfibres is a lignocellulose fibre that is coarse, stiff and has relatively high
lignin content (Gacet al, 2015:54766477; Hulleet al, 2015:67). The fibre softening processes
are ke to taking advantage @&gave americana Lfibre resources. The economic processing of
Agave americana Lfibres is mostly dependent on the development of efficient and sustainable
upgrading biotechnologies (Sarma & Deka, 2016:998), such as enzymagssngc(Michde &
You-Lo, 1998:213).

Agave americana Lf i bres can be softened, rendered c
minimal fibore damage by the enzymatic bioprocessing. The enzymatic biodelignification,

bioscouring, biobleaching, and biofinisly, are save where the alternative chemical methods are
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hazardous and performed at high temperatures. The disposal of these harsh used chemicals int
the environment causes pollution and produce toxiproglucts. Mechanical methods on their

own do not dgum adhesive substances sufficiently from the lignocellulosic fibre surface and
require high energy input. Biosoftening aims to remove mainly lignin and other gummy
substances networking lignocellulosic fibre cells no or little negative effects on frergtst.

Lignin is stiff as a result it impairs fibre flexibility and cohesion need for spinning (Betadi

2014:1; Mojsov, 2014:135; Kandhasamy & Vasudevan, 2015:2; Shaikh, 2010:48; Gao & Yu,
2015:1305; Singket al, 2015:1).

The presence of lignin deens colour and imparts rigidity of lignocellulosic fibre. Biosoftening of

the Agave americana L.fiore can be achieved through biodelignification, bioscouring,
biopolishing and biobleaching treatment. The use of these treatments is potentially sestaidabl
favourable alternatives for upgrading physioechanical properties of lignocellulosic fibres
(Ales & Sumanasiri, 2010:2; Hernandeernandezet al, 2014). The aim is to achieviagave
americana L.fibre bio-processing effect with the use of selectadd controlled specific
commercial, enzymes so as to obtain the softer, fuller, less stiff, and less crisp fibre. A long
treatment time apart from the high damage of the fibre has a negative effect on handle (Almeida &
CavocePaulo, 1993:185).

2.8.10.1 Biodelignification with enzymes

Enzymatic biodelignification is biotechnology whereby purified or spuamified ligninases and
enzymatic extracts are used to hydrolyse and degrade lignin in the fibre (van Dam, 2002:11,
Placido & Capareda, 2015:4). The etige conventional chemical delignification involves
degradation of the necellulosic fibre binding components but causes environmental pollution
and reduces fibre strength (Saxestaal, 2017:56). Mechanical methods need highezrgyn
inputs to softentte fibreon the other side usually do not completely remove the adhesive biomass
from thesurfaceof thefibre bundlewith reducedenergy input. Biodelignification is the preferred
alternative due te@ontrolsanddisadvantagesf existing chemical treatmetechnologies (Gaet

al., 2015:5477). Biodelignification can be performed effectively and efficiently through the use of
ligninolytic enzymes or microbial use without affecting the integrity of cellulose (Rameshaiah &
Reddy, 2015:3; Sarma & Deka, 2016399
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2.8.10.2 Bioscouring with enzymes

Scouring is the removal of nesellulosic constituents from the lignocellulosic fibre and thus
directly transforms the fibre structure (Shrimali & Dedhia, 2016:675). The hydrophobic properties
of raw lignocellulosic fibres armainly instigated by the pectins (Sarma & Deka, 2016:998). The
removal ofpectinthrough the use of scouring chemicals results in more hydrophilic, brighter,
softer and smoother lignocellulosic fibre than enzymatic biotechnology; but with beyond the
limits; reduced strength and causes environmental hazards (l¢&@in1998:190, Seenaet al,
2017:56). Contrary to that, it is edoendlier and better retains fibre strength while at the same
time removes the necellulosic scums from the lignocellulosic fibres to soften and brighten the
fibre surface. Bioscouring also reduceshight er and chemical sdé utili
and discharge (Gargt al, 2013:43; Anwaret al, 2014:168; Garget al, 2016:6). Thus,
sustainable quality lignocellulosic fibre is
2012:172).

Bioscauring is an ecdriendly process that has a great fut&harma 2013:769)Pectinases
proved to be the most effective, and economic alternative enzymes for lignocellulosic fibre
bioscouring that do not adversely affect the cellulose (Hasah, 2015:16 Nisha, 2016:293).
Alkaline pectinases are especially recommended and commercially appealing for imparting water
absorbability i n |l ignocel l ul osi c; TéligbAders, ( He
2016a:21). The new enzymatic bioscourifgnction is a good,innovative and ecdriendly
alternative to decrease pollution and does not cause excessive fibre darfatfgeriiminimises

the demand for high energy, a lot of water, corrosive and concentrated chemicals and the costs
(Mojsov, 2012:24; Novozmes, 2013:20;Shrimali & Dedhia, 2015:675Sarma & Deka,
2016997). In general, pectinases are mostly used for lignocellulosic fibre bioscouring mostly uses
pectinases to hydrolyse the lignocellulosic fibre cell wall structure to release pectin. The Total
Dissolved Solids (TDS), Chemical Oxygen Demand (COD) and Biological Oxygen Demand
(BOD) of enzymatic bioscouring process are less than that of alkaline scouavec@Paulo &
Almeida, 1994:353;Pedrolli, 2009:15; Garget al, 2013:43;Novozymes, 2013:20Mojsov,
2014:136; Bhardti & Kanaka, 2015:4857 & 4859).

2.8.10.3 Biobleaching with enzymes

A major objective of bleaching the lignocellulosic fibres ictmfiscatethe remaininglignin and
improvethe fibrecolour and absorbency. The bleached lignocellulosic fibres are brighter, more

commercially attractive and produce valgded produst (Rameshaiah & Reddy, 2015:3).
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Bleaching whitens and increase fibre brightnd3ge Agave americana Lfibre is bleachedan
produce anumber of col our hues and pastel shade
2015:3281). The usual chemical bleaching of lignocellulosic fibres involves highly concentrated
and large quantities of chlorine and subsequent, large amountseoffararinsing. The bleaching
lignin-chlorine products tend to be are mutagenic and pose waste effluent treatment problems
since they are toxic and dark coloured (Saxetaal, 2017:56). Therefore, environmental
concerns become a pushing factor to explfar alternative cleaner ways to at least reduce or
abolish the use of chlorinated bleaching chemicals (Selvam & Arungandhi, 2013:96). Moreover,
chlorinated bleaching chemicals react with the fibre and decrease fibre DP and consequently,
cause serious Iesof fibre stength (Bharathi & Kanaka, 204857; Singlet al, 2013:3).

Adopting ecefriendly biobleaching technology for lignocellulosic fibre is an alternate way to
abolish the use of harmful chemical wet processing procedures (Shrimali & D2dh&g675).
Bleaching using enzymes is of interest to explore new ecological, social and economic techniques
for softening and brightening the fibres (Van Dam, 20023Harma 2013:76§9 Thermostable
commercial enzymes are active under alkaline conditidn8boe are generally preferred for
biobleaching. Enzymatic bleaching modifies and improves lignocellulosic fibre properties and
sometimes creates completely new fibre properties. The basis of these enzymes must be
economically feasible for thdgave amerdana L.fibre biobleaching with a view to diversify the
enduses of the fibre (Usluoglu & Arabaci, 2014:364). The enzymatic biobleaching technique is
normally carried out with oxygebased enzymes which bout the coloweating mixtures in the

cell wall lignin component of the fibre. The enzymatiobleachingtechniques, are the
considered to be one of the desirable ways, to reduce absorbable organic halide (AOX) levels in
the discharged wastewaters, thus reduce the need for chlorine during processiniyeamce fibre

guality gaining intensity and the decrease in Post Colour Number (PC number) (€haltur
2012:22202221).

2.8.10.4 Biopolishing with enzymes

The enzymatic biopolishing also called biofinishing is a biological process in which the enzymes
mostly cdlulases act on the surface of the fibre (Schindler & Hauser, 2004:181; Rehman & Imran,
2014:94), to improve the softness and the efficiency of the subsequent textile fibre finishing
process either as pteatment and enzyressisted textile fibre finishg or biofinishing.
Chemicals used for wet fibre polishing are

pollution (Saxenaet al, 2017:56). The enzymatic biopolishing of lignocellulosic fibre has often
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been reported environmentally safe and swusfaésvithout significant negative effects on the
strength of the fibre (Schindler & Hauser, 2004:181; Rehman & Imran, 2014:94). With proper
control, enzymatic biopolishing is absolutely riske and effective because it is conducted under
mild chemical ad physical conditions (Eklahare, 2011:43; Anuradha & Nachiyar. 2012:12;
Chinnamma & Antony, 2015:1607).

The cellulase biopolishing of the lignocellulosic fibre occurs only on the surface because cellulase
cannot infiltrate the fibre interior since its moldes arebigger, than water molecuse(Uddin,
2015:12). Thus, fibre strength is not adversely affected by cellulase biopolishing rather
smoothens and provides a permanent effect on fibre surface. Contrary to that the conventional
singeingand chemical polishing imparts temporary polishing effect; the textiles fuzz and pill;
shortly after use and care. Thus loses colour and beauty (Konczewic & Koztowski, 2012:172;
Rehman & Imran, 2014:94; Beheed al, 2017:205. Cellulase biosoftening dfgnocellulosic

fibres brings about reduced pilling, increased softness and amelioration on handle, surface
structure and fibre appearce (Heine & Hoecker, 2001:26¥jgneswaranet al, 2011:910;
Sharadeet al, 2014:428).

Enzymatic biopolishing is sustebly potential wet processing to upgrade and facilitate aesthetic
and easier fibre spinning qualities of lignocellulosic fibres without or with limited use of harsh
chemicals in the textile industr$fianthi & Preeti, 2015:1050Wddin, 2016:1). The biagishing

of Agave americana Lfibre with cellulases is expected to reduce brittleness and stiffness and
promotes its affinity to readily accept dyes, as it has been the case with sisal (Matngbm
2015:1748).
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CHAPTER 3: RESEARCH METHODOLOGY

3.1 INTRODUCTION

The natural fibre are prospective alternate to synthefibres. The eveincreasing demand for
natural fibres in textiless progressivelycompelling textile researchers to further research on
sustainable and suitable textile fibre sourdése Agave americana Leaves were harvested and
extracted for investigation of the innovative and sustainable enzymatic techniques té\gaften
americana L.fibre for textile uses. Research design, plant sampling and harvesting, fibre
extraction process, fibre biosoftening processes, fibre testing and fibre testing procedures form the
basis of this chapter. Fibre extraction, biosoftening and evaluation gfhyscomechanical
properties were compiled to form germane data to be statistically analysed. Enzymes were
procured and a laboratory and equipment were prepared according to proposed plan. Various fibre
extraction, softening and evaluation proceduresvpeudently observed and the sustainable and
most appropriate choice was done on bases of logical and critical thinking based on literature

reviewed.

Harvesting, fibre extraction and delignification experiments were conducted and reported in
detail. The mehanical propertiesf the extracted fibre were testbdfore and after the enzymatic
biosoftening treatmeniThe effects of the various enzymatic processind\gdve americana L.

fibore was documented and the physioechanical properties such as colowxttre, tensile
maxi mum | oad, tensile displacement at ma X i
evaluated.The methods used were described and statistical data analysed and subsequently

conclusions were drawn.

3.1.1 Research Design

The research design is athodical strategy through which the research questions or hypotheses
are investigated and data collecee®tl analyseth order to interpret the results, draw conclusions
and suggest what and haw proceed withfurther research{Brink et al, 2012:96; Maree &
Pietersen201696). There are two main methods of conducting researchgubétative and the
guantitative Qualitativeresearchapproactoffersan indepthconsideratiorof the issuglvankova

et al, 2016:307) In this research stly, quantitativeresearchmethod was useih its two forms:
experimental design and nexperimental desigrQuantitative researcamethodis a scientifically
structuredapproach with clear objectives to investigatthe possible conceptualsourceand

outcomeusing statistical measuremenmtscollect and analysdéata to st hypotheses or respond
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to the research questiofisankovaet al, 2016:307). It is conducted withsmall,specified group
within a population It assists the researcher to find a rapparbrgst the variables; in order to
generalise the results to the entire population (Benkal, 2012: 112 Maree & Pietersen
2016:162).

The experimental quatitative method is the method whereby the researcher manipulates the
behaviour of the independent variables to come up with the interventions by testing the
hypotheses explicitly called the cause and effect questions and establishing the relationship
betweenthe independent and dependent variables to produce an evidence researcét (&8rink
2012:102103; Maree & Pietersen, 2016:17Non-experimental method describes certain issues,
explores and explains the relationship between relevant variables withenipulation of
independent variables. There is neither an involvement nor experimental control conducted by the
research (Brinket al, 2012:112; Maree & Pietersen 2016:171).

As a result, e choice of this methodvas influenced by the nature of the topic and the main
objectives of tis study. Information pertaining to this study was gathered through review of
existing literature and experimental work on iré@d intra plant fibre variability, sustainable and
ecofriendly methods of harvesting, extracting, softening and brightening LesothdAgawe
americana L fibre with the aim tadetermine the fibr@hysical and mechanictxtile properties

and to improve the physical properti€dince the research design istpafra research plan, the
researcher adhered to all procedures in collecting dadeszsibedn this chapter. The research

design consisted of the following three phases:

1 Phase | is the selection Afave americana.lplants; leaf harvesting; preparatiohleaves for

water retting and fibre extraction.

1 Phase Il consisted of enzyme procurement and the enzymatic biosofteniAgaoé

americana Lfibre.

1 Phase Ill consisted of physical and mechanical evaluation of botfbiosoftened and

biosoftenedAgaveamericana L fibre.

3.1.2 Sampling for plant leaf harvesting

A sample is a small number of observations taken from the total number that makes up the
population. The group is chosen for its characteristics daatallowthe researcher ttestthe

hypotheses amdr respond taesearch questior{8laree & Pietersen 2016:19Zor the purposes
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of this study, the researcher howeversal human beings in data collectiofsubjective
observation of the hand of the fibre due to lack of an objectigehodbut in minimalscale.

Agave americana Lfibre which is a natural fibre, obtained from the leaveAgdve americana L.

plant and which is vastly available as wild plant in both urban and rural arészsatho was
selected for this studyn this study; intreandinter Agave americana Lplant variability in fibre

physical and mechanical characteristics was explored based on experimental designs, technique
and statistical analyses. Three fleshy and mature Aglave americana Lplants were selected
randomly at BarutingSehlabengaThuoathe, Berea, Lesotho. Six leaves were selected from
each plant depending on the three different levels of development. Thus two leaves from the same
level on the same plant were harvested: two mature leaves from the lower level ahthatphn

angle greater than 45 degrees to the vertical leaf-sexd®n stand, subjected to debending

forces by spring balance perpendicular to the leaf #naspoint of leaf bole attachment with a
typical knife blade falling vertically through tleeosssections. Two leaves from the middle level

of the same plant and two from the top level, denoting young leaves but not the innermost four
leaves at the apex because cutting them is likely to impact ndgabwehe plant growth and
production. Theotal of 18 leaves waselected for this study

3.1.3 Materials and methods
3.1.3.1Materials and equipment

The research work was conducteing the followingmaterials and equipmengave americana
L. plants heavy duty knives or sickles, protective rubber hand cloves, protective eye gagdles,

laboratory coat

3.1.3.2Safety

Like animals which have protective mechanisms; plants hagansto protect themselves.
Sometimes they have shagdged leaves or thorns twxins which work when ingested or even
touched Agave americana Lplant is an irritant plant that has leaves with both spiny margins and
tips and the irritating sap that causes skin dermatitis. This has irritant properties due to its calcium
oxalate crymals, oxalic acid, and saponins. The researcher wore protective clothing, including
gardeningeye protection, heavy dutybbergloves,long sleeves garments and/or laboratory coat,
long pants and closed shoe$ien harvesting and preparidgiave american. plant leaves for
treatment to avoid being stung and skin irritations by the leaf sap. Hands were washed after

handling the partially degradédyave americana Lfibres
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3.1.3.3Plant Leaf harvesting Procedure

The plant leaves were hand harvested by cutting ttlese to the stalk base; with a large heavy
duty sharp knife and /or sickle and bundled for transport to the processing fibre extraction factory
for fibre extraction.

3.1.3.4The preparation and morphological parameters of the cut leaves

In the extraction planthe marginal and terminal spikes of harvested leaves were removed.

Figure 3.1: HarvestedAgave americana Lleaves ready for triangulation water retting

Agave americana Lleaves were manually stripped lengthwise starting from the base and ended
closest to the tip but still intact towards tips, to accelerate the retting process and improve the
quality of fibres, because the retting process is normally slow figure 3.2 $tngsefollowed the

lines of the fibre bundles and subsequently tapering towards the tips of the leaves. The huge full
lengthened green freshAgave americana LUeaves were half stripped into two ribbon sections

(as illustrated in figure 3.2). The ribb®nrvere mechanically stripped from the leaf base section
toward the leaf tip but left still intact at the tip. The leaf ribbons were bent halfway lengthwise into
the drums, with the base and tip sections at the bottom of the drums and the middle part of the
leaves on the top most surface of thhems. The drums containing the leaves were then filled with
clean tap water to the brims to immerse the leaves. Thesdvarethen closed with lightly fitting

lids and led to ret undevater.
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Figure 3.2: StrippedAgave americana Lleaves

3.2 FIBRE EXTRACTION

In this research the fibneasextractedirom the noncellulosic componentthroughwater retting

of Agave americana Ueaves inthe druns; then followed by hand scraping of the cuticle, the
outer layer and washing away of the pulpy biomass. The choice of appropriate method of fibre
extraction is of utmost importance since it could result in plant fiore with good and required
properties suchas length, fineness, strength, high cellulose content, optimal value and
homogeneity (Konczewicet al, 2013:118). Water retting oAgave americana Lleaves was
considered to be an efficient and feasible way for extractiogpod quality fibre which allows

greater control (Zawarmt al, 2015:314).

3.2.1 Triangulation Water Retting of Agave americana Lleaves

In this researcihgave americana Lfibres was extracted according to the water retting method
conducted by Mafaes200669-70, with some modifications; in accordance with the principles
used by Sarkar & Sengupta (2015:171). The stripleedes were divided intyyoung mid

maturel and fully maturd leavesbut still fleshy andfresh sets Three barrels were used; each
barrel was used to water ret the six leaves of the same Planteaves were arranged vertically

but bent in halves; and the base and tip sections of the leaves at the bottom and middle section:
were on the surface of thrrrels. Clean tap water wased to submerge thAgave americana L.

leave in a barrel of water for up to 24 days at mostly rainy weather conditions. The length of

retting time was determined by the efficiency rate of fibre productioAgave americana .L
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leaves. This research was conducted to investigate the optimum rettiAgafoe americana L.
leaves for fibre production. Retting process was frequently monitored after every two days.

The two leaves of each level from each plant were marked with ealousulation tape to
differentiate the other six leaves from each plant which were instead, vertically bent in half in an
individual drum of about one hundred and twenty litres capacity. Clean cold tap water was then
filled in the drum to submerge the e (figure 3.3). After two days, the need to low down the
leaves was apparent. Flat stones were used to low down the Aggang americana Leaves in
submerged condition. The submerged condition is explained by Sarkar & Sengupta (2015:171) as
a stratgy to avoid the production of the ferretannin that can discolour the fibre. The retting

drum was then closed with its lid.

Agave americana Lfibre can successfully be extracted by conventional water retting, from the
Agave americana Lleaves but causenvironmental pollution. Water retting is the process
wherebyAgave americana Ueaves are immersed in water for a while to rot through the chemical
action of water and microbes in order to separate with eagggénee americana Lfibre bundles

from nonfibrous matter. Retting research section was conducted to investigate the optimum
retting forAgave americana Leaves and extract fibre foneymatic biosoftening proceds. this
research study there were no added activators used ttrafestthe reihg process. Retting

occurred naturallyn the closed barrels

Figure 3.3: Triangulation water retting ofAgave americana Lfibre in drums

The use of a closed drum was employed as a form of tank retting method which used stagnant
water because it is feasible at any seasonvaatherof the year. It allows greater control and
produces more uniform qualifyParidaet al, 2011:5269, Bezaat al., 2014:3) It was aimed to
accelerate leaf matrix retting process which is brought about by the bacterial rapid development

due to warmer temperature increased by closing the druitesature has confirmed the issue of
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accelelating Agave americana.leaves retting through the use of closed barrels (Manimekalai &
Kavithg 2017:374) The leaves were then monitored frequently: after every two days, to a day
when heading towards retting completion; when the outer cuticle and waxes on the covering layer
of|l eaves were easily removed from the | eaf
Periodic checking of rettindgave americana LUeaves was done frequently to ensure adequate
retting for extraction of fibre in proper time and to avoid under rettingver retting. When the

fibre slipped out with ease from the leaf biomass on pressure between the thumb and forefingers,

adequate retting was achieved.

3.2.2 Manual decortication of Agave americana LFibre

The leaves were then hauled out from the drums dmd Was extracted manually; one leaf at a
time. The cuticle and waxes on the covering layer of leaves were then scrapped off with the knife
using its blunt sideThe fibre was then washed first in the retting water; (figure 3.4); it was further
cleanedprudentlyin clean water once, to remove the +emllulose cementing leaf biomass and
other impurities. However; the narellulose cementing leaf biomass was not fully degraded to
release the leaf fibre bundles; especially from lower and thicker partse déaves. The fibre
bundles were then slightly pounded wahhammer(figure 3.5), to further soften and release

binding components from the cellulosic leaf fibre.

Figure 3.4: Agave americana Lfibre washed in the rettingvater which formed a high foam
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Figure 3.5: Agave americana Lfibre lightly hammered to degrade the binding components

The fibres were then washed witleanwater twiceand then hanged vertically on line and air
dried forsix hours (figure 3.6) to dry. The bundles fibre was ctdld for further investigation.

Figure 3.6: Extracted Agave americana Lfibre hung to air dry

3.3 ENZYMATIC BIOSOFTENING OF AGAVE AMERICANA L. FIBRE
3.3.1 Design of fibrebiosoftening Experiments

The enzymatic biosoftening of the lignocellulosic polymer fibres is currently among the most
substantialiecofriendly alternatives to neenvironmentalriendly harsh chemical modification
methods. It is more innocuous and madgantageousvhen compared to its counterpart chemical
technique for the fact that enzymes are specific to substrate(s) to catalyse, have colossal reactiot
rates, function under milder reaction conditions and leniently transform the sligfameellulosic

polymer fibres(Kalia et al, 2013:101)The Agave americanaly br e was e XAdaveact e

americana L.plants obtained and harvested from Sehlaks¥ibhuoathe (Thuoathe plateau)
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Berea, Lesotho. Th&gave americana Lfibre was cleaned by hand to remar®urities, such as
debris and weighed on a sensitive balance scale. Three (3) ggaws americana Lfibre was

first boiled for 15 minutes (figure 3.7lefore enzymatic biosoftening. After pmreatment time

the fibre samples were rinsed with disdllesater. The commercial lignocellulolytic enzymes and
other chemicalswere bought from SigmaAldrich and Merck companiesThe enzymes were
employed in individual and sequence combinations. The following enzymatic biosoftening

experiments were conductdalodelignification, bioscouring, biobleaching and biopolishing.

Table3.1: Enzymatic biosoftening processes and conditions

Bioprocess Enzyme type pH Temperature | Treatment
(°C) time
(hours.)
Biodelignification Manganese 8.7 50 72
peroxidase
Bioscouring Pectinase 8.5 55 1
Biobleaching Xylanase 8.5 60 8
Biopolishing Cellulase 8.5 50 2

The processingparametersuch as temperatune degree Celsiugjme in minutes and hourand
enzyme concentratiom percentagesvere chosen and adapted based on, literature review and
amounts availableThe experiments were conducted in laboratory soafier each enzymatic

biosoftening processes, the fibre was dried.

3.3.2 Materials

1 Agave americana Lfibre extracted fromAgave americand.. plant leaves through
triangulation water retting.
1 Lignocellulolytic enzymes:
0 Manganese peroxidaseas obtainedrom Phanerochaete chrysosporiumrocured
from SigmaAldrich; Germany an@nd it was intentetb delignify the fibre
0 Pectinase was obtainedfrom Rhizopus species procured from Sigmaldrich;
Germanyand it was intentetb bioscour the fibre
0 Xylanaseobtainedfrom Trichoderma viride procured from Sigma&ldrich; Germany,

and it was intentetb biobleachthe fibre and
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0 Cellulaseobtainedfrom Trichoderma viride procured from Merck New York USA;
and it was intentetb biopolish the fibre.
1 Water (tap and distilled)
1 Chemicals: Tris (0.2 M), Hydrogen chloride (HCI; 0.2 M), Manganese sulphate (MnSO
Hydrogen peroxide (bD2; 2 mM), Glycine (0.2M) and Sodium hydroxide (NaOH; 0.2 M)

3.3.3 Tris i HCI buffer preparation

The Tris amounting to 24.2 g was dissolved in 1 litre distilled water. The 19.76 ml HCI (0.2 M)
was measured and distilled water was added into HCI to fill up 1 Atraixture was shaken to

mix well. The 5 ml HCI solution was added to Tris 50 ml solution. The distilled water was added
into Tri-HCI solution to fill up 200 ml. MnSo4 of 0.089g was dissolved in 1 ml of 0.5% albumin
and 0,014 ml = 140 microlitre J@,. (2 mM). MnSo4 solution and Tr$ICl solution were mixed

to complete TrisHCI buffer.

3.3.4 Sodium hydroxide (NaOH)-glycine buffer preparation

The NaOH (0.2 M) of 8g was dissolved in 1 litre distilled water. The glycine of 15g (0.2 M) was
dissolved in 1 litre distilledvater. Glycine solution of 5@nl and 8.8 ml NaOH solution were
mixed and distilled water was added to fill up to 200 @#,cine solutionamounting to, 250 ml

and 44 ml NaOH solution were mixed initte beaker and with distilled water was poured in to

make 1 litre ready to use buffer.

3.3.5 Preliminary experimental procedures
3.3.5.1Individual enzymatic biosoftening aAgave americana Lfibre

The threegrams ofAgave americana Lfibre was weighed and boiled for fifteen minutes (figure

3.7) to wet the sample. Manganese Peroxidase enzyme was weighed to 0.00R| Tidfer

(pH 8.7) of 22.5ml was measured. The enzysheffer solution was prepared. The boiled wet
fibre and enzymduffer solution were added in 250 ml conical beaker which was shaken to mix
al |l the reagent s. The fibre was then incuba
incubation the beaker was shaken at 12 hours intervals to distribute mix and filretheAt the

end ofprocessingime, the enzyme wadeactivatedy boiling the fibre in water for 10 minutes.

The enzyme treated fibre sample was then washed thoroughly with tap water and rinsed once with

distilled water. The fibre was dried at room ferature for 12 hours and therweighed.
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Figure 3.7: Agave americana Lfibre boiled in water as a préreatment process

3.3.5.2Bioscouring with pectinase enzyme

Three grams oAgave americana Lfibre was boiled for 15 minutes in a cooking pan to wet it.
Pectinase enzyme weighing 0.33g was dissolved in 60 ml sodium hydroxide (fd&4@idpe

buffer. The fibre was put into 25@l conical beaker and enzyrliffer solution was poured over

the fibre. The beaker was shaken and fibre was then incubated at the controlled temperature of
50°C for 60 minutes in water bath (figure 3.8). The beaker was shaken at 20 minutes intervals.
After the treatment time the enzyme was deactivated by boiling in water fonriQes, then
washed twice with cold tap water and finally with cold distilled water. The fibre was dried at

room temperature for 12 hours and themvesghed.

3.3.5.3Enzymatic biobleaching with xylanase enzyme

Three gramsaw Agave americana Lfibre was boiledor 15 minutes. Xylanase enzyme of 0.01g
was dissolved i50 ml NaOH-glycine buffer. The measured enzyme was dissolved in measured
buffer to make enzymbuffer solution. The fibre was placed into the 250conical beaker and

the enzymebuffer solution wa poured over the fibre, shaken and incubated in a water bath at the
optimal temperature (60°C) (figurd.8) for 8 hours. During incubationbeaker contents were
shaken after every 2 hours. After the incubation time the fibre was boieatén (figure3.8) for

10 minutes to inactivate the bleaching enzyme, then washed with cold tap water twice and finally

rinsed with clean distilled water, dried at room temperature for 12 hours-avelgieed.
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Figure 3.8: Enzymatic biosoftening oAgave americana Lfibre incubated in water bath

3.3.5.4Biopolishing of Agave americana Lfibres with cellulase

Three grams oAgave americana Lfibre was weighed and boiled in water for 15 minutes. The
boiled fibre was put in to a5 ml conicalflask. The 0.005g commercial cellulase was dissolved

in 60 ml NaOHglycine buffer. The enzyniduffer solution was poured into the beaker over the
fibre. The beaker was then shaken and fibre was then incubated at controlled 50°C temperature ir
water bath for two hours with occasional shaking at 30 minutes intervals. The enzyme activity
was deactivated after treatment time by boiling the fibre in water for 10 minutes. The enzyme
treated samples were then removed from the source of heat andiviaglgewith cold tap water,

and subsequently with distilled water. The fibre wasdaied for 12 hours at room temperature

and then reveighed.

3.3.6 Sequential enzymatic biosoftening oAgave americana Lfibre

The 3 grams ofAgave americana Lfibre was weighed and boiled for 15 minutes. Manganese
peroxidase of 0.002 g was dissolved in 2thbof Trisi HCI buffer (pH 8.7). The fibre and
enzymebuffer solution were added in 250 ml conical beaker which was shaken to dissolve the
enzyme and mix theeagents. The beaker was covered with {idmapaper and foil (figure 3.9)

to prevent enzyniduffer solution to evaporate. Weight lids were put on top of the foil. The fibre
was then incubated for 72 houast controlled temperbah During o f
incubation the beaker was shaken aha@rsintervals. At the end of incubation time the enzyme
wasdeactivatedy boiling the sample in water for 10 minutes. The sample was then washed twice

in cold tap water and rinsed once with distilled wated dried for 12 durs.

The driedfibre sample was boiled for 15 minutéghe boiled fibre sampleras therput into 250

ml conicalbeaker. The 0.33 g pectinase was dissolved in 60ml Ngi§dihe bufferTheenzyme
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buffer solution wapouredover the fibreand shaken. The beaker was covered with para film
paper, foil and the weight lids. The fibre in the beaker was then incubatethrnwaterset at

50°C for 60 minutes. The beaker was shaken 30 secondsat 20 minutes interval After
incubation time thesample was boiled in water for 10 minutesdeactivate the enzyme activity
then washed twice with cold tap water and finally with cold distilled water. The wet fibre sample
was put into the 256nl conical glass beaker. The 0.01g xylanaszyme waslissolved in 60
NaOHglycine buffer of pH 8.5. The enzynimiffer solution was poured over the fibre, shaken
and incubated water ba#dt 50°C for 8hours. During incubation the sample was shaken after
every 2 hours. After incubation time the fibre waddsbin water for 10 minutes tdeactivatehe

enzyme, then washed with cold tap water twice and finally rinsed with clean distilled water.

The wet fibre was put into a 250l beaker. The 0.005 g cellulase was dissolved in 60 ml NaOH

glycine buffer. The ezymei buffer solution was poured over the fibre to immerse it. The beaker
was then shaken to distribute the solution over the fibre. The fibre was then incubated at 50°C in
the water bath for 2durs. The sample was shaken after every 30 minutes. Whandineation
time was over, the sample was boiled for 10 min to deactivate the enzyme. The sample was then
washed twice in cold tap water, and subsequently by distilled water. The fibre was ttieedair

for 12 hours at room temperature and thewegghed.

3.3.7 Research experimental procedures

There were lessons learned during preliminary testing which led to some changes in research
experimental procedure: some sample containers in water bath tilted upside down and disturbed
the experiment. The watewaporation was too high because it was not easy to cover the bath so
became a challenge during the night. These force a change from water bath to convection oven
(figure 3.9). The enzyme concentrations were also found inadequate hence they were imcreased
the experimental procedures. The experimental design was still the same as the preliminary

testing.
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Figure 3.9: Outside feature of aonvectionoven used for incubation ofgave americana Lfibre

3.3.7.1Individual enzymatic bigoftening ofAgave americana Lfibres

Trisi HCI and Sodium hydroxide (NaOHjlycine buffers were prepared as per preliminary

experiments.

3.3.7.2Biodelignification with manganese peroxidase

The threegrams ofAgave americana Lfibre was weighed and boiled for 15 minutes. Manganese
Peroxidase weighing 0.02g was dissolved in 2&l50f Trisi HCI buffer (pH 8.7) to make
enzymebuffer solution. The boiled wet fibre and enzyimgfer solution were added respectively

in 250 ml conicalbeaker which was then shaken to mix all the reagents. The beaker was covered
with parafilm paper and foil (as illustrated in figure 3.10) to prevent enzymefer solution to
evaporate. Weight lids were also put on top of the foil. The fibre was thahated for 72 hours

(3 days) at cont r ol toevdction evenpfgurea3dtll)r e of 50e C i

Figure 3.10: Agave americana Lfibre with enzyme solution before incubated in thenvectionoven
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During incubation the beaker was shaken after every 12 hours. At the end of the treatment time
the enzyme wadeactivatedy boiling the sample in water for 10 minutes and then washed twice
in cold tap water and rinsed once with distilled water and dfikd.fibre was then rereighed.

3.3.7.3Bioscouring with pectinase

Three grams oAgave americana lfibre and 0.5g pectinase enzyme were weighed. The fibre was
boiled for 15 minutes. The enzyme was then dissolved imb8odium hydroxide (NaOH)

glycine buffer. Tle fibre was put into 25l glass beaker and enzyrbeffer solution was poured

over the fibre. The contents were shaken to further and the beaker was then covered with para film
paper and the foil. Weight lids were put on top of the foil. The sample veasinicubated in
convectionoven at the temperature of ®Dfor 60 minutes. During incubation the sample was
shaken at 20 minutes intervals. After the enzyme treatment time the fibre was boiled in water for
10 minutes, then washed twice successively wiald tap water and finally with cold distilled

water and then, dried for 12 hours at room temperature. The fibre was-theighed.

3.3.7.4Biobleaching with xylanase

Three grams of ravhgave americana Lfibre water boiled for 15 minutes. Xylanase enzyme of
0.1g was dissolved in 6l NaOH-glycine buffer of (pH 8.5). The enzyntmiffer solution was
made. The fibre was placed into the 280 glass beaker and the enzymeaffer solution was
poured over the fibre. The contents of the beaker were shaken to distiéutmgents evenly.

The beaker was then covered with para film paper and the foil to prevent émeyfae solution

to evaporate. Weight lids were also put on top of the foil. The fibre was then incubateaios 8 h

in convectionovenat the optimum temgrature of 50°C. During incubation the beaker was shaken
after every 2 hours. After 8 hours Incubation fibre was boiled in water for 10 minutes and, then
washed with cold tap water twice and finally rinsed with clean distilled water and dried for 12

hours;at room temperature. The fibre was thenweighed.
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Figure 3.11: Agave americana Lfibre incubated in the convention oven

3.3.7.5Biopolishing with cellulase

The 3 fibre was boiled in watdor 15 minutes and put in260 miconical beaker. In enzyme the
biopolishing solution was prepared by dissolving ca8iel enzyme weighing 0.01g in 6D
NaOHglycine buffer. The enzyniduffer solution was poured into the beaker over the sample
and contents were then shaken. The sampleheasincubateat 50°C in theconvection oven for

2 hours with occasional shaking after every 30 minutes. The enzyme activity was deactivated after
treatment by boiling the sample in water for 10 minutes and washed twice in cold tap water, and

subsequently by distilled water. The fibre was therdded for 12 hour and then-seeighed.
(@) Sequential enzymatic biosofteningAdave americana.lfibre

There were three sequential enzymatic biosoftening combinations conducted in this section:
pectinse and xylanase, pectinase, xylanase and cellulase and MnP, pectinase, xylanase ant

cellulase.
(b) The pectinase and xylanase sequential biosoftening

The procedure for an individual pectinase biosoftening 3.9.6.1.2 above was first followed but the
fibre samplewas never dried and «weighed. The xylanase biosoftening procedure 3.9.6.1.3 was

then pursued but omitting first two steps of the weighing and boiling the fibre sample.
(c) The pectinase, xylanase and cellulase sequential biosoftening

The procedure for sequtial pectinase and xylanase biosoftening 3.9.6.2.1 above was first

followed but the fibre sample was never dried andveghed. The cellulase biosoftening
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procedure 3.9.6.1.4 was then pursued but omitting first two steps of the weighing and boiling the
fibre as well.

(d) MnP, pectinase, xylanase and cellulase sequential biosoftening

The procedure for an individual manganese peroxidase biodelignification (3.9.6.1.1.) above was
followed. Subsequently, the pectinase, xylanase and cellulase sequential bieggiteciedure
(3.9.6.2.3.) was followed including the second steps of boiling the fibre for 15 minutes.

3.3.8 Weight loss percentage (WL%) computation

At the end of each enzymatic biosoftening process the weight loss of each sample was calculatec
with the differencebetween the fibre before and after bioprocessing. The weight loss percentage
(WL) was computed; as per the equation (1): WL% #W¥ + W1x10Q Where W; was the

weight of fiore samples before bioprocessing andwas the weight of the fibre samples after

bioprocessing.

3.4 BOILING WATER PRE -TREATMENT OF AGAVE AMERICANA L. FIBRE
3.4.1 Preliminary water boiling pre -treatment

The Agave americana Lfibre was cleaned by hand to remove impurities, such as debris and
weighed oma sensitive balance scale. The five gra#gave americana Lfibre was first boiled as
per the above preeatment for enzymatic biosoftening but time was extended to 30 minutes.
After that the fibre was washed twice in cold tap water and subsequentigtitigdiwater. The

fibre was then aidried for 12 hour and rereighed.

3.4.2 Experimental water boiling pre-treatment

The experimental water boiling pteeatment was conducted the same way as for preliminary test
but the fibre weight was reduced to three gaithere were two sets of pireatment conducted a

30 minutes set and a one hour set.

3.4.3 Weight loss percentage (WL%) computation

At the end of the water boiling process the weight loss of each sample was calculated with the

difference between the fibrigefore and after processing. The weight loss percentagg Was
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computed; as per the equation (1):%/= Wi-W, + W;x100. Where W; was the weight of fibre
samples before processing and Was the weight of the fibre samples after processing.

3.5 THE AGAVE AMERICANA L. FIBRE EVALUATION

Knowing the physical properties @fgave americana Lfibre assiss individuals to grasp its
maximum potential in textiles. The physical propertiesAghve americana Lfibre such as
defect s, strengt h, ybre di mensions, var i abi
performance properties and it is imperative to analyse them in order to attain its full potential
importance as textile fibre. Thgave americaa L. fibre quality and grading depends on many
parameters including fibre length and diameter, tensile strength and elongation, fibre softness and
stiffness, cleanliness, coloudustreto mention a few. Since there is no standardized fibre grading
systemcurrently in use in Lesotho, to determine fibre quality, the general two methods of fibre
evaluation namely, the instrument andualandhandevaluation (Dast al, 2013:755), were

used forAgave americana Lfibre exploration for potential textile usklicroscopy observations,
tensile strength, texture, colour and brightness indexes, fibre weight loss were conducted on raw
Agave americana Lfibre and bioprocesseflgave americana Lfibre to both qualitatively and
guantitatively determined the nature afangeson the fibre surfaces caused by the enzymatic

biosoftening.

3.5.1 Fibre evaluation general design

Evaluation ofAgave americana Lfibre was conducted according tieethods described by Uddin
(2015:23) with some modification. For the fibre samples to reach moisture balance, they were
weighed and conditioned for the experimental treatmen24 &t 2°C temperatureand 65+ 2%

relative humidityto warrant accurateness and dependability of results.

3.5.2 Instrumental Evaluation

Fibre testing instruments are used to evaluate the essentiapFfigseceomechanical properties

that determine fibre quality. The instrumental evaluation is more accurate and unbiased for fibre
guality. To reduce personal errors that atee do subjective judgement of fibre quality it is
advisable to use, instrumental method. Instruments such as Instron tensile tester, scanning electro
microscope (SEM), light microscope and Shirley stiffness tester were used té\gmet

americana L. fibre tensile properties and surface characteristics. The phy&cbanical
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properties of the raw, water boiled and enzyme biosoft&gede americana Lfibre were tested
and analysed.

3.5.3 The fibre tensile testing method

Naiduet al (2017:2084) explained the mechanical properties as ways by which a composite fibre
indicates its capacity to endure forces that pull it apart and how much it can stretch before its
failure. The tensile tests of raw (untreated), water boiled and enzyhiasioftened ofAgave
americana L.fibore samples of which eaclvas comprisedf 12 fibres were performed with

Instron universal automated material testing machine type 4200/4300/4400 as per the standards
specifications of American Standard Testing and Mesasent (ASTM) D 382D1) method.
Tensile test was conducted at a ramp rate of 20.00 kN/min and the data rate of 6.667 pts/sec. Eac
tensile specimen was placed in the Instron universal tester amdhihéensile load was applied
andthe computer generateensile stresstraingraphwas automatically plottedas the specimen
stretchedTherequired parameters wetieenrecorded as individual and average values; until the
specimemnruptured The following mechanical properties Afjave americana Liibre were tested:

the tensile strength in the form of maximum load (N), elongation displacement at maximum load

mm and Young6és modulus (MPa) and specific wo

3.5.4 Scanning electron microscopic (SEM) morphological evaluation

The SEMwas used to assess the morphologimaldifications of Agave americana Lfibre.
Lengthwise views indicated the surface morphology and size of untreated (raw) and enzyme
biosoftenedAgave americana Lfibres. The morphology of thAgave americana Lfibre before

and after enzyma biosoftening were conducted.

3.5.4.1SEM evaluation equipment

The SEM, Microscope slides, permanent marker, slide plates or containers, cover glasses, water ir
a small container, mineral oil and its container, sharp tweezersiregper, sharp small issors,

notepad, pen or pencil.

3.5.4.2SEM evaluation procedure: Longitudinal view

The Agave americana Lfibre samples to be tested were mounted on the microscopevsiicle
has been lubricated with one drop of wadedonedrop of mineral oil. Water facilitates easier
observation of the surface features; mineral oil improves the internal observation of the fibres. The

pair of tweezers was used to centre the fibre bundles on a glass slide, which is free of foreign
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bodies intuding other fibres. With the tweezers tips fibre bundles were separated in such a way
that each does not come in contact or overlap with other fibre bundles. A drop of mounting
medium was applied on the slide. Microscope cover glass was carefully plaaefiboes. The

sample was then assessed undefStanning Electron Microscope (SEM).

3.5.4.3Light microscopic evaluationtransverseview with plate method

(&) Light microscopic evaluation materials and equipment

Light microscopic evaluation materials and equipmemicroscopic slide, flat two holed
microscopic plate of equal size and shape of a microscopic slide, a #ffagé americana L.
fibre to test, coloured acetate thread, nylon pull through thread, microscopic slides, microscopic
cover glasses, a sharp razor blade, microscopic slide containers, water in a small container or
mineral oil in the container, sharp tweezers, eye dropparpssmall scisssr notepad, pen or

pencil.
(b) Light microscopic evaluation procedure

To identify the transverse view of tieggave americana Lfibre; a small holed perforademetal

plate from Shirley Institute kit which is of the same size as a microsdoeevgas used. The
tightly packed tuft of coloured acetate fibre was used for the background and one Agawo
americanaLy br e samples for test was made. The tu
and carefully pulled through into a hole imetmetal plate with a loop. The tuft was then cut off
with care on top and bottom of the plate, using the sharp razor blade ensuring that a tuft slice is
safely retained in the hole subsequent to cutiiingslide plate vas then lubricated with a drop of

oil and protectedwith the cover slide and the crosgctional images were examined with light
microscope (Nikon) fitted with camera Nikon Bi& 10x enlargementioptip hot2 and

photographed to evaluate the crgsstion, and the micrographs (AATCC, 1%X).
3.5.4.4Bending length evaluation with Shirley Stiffness Tester
(@) Hypothesis

A conditioned; individualAgave americana Lfibore sample was placed on a horizontal platform
on Shirley stiffness tester in such a way that it bent downwards like a cantilever until it was
reflected. The Shirley stiffnedsster has platformthat works with two plastic pieces there is a

mirror atached on the side of the tester which facilitates the operator to conveniently observe both
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index | ines. The testerds scale is graduate
which can also be used as a cutting template

(b) Equipment and materials

Shirley Stiffness Tester, scissors, measuring ruler and tape, 30 cm looséAgiagdeamericana
L. fibre as samples

(c) Experimental conditions and test procedure

The experiment wasonductedinder +21°C atmospheric temperature ahd5 relative humidity

The bending length of raw, boiled and selectively enzyme biosoft&igedre americana Lfibre

was measured using Shirley stiffness tester in accordance with BS 3356:199@gdve
americana Lfibre was first straightened\ single fibre was positioned tveeen a fixed horizontal
platform and a mobile grip that was steadily moved forward in a manner that allows the fibre to
hangover likea cantilever and bent downwards to produce an ideal bending behaviour. Then, the
bending length was instantly read afbin the scale mark opposite a zero line carved on the side

of the platform. Each fibre was measured eight times: four times, from each end (Base end and tip

end) in different directions, and their mean values were calculated and analysed.

3.5.5 Visual-and-hand evaluation

Professional and neprofessional evaluators can evaluate the physical characteristics such as
fibre fineness, softness, smoothness, colour, lustre and many more timisugkand i hand
evaluation. However, theisuatandhandevaluation method is bias and results analysed with it
greatly differ as per individual evaluator (Detsal, 2013:755) but can provide useful information

where instrumental tests are not available.

3.5.5.1Visual-and-hand evaluation experiments

The visualandhand properties are usually determined by a panel of assessors to come up with
reliable results that can be measured. The viandhand evaluation is a subjectiassessment

The answersmust be converted to numerical valiesd databe analysed statistally to find
relationshipbetweenobjective measurements (Hurretal, 2002:5, Kayseret al, 2012: 247).

The following physicaAgave americana Lfibre properties; biosoftening rate, fineness, softness,
smoothness, lustre, colour, density, uniformity, flexibility and suitability for textile use were

assessed with the visual and hand evaluation method adapted from étuatg2002:4), Kayseri
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et d. (2012: 247). Thirtfive fibre samples were arranged in rows on the tables and numerically
labelled 1 to 35. All were compared to a control raw sample of the fibre obtained from the lower
leavesthat waslabelled0. Ranking values on a scale oblwereassigned to the alternative
descriptions of each property. A panel of 11 Consumer Science workers and students was asked ftt
look, touch and assign to each anonymouddhelledfibre sample; a number on a scale of 1 to 5

that corresponds with a featutet best described the fibre property to be selected (Table 3.2).

Table3.2: The visual and hand evaluate#lgave americana Lfibre physical properties

Ranking 1 2 3 4 5
Fibre (most (Satisfying | (neutral) | (Not (Not at all
property ;?(gl;;yrltr;? Property) satisfying) satisfying)
Biosoftening | Oversoftened | Softened Average Under Extremely
rate softened undersoftened
Fineness Very fine Fine Average Thick Very thick
Softness Very soft Soft Average Harsh Very harsh
Smoothness | Very smooth | Smooth Average coarse Very coarse
Lustre Very shiny Shiny Average Dull Very dull
Colour White Off-white Greenish | Brown Dark brown
Density Very light Light Medium Heavy Very heavy
heavy
Flexibility Very flexible | Flexible Average Stiff Very stiff
Uniformity Very even Even Average Uneven Extremely
uneven
Suitability for | Most suitable | Suitable Average Unsuitable | Most
textile use unsuitable
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CHAPTER 4: DISCUSSION, ANALYSIS AND INTERPRETATION O F
RESULTS

4.1 INTRODUCTION

The aim of this research d@dawdmericarsadleaveswithe x t r ¢
triangulation water rettingbiosoften the fibre with lignocellulolytic enzymes and investigate the
fibre physicomechanical propertiesand variability of raw, water boiled and enzymatic
biosoftened fibreThe enzymatic biosoftening remavgome lignin, hemicellulose and cementing
non-cellulosic fibre impurities. However, this treatment reduteh e y b r eanddténsileme t e
strength

Thewild Agave americana Lfibre washarvested andxtractedenzyme biosoftened and testesl
aggregated fibre bundles ftextile fibre prerequisite. The physicoechanical properties of the
untreated (raw), boiled and enzyme-bmftened fibre were tested under the standard conditions.
Improvised closed tank retting was found faster and more envirorfmemdly than open
conventional rettingLiterature shows thahgave americana Lfibre is a natural, long and strong,
but stiff, coarse and hamslrfaced, lignocellulosic fibre (Mafaesa, 2006:101,105 & 126, Haille
al., 2015:69).The Agave americana Iplant is an emergent; alternate source of fibre that has
potential to become aushinabletextile fibre due to itgphysicemechanical propertieand its

abundaneand organic origin.

Agave americana Lfibre exists as fibre bundles consisting of numerous single #filarits
referred to as ultimate fibres or just ultimatAgaveamericana L fibre is lengthy withdifferent

sized diameter which is determined by a number of ultimates across the settemgave
americanal. fibre is approximately cylindrical in shape. i lengthy and relatively thick,
irregular, narrowing to a point, with one thicker side; that is from the base side of the leaf. The
enzymatically biosoftenedAgave americana Lfibre has improved textile qualities when
compared to untreatefigave americana lfibre. Nonetheless, it has reducedesigth. The overall

aim of this research is texplore the potential sustainable extraction, viability, enzymatic
biosoftening and textile physiemechanical properties #fgave americana Lfibre, in order to

add value, diversify its end uses and incraasgle fibre security in Lesotho
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4.2 TRIANGULATION WATER RETTING OF AGAVE AMERICANA L. FIBRE

Triangulation water retting oAgave americana Lleaves is an innovative variation of water
retting fibre extraction method. lis a multifacetedretting procesghat involves a number of
theoretical, methodical, and empirigarspectives tovercome thenadequacies ofonventional
whole Agave americana Lleaves operwater retting(Ngkleby 2011:147Ndanu. & Syombua
2015:47,Honorene2017:92) It facilitates aninnovative, improved, fadracked removal of nen
cellulosic constituents oAgave americana leaf biomass through degradation catalysis with
enzymes produced naturally by aquatic microbes (Bewi., 2017:53). Retting is a prelimingry
essential step forward in fibre extraction process; that determines the rate of natural plant fibres
production efficiency (Omennet al, 2016:275). Water retting is a natural biological process of
engaging the microbial action by immersing thgave amecana L.leaves in water for some
weeks to dissolve and/or rot away the cementinga@lulosic leaf components tadilitateease
separation of thédgave americana libre without damaging (Hullet al, 2015c:67).

4.2.1 Retting reactions and morphological clanges ofAgave americana Lleaves

Figure 4.1: Retting process started with leaching and a gaseous fermentation

The triangulation water retting éfgave americana Lfibre was accomplished by submergihg
harvested; lengthwise stripped leaves in waténéncloseddrums. Closing of drum&as intented

to acekratethe fermentation process to separate with ease the cellulosic fibre frofibmus

leaf biomass. The retting éfgave americana Lfibre observed analogous to retting of other plant
fibres that include banana pseustem fibre; as it occurred in two consecutive stages (Sulb&agyo
Chafidz, 2018:5). The first physical stage; was recognized as the stage where leaf biomass
absorbed wateand got swollen and easily released the fibre soluble constitintotthe water

which was no longer clear but cloudy (figure 4 3arkar & Sengupta, (2015:171) described the
water colour change situation to be a result of the process c#dlaching; wiereby dirt and

colouring matter from the leaves are absorhlet water toensure fibre cleanlinesshe
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subsequent stage is microbial development and activities. The natural microbes which can either
be aerobic or anaerobic were thought to have develogedl, producedhe gas bubbles as
evidenced from figure 4.1Das et al (2015:43) described the gas bubbles formed, as due to,
various organic acids and gadesmed from microbial biochemical activitieghich end up in

turbid medium.

It was also observethat the cuticle (outer layer of the leaf) becomes soft and a number of
substances are solubilized in the water and the water gradually became turbid with the progressior
of gas formations and the subsequent, lathering bubbles (figure 4.1) aridoegaing pungent
alcoholic odour developed. This is an indication that microbes acted upofbrars leaf
biomass and resulted in fermentation that occurs because of the presence of the pectin from the
middle lamella of the plant cell wall which gently sotet® provide food for miobial growth
(Gowda, 2007:25).

Di Candiloet al (2009:195) andaset al (2014272273), described this situatioas transitory
water pollution that islue togradual increase of microbial loatid gradual depletion ofQevels
which eventually result in aanaerobic milieu for the anaerobic bactdéoadevelop However,
retting products andoy-products are nontoxic and are entirely decomposablas retting
progressed towards the etiek rate of the evolution of gasesdahe consequent frothing slowed
down and the water becomes clear with less pungent smeletd$2015:43) assumed that the
condition wasan indicative that retting reached completion. At this stage, the-filmous
biomass was softened and retted leaves were removed from retting water dosefilaration.
Sarkar & Sengupt2015:171) claimed that good timing and judgment are important for best
results Underretted leaves could end up with the fibre that was not adequately softened to
separate with ease from the other leaf biomass contentsrétmeg couldalsobe detrimental to
the fibre quality and quantity; since microbes can continue to break dhe plant tissues

including the fibre bundles consequently negatively affecting the fibre strength.

4.2.2 Retting Duration

EighteenAgave americana Lfibre leaves of the length range of 1.50 to 2.00 meters were
harvested from three plants and water retted in 3 polythene drums for more or less three weeks.
Figure 4.2 presents retting time required in days forAty@ve americana Lfibre leaves against

their level of maturity which is determined by their position in the parent plant.
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Retting time for Agave americana Lleaves
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Figure 4.2: Retting time for younger, medium & oldekgave americana Lfibre leaves

After ten daysof retting; he youngest leaves were adequateliged; with the cuticle easy to
remove and the fibre mesh was easier and faster to remove from the fibre than that of older plant
leaves which werenderretted and difficult to separate fibre from the biomass mesh by then. This
could be explaineds theage factorthe fact that the older leaves; would have accumulated more

of lignin by then andas the plant leaves grow older, tleshy tissuesurn to be highlymatured

as the leaves mature the cell wall structural matters become more abundant and resistant tc
decomposdDaset al, 2014:272;Sarkar & Sengupte2015:17). Thus, it takes longer time for
microorganisms to ret the leavélhe retting process of thmiddle-aged leaves was completed

after 19 days. The retting process of the older, lower leaves was completed after 24 days. The
varying retting times are likely due to the fact that the older leaves; would have accumulated more

of lignin, and other cementing fiercomponents such as hemicellulosesaain

The retting time could have been shortened more when compared to the sizes and number of
leaves retted simultaneously in a drurhe depth of the drums ielieved to have contributed to
lengthening the retting time especially for the base and tip sections of the leaves. Hence, why fibre
obtained from the sections deeper than 35 cm, under the surface of retting water, was not easy tc
extract anchad rough stiacetexture which is likely due to adhesive leaf components debris. The
retting time forAgave americana Lfibre leaves was comparable to that of most plant fibres like

jut e, kenaf without any added addietduriognwlich a ct
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retting occurred. It is reasonable therefore to think that triangulation retting techniques used for
retting theAgave americana Ueaves improved the speed with which it happened. Majureidar

al. (2013:26) reported that the retting proses delayed if retting temperature deviates from the
maximum aforementioned temperature ranges e8&&, on either side and during the heavy
rainfall time due to abrupt fall of retting water temperature.

4.2.3 Impact of triangulation water retting on the envronment

In traditional open, whole leaf water retting process, the huge corAgace americana Leaf
undergoes decomposition very slowly and causes pollution around environment. It further
imposeshealth hazard to fibre extractors. The triangulaticater retting used in this research
study naturally hastened the decomposition of the leaves by cutting and stripping the individual
leaves and using insulating drums with tightriigtilids. It controlled théermentationodour and
environmental pollution. Health hazard for fibre extractors and researcher was reduced.
Triangulationwater retting with closed tanks controlled the volume of water used by reducing
water evaporation. It also occurred successfully under rainy weather conditions. The retting and
washing water as well as thee a v eixdlulosicohibomass constituents were buried in the
garden to improve soil fertility because iiogellulosic biomass constituents aredegradable.
Triangulation water retting oAgave americana .Lin this study;reduced and transformed the
three forms of pollution: land, air and wateecause it caused ngollution to running water
bodies, inhibited greenhouse gases emissions and produced potential renewable manure and
energy producing bproducts that can provedemployment and livelihoodt was observed that
thetriangulation water rettingf Agave americana Lleaves loosened and allowedsyseparation

of fibre bundles from leaf biomass through removal of various cementing tissue components and
partial cegraditionof adhesive constituentsetween the fibrils in thébre bundles.

4.2.4 Fibre quality in terms of colour

The triangulation water rettedgave americana Lfibre produced in this study was generally
more lustrous and brighter in colour than fibre obtained through conventional open retting
(Mafaesa, 2006:91). The degree of colour lightness decreases proportionally with the increasing
age of the leaves, which are indicated by the size and positior tdates. Fibre obtained from

the younger leaves; at the top of the plant was whiter than fibre obtained from the middle leaves
which was also brighter than fibre obtained from the lower leaves which are older than the rest
(figure 4.3). The older leavegquduced fibre faint green coloration when wetie to the large

amounts of chlorophyll developed on the cuticle as plant leaves grow oldefaiifihgreenturns
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to light brown upon drying (figure.d (c)) due to oxidation. The leaves that floated abovemwa
level during retting process produced dark braligtolouredibre. Figure 4.3 displays th@gave
americana Lfibre extracted from leaves of different age and position o\tave americana L.

plant.

(@)

Figure 4.3: RettedAgave americana Lfibre extracted from the (a) younger (b) middle and (c) older leaves of Agave

american L. plant

4.2.5 Fibre quality in terms of texture

Based on preliminary visual and hand evaluation resultsigla@eamericana L fibre produced

in this study looked and felt softer and finer than conventional water retted fibre as reported in
literature and previous research (Mafaesa, 2006:I8). fibre obtained from the older leaves
was coarserthan that from the yanger leaves because of larger amounts of lignin developed as
plant leaves grow older. At some areas Algave americana Lfibre was still held together by
undissolved and und@omposed gummy substances and caused sticky fibres which were not
properly ceaned after fibre extractiom.hese were areas which experienced imperfect retting
which resulted in gummy fibre. The gummy fibre was glued together by undissolved adhesive
matters and produced low quality fibre with rough and hard top ends. These cendibonished

the value and quantity of useful fibre. It is difficult to determine the exact extraction time as

longer extractiommight have improved these but owret some of them.
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4.2.6 Fibre variability

The great intraandinter plant fibre variability was lisserved Agave americana Lfibre was not

equal in length, strength, thickness, colour and texture within the same plant at different levels, in
the same leaf levels and even in the same leaf. The fibre variability within different plant leaves
was also obious. The growth development of natural fibres moemally affectedby numerous

and varying factors such as the plant maturity, harvesting time, difference plant pattern formation
of cellulose unit, availability of plant nutrients and plant metabolie, raeather conditions and
many more factors influencing the natural rate of plant cell divifiaiia et al, 2013:98). The

retting efficiency and the production of qualijgave americana Lfibre depends on several

factors but two were observable: age size/treslsnand depth of retting water.

Natural fibres suffer size and growth variability which is normally brought about by plant
maturity during harvest time. Proper harvesting stage yigttbd quality fibres. The diversity in

the fibre properties of different plants might be due to the variance in the pattern of formation of
cellulose unit in all theplants The cellulose is a basic unit of natural plants, but the amount of
cellulose formed and the location of cellulose in the plant vary from one species to another. The
formation of cellulose may be the result of discrepancies in growth rate, instigateetddyofic
reactions, quality of nutrition provided, weather and growdogditionsor other essential factors

for cell division and development in natural fibres, thus, the growth of natural fibre are
responsible for theiproperties (Bunsell, 2009: 8Bjsahli et al, 2015:2).

4.3 THE AGAVE AMERICANA L. FIBRE DESIGNATIONS AND THEIR MEANINGS

The Agave americana Lfibre designations used in this research study are operational and must be
explained in order toreduce ambiguity and increases clarity. They atdgh-quality
communication signs that simplify the meanings employed, and thus can become safety, quality,
productivity and dissemination factors on their own right. Thgave americana Lfibre
designation meanings indicate the fibre concepts and meteéslof fibre of interest for high
guality, effective understanding demonstration and communication. Table 4.3 providemtte

americana Lfibre designations used in this research and their meanings.
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Table4.1: The Agaveamericana L.fibre designations and their meanings

Fibre designation Meaning

P1Y fibre extracted from top; younger leaves of plant 1

P1M fibre extracted from middle leaves of plant 1

P1L fibre extracted from thiower; olderleaves of plant 1

P2Y fibre extracted from top; younger leaves of plant 2

P2M fibre extracted from middle leaves of plant 2

P2L fibre extracted from thiower; olderleaves of plant 2

P3Y fibre extracted from top; younger leaves of plant 3

P3M fibre extractedrom middle leaves of plant 3

P3L fibre extracted from thiower; olderleaves of plant 3

P1YR Raw fibre extracted from top leaves of plant 1

P2MR Raw fibre obtained from middle leaves of plant 2

P 2 MRT Raw fibre obtained from tip part of middieaves of plant 2

P 2 MRM Raw fibre extracted from middle part of middle leaves of plant 2

P 2 MRB Raw fibre extracted from base part of middle leaves of plant 2

P3LR Raw fibre extracted from lower leaves of plant 3

P 3 MRT Raw fibre obtained fromi part of middle leaves of plant 3

P 3 MRM Raw fibre extracted from middle part of middle leaves of plant 3

P 3 MRB Raw fibre extracted from base part of middle leaves of plant 3

P1MB water boiled fibre extracted from middle leaves of plant 1

P 2MB water boiled fibre extracted from middle leaves of plant 2

P 3 MB water boiled fibre extracted from middle leaves of plant 3

P2MMnP Manganese peroxidase delignified fibre from middle leaves of plant 2

P1LP Pectinase bioscoured fibre extracted flomer leaves of plant 1

P3MC Cellulase biopolished fibre extracted from middle leaves of plant 3

P1YX Xylanase biobleached fibre extracted from top leaves of plant 1

P2YX Xylanase biobleached fibre extracted from top leaves of plant 2

P 3YX Xylanase biobleached fibre extracted from top leaves of plant 3

b 1 YTE Sequential pectinase, xylanase and cellulase biosoftened fibre extracte
top (young) leaves of plant 1

A Sequential pectinase, xylanase and cellulase biosoftened fibrektoacted
top (young) leaves of plant 2

g Sequential pectinase, xylanase and cellulase biosoftened fibre extracte
top (young) leaves of plant 3
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Fibre designation Meaning
b 1 MEE Sequential manganese peroxidase, pectinase, xylanase and cellulase
biosoftened fibreextracted from middle leaves of plant 1
b > MEE Sequential manganese peroxidase, pectinase, xylanase and cellulase
biosoftened fibre extracted from middle leaves of plant 2
P 3 MFE Sequential manganese peroxidase, pectinase, xylanase and cellulase
biosotened fibre extracted from middle leaves of plant 3

4.4 BIOSOFTENING OF AGAVE AMERICANA L. FIBRE

To avoid adverse effects when using enzymes to biosofteAghee americana Lfibre proper
selection of lignocellulolytic enzymes, enzyme concentration, treatment time, temperature pH and
mechanical agitation was done to convey a good soft hand. Enzymatic biosofteningcs an
friendly, socially and economically sustainable bibiszlogy to soften thédgave americana L.

fibre by the selective removal of fibre components that include lignin and otherefalosic

ones, using specific commercial lignocellulolytic enzymes to yielded a good quality fibre. It is an
attractive and safalternative to chemical technology which is harmful to the environment and
workers. Enzymatic biosoftening has improved ftgave americana Lfibre handle and visual
properties. It has been proved that it imparts satisfactory physobanical properteto the
fibres within a short processing timéhe resuls generally indicatdhat manganese peroxidase
(MnP), pectinase, xylanase and cellulase have positive impact on biosofteniAgaoé

americana Lfibre.

4.4.1 Weight loss percentage
4.4.1.1Preliminary testweight loss percentage

The Agave americana Lfibre lost an incredibleamount of nofcellulosic biomass that include

lignin, pectin, fats, oils and waxes and to some extent the cellulose component as well as other
impurities during biosoftening. This fibre weight loss was used to evaluate the biosoftening and
water boiling effects. The efficiency of the enzymatic biteswihg process oAgave americana

L. fibre, is indicated by weight loss percentage. Weight loss percentage has been used to indicate
the amount of nowellulosic materials which have been removed during enzymatic biosoftening
of Agave americana Lfibre (Suganya 2018:12®). The weight loss ofnanganesgeroxidase

(MnP), pectinase, xylanase and cellulase enzyme treated and water boiled (chgaad)

americana Lfibre for the preliminary experiment is shown in table 4.2.
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Table4.2: Weight loss percentages of the preliminary enzymatic biosofteningg#fve americana Lfibre

Fibre Biosoftening Enzyme or | Initial Time Final percentage

designation process agent used | weight in weight Weight
(gm.) hours. (gm.) loss (%)

P2M biodelignification | MnP 3 72 2.62 12.67

P3M bioscouring pectinase |3 1 2.62 12.67

P1M biobleaching Xylanase 3 8 2.59 13.67

P3M biopolishing cellulase 3 2 2.76 8

P2M All bioprocesses | All enzymes| 3 8 2.55 15

P1M boiling water 5 1/2 4.82 3.6

P3M boiling water 5 1/2 4.69 6.2

From Table 4.2, it is observed that weight loss percentage obtained from the individual enzyme
treatment ranges from 8% to 13.67%. The sequential MnP, pectinase, xylanase and cellulase
treated fibre instigated 15% weigliss percentage. The weight loss percentage difference is
probable; since the enzymes function on specific substrates. For example, MnP hydrolyses lignin,
pectinase removes pectin, xylanase hydrolyses mainly xylan hemicellulose and cellulase
hydrolyses chulose, leaving other substances unaffected. This could also have been affected by
fibre composition. It is also observed that sequential enzymatic weight loss is 1.33% higher than
the highest individual weight loss. When considering a number of treapregsses, variety of
enzyme and time taken to treat the fibre; the weight loss percentage is not exceedingly high. This

too; could have been due to enzysubstrate specificity.

The enzymatic biosoftening efficacy é&wgave americana Lfibre obtained fron different leaves

of different levels of maturity and different plants can be explained in part byceitrosic
impurities amount expressed by weight loss percentage, the degree of polymerization, processing
time, treatment temperature, biosofteninggesses, type of enzyme, fibre structure degree and
type of fibre structure crystallizam (Kalia et al, 2013:99& 105).Fibre weight los®ccurred due

to enzymes catalysis that cleave fibre surfdde age of the fibre, the type and concentration of
enzme and the biosoftening processes used are also likely to have highly influenced the fibre
weight loss (Sugany&2018:127).The results indicate that thers a strong correlation between
treatment time and weight loss, as well as treatment enzyme concentration and weight loss
Eventually biosoftening oAgave americana Lfibre improved its textile performance quality

standards and appearance
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4.4.2 Experimental weight loss percentage

Weight loss represents the quantity of fe@flulosic impurities removed from thAgave
americana L. fibre during boiling prereatment and enzymatic biosoftening (Adt al,
2015:1485). The aim of this section is to determine th@ loss percentage after enzymatic
biosoftening ofAgave americana Lfibre with increased enzyme concentrations and the use of
oven instead of water bath to maintain the required temperatheeexperimental weight loss
percentages of manganese peroxidase (MnP), pectinase, xylanase and cellulase enzyme treate
Agave americana Lfibre are shown in figures 4-4.10.

4.4.2.1individual experimentalweightloss percentage

(a) Experimental weight loss percagie of MnP biodelignifiedibre

The noncellulosic structural impurities present in the rAgave americana Lfibre are
hemicellulose, pectin, lignin, fats and waxes (Hellel., 2015c:72). These have specific activity
towards various constituents of the fibre. Consequently, an individual enzyme cannot impart
complete fibre cleanliness even if it provides an adequate weight loss in the requisite range. This
is because a singlenzyme cannot remove all naellulosic components evenly from the raw
fibre, because enzymes are specific to one or two substrates (8hraff, 2016:524). To
investigate the enzymatic laielignificationof Agave americana | fibre; the commerciaMnP,
wasused individually. The weight loss of the fibre sample was measured because it represents the
amount of the noncellulosic components removed from the fibre. Delignification is the process
through which the lignin from the natural lignocellulosic filkseremoved either with industrial
chemicalor natural enzymatic procesdgtafak& Benerjee,2015:75281)Figure 4.4 shows fibre

weight loss percentage of MnP biodelignifiddave americana Lfibre.
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Figure 4.4: Weight losspercentage for MnP delignification of fibre obtained from middle leaves of plant 1, 2 and 3

The weight loss experienced with manganese peroxidase delignification varied for the three
different fibre samples extracted from three different plants. It ramggeeen 10.65% and
11.6%%. However the differerre is not too large to worry aboufgave americana Lfibre is a
lingo-cellulosic fibre that contains-57 % lignin which covers the fibre surface (Huéé al,
2015c:72)that leads tanherentand undesirable fibre stiffness, roughness, dullness and darkness.
These undesirable features contribute to fibre limited applications in texyksg (et al,
2011:377). The lignin must therefore jpartly removed to impart fibre flexibility; smoothneasd

lustre (Hulle et al, 2015c:68). But it should be partly removed because it also contributes

positively in the fibre tensile properties.
(b) Weight loss percentage of pectinase bioscoured fibre

The Agave americana Lfibre was bioscoured with pectinaseigfhremoved the insoluble deposit

of microfibrillar debris consists mainly of pectin to soften the fibre. Pectin is extremely
complicated and plentiful cell wall heteropolysaccharide found in the middle lamella that
regulates intercellular linkage. Its daedation and removal was essential for biosoftening and

upgrading theAgave americana Lfibre (Akin, 2013:7). Figure 4.5 shows weight loss percentage

of pectinase bioscourgiyave americana lfibre.
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Figure 4.5: Weight losspercentage for pectinase scoured fibre obtained from the older leaves of plant 1, 2 and 3

The scouring oAgave americana Lfibre was aimed at removing dirt and impurities as a means

of softening thefibre. Whenexamining the pectinase bioscour&gaveamericanal. fibre; the

weight loss percentage ranged from 6.84 % to 11.57 %. There was a substantial weight loss
percentage difference between P 2 L, P 1 L and P 3 L fibre that have a difference, but not as grea
as it is with the former fibre also treatedth pectinase. This can probably be caused by the
different plant age, growing conditions, genetic makeup of fibre plant, retting and extraction
processes (Akin, 2013:8). Pectinase bioscouring 8fyave americana Lfibre facilitated partial
removal ofthe cuticle components lpatalysingpectin which led to lowered fibre weight but to

the extent that is not harnifto the fibre and environment.

After biosoftening with enzymes the fibre s
controled. This could have been due to removal of the natural impurities that include pectin, fats,
waxes, and the surface impuritikhe pectinolytic bioscouring of the fibre removed thatn
cellulosic components that are in this case fibre impurdies purified the fore surface and
increased its softness and fibre flexibility. The fibre pectitaigely generatedn primary cell

walls and middle lamellaf the plant cellOchoaVillarreal et al, 2012:67). This means the
removal of pectin does not negatively affébe fibre secondargell wall structure and its

physicamechanical properties beyond limits.

Xylan is the form of hemicellulose that is widely distributedheacell wallsof the plant cellThe

hemicellulose is the second maétntiful renewable polysaharide in thédiosphere. Itpresence
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in the plant fibre structure contributes to fibre decolouration. Xylanase enzyme is mostly used to
hydrolyse hemicelluloses mostly xylan in the lignocellulosic fibre bundles to modify its structure
and bleach it tomprove its whiteness (De Pret al, 2018:4). Figure 4.6 presents weight loss

percentage of xylanase bleachfgghve americana Lfibre.

Weight loss (%) of xylanasebleachedAgave americana
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Figure 4.6: Weight loss percentage for xylanase bleached fibre obtained from the top leavkgavke americana L.
plant1, 2 and 3

The weight loss percentage of the yodigave americana Lfibre extracted from different plants
softened by xylanase ranged from 6. 2668.9%. Weight loss as the result of the xylanase
bleaching process was lower than with the other enzymes. This can also be explained by enzyme
substrate specificity towards fibre chemical composition. Hemicellulose which is a substrate for
xylanase (Nawpibanet al, 2019:101) is the lowest constituent after cellulose and lignin in the
Agave americana Lfibre: cellulose 680%, lignin 517% and hemicellulose 15% (Hukd al,
2015c:72). The other fibre constituents such as cellulose, lignin and ywec&mot hydrolysed by

the xylanase enzyme, hence a low weitflgds percentage was observed. The efficiency of

impurity elimination is usually analysed by weight loss and improved whiteness
(c) Weight loss percentage of cellulase biopolisAgdve americand. fibre

Cellulase biepolishing of lignocellulosic fibre confers calmer and softer feel and brighter

luminous colour. The commercial cellulase biopolishing dAgave americana Lfibre was
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conducted to remove loose surface fibrils and rendered the fibre clean and smooth. Figure 4.7
displays cellulase biopolishekyave americana Lfibre weight loss percentage.

Weight loss percentage for cellulase polishedigave americana L
fibre from plant 1, 2 and 3
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Figure 4.7: Weight loss (%) of cellulase polisheijave americana Lfibre obtained from younger, middle and older
leaves of plant 1, 2 and 3

The weight loss as a result of the cellulase treatment varies widely between 6.2 % and 13.17 %.
More often above 10 % then below which represents a high weggtThe cellulase did remove

more than expected, probably; because it was applied with intention to biopolish the fibre not to
hydrolyse it because it would affect fibre qualities negatively. Low weight loss observed in
individual enzymatic biosofteningvas probable since the enzymes are substrate specific. For
example, manganese peroxidase hydrolyses lignin only; pectinase removes pectin and cellulase
functions on cellulose and leave the rest unaffected. When comparing weight loss percentages for
individual enzyme biosoftening effects from figures 4.6 to 4.7; it is observed that maximum
weight loss was obtained from cellulose treated fibre, followed by manganese peroxidase, the

pectinase, and the xylanase respectively.

(d) Weight loss percentage of sequentiakymatic biosoftening processesAmfave americana
L. fibre
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Sequential enzymatic biosoftening processeAgsHve americana Lfibre were also conducted to
maximize the efficiency of enzymsubstrate specificity to the desired fibre product.

4.4.2.2Sequential eperimental weight loss percentage

(a) Sequential pectinase and xylanase biosofté&gale americana Libre

Figure 4.7 shows the weight loss percentagsesfuential pectinase bioscouring and xylanase
biobleaching ofAgave americana lfibre conductedespectively.

Weight loss percentage of sequentiglectinase and
xylanasebiosoftenedAgave americana Lfibre
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Figure 4.8: Weight loss percentage for sequential biosoftening of young fibre extracted from plant 1, 2 and 3 using
pectinase and xylanase respectively

The weight loss between the different plants here is bigryit is possible that the younger leaves

of different plants could be of different age even though it is young for the specific plant. It is
obvious that the sequential effect is less than the individual effects added up to which indicate to
me that atleast partly the different enzymes remove the same substances but-texjseabtial

effect will eventually be the most successful.
(b) Sequential pectinase, xylanase and cellulase biosoffegeee americana Lfibre

Enzyme technology advances in textiles énaased the possibilities of exploring the potential
effects of using enzymes various ways (Mojs2¥11:233234). Pectinase, xylanase and cellulase

enzymes have been usedividually but in respective sequence to biosofteAgdve americana
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L. fibre. Figure 4.9 shows the weight loss percentageegtiential pectinase bioscouring, xylanase
biobleaching and cellulaggopolishing ofAgave americana Lfibre conducted respectively

Weight loss percentage of sequential pectinase, xylanase
and cellulase biosoftenedgave americana Lfibre
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Figure 4.9: Weight loss percentage skquential pectinase, xylanase and cellulase respectively

The fibre weight loss percentage observed shows that the enzymes used biosoftened the fibre

through removing the significant amount of rAitirous constituents in form gfectin waxes, and
othercontaminations.

(c) Sequential MnP, xylanase, pectinase and cellulase biosog@e americana Lfibre

The Agave americana Lfibre is a tough lignocellulosic fibre (Hullet al, 2015c:72) that was
biosoftened and upgraded through the use of lignoceftidolenzymes. The following
lignocellulases: manganese peroxidase, pectinase, xylanase and cellualse were explored ir
respective sequence to biosoftegave americana Lfibre. Figure 4.10llustrates the weighlbbss

percentage of theequential MnP, xylaase, pectinase and cellulase biosoftehgdve americana
L. fibre.
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Weight loss percetage of sequential Manganese Peroxidase,
pectinase, xylanase and cellulase softenédjave americana
L. fibre
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Figure 4.10: Weight loss percentage for sequential biosoftening of different fibre using manganese peroxidase,
pectinase, xylanase and cellulose respectively

The weight loss due to sequential biosofteningAghve americana Ifibre ranged from 18 to

24%. Maximum weight loss percentage of 24% was observed from the fibre obtained from plant 2
and then followed by 21% of the fibre harvested from plant 3 anaést 18 % of the fibre from

plant 1. The sequential enzyme treatments have led to the highest weight loss percentage of 24 %
This weight loss percentage shows that enzymes used biosoftened substantial quaAgaes of
americana L.fibre components that include lignin, hemicelluloses, pectin, waxes and other
impurities. The weight loss percentage results show a strong correlation between treatment time
and weight loss, as well as treatment intensity (due to MnP, delignificatiotimgsec scouring,
xylanase bleaching and cellulase polishing respectively) and weight loss. They indicate that there

was a significant enzymatic biosoftening effect Adgave americana Lfibre instigated by the

selected lignocellulolytic enzymes.

When analging the weight loss percentage values; the sequential enzymatic biosoftening of
Agave americana Lfibre seems to be excessive but that may not be the case. According to Uddin
(2010:18), the weight loss of-@% is commercially acceptable. Fontaga al, (2014:14)
suggested that the weight loss percentage of cotton fibre should not exs&edCatton fibre is
cellulosic because it is of nearly 90% cellulose, it is the purest natural plant fibre consists; with
fewer contents of impurities such as pectinsustances, fats and waxes, proteinous matter, ash
andminutes others (Hsieh, 2007:3).
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While Agave americana Lfibre is the lignocellulosic fibre; consist of @% cellulose (Hullest

al., 201%:72). This implies that there are more impurities to remiowm Agave americana L.

fibre to render the fibre soft enough to provide best results. It is reasonable to think tAgaube
americana Lfibre weight loss percentage should be more th&fcdecaus@dgave americana L.

fibre has higher impunt content Otherwise it is reasonable to think that the fibre was not clean
enough after retting and decortication. From the previous preparation steps traces of surface
impurities remained and increased the initial weight of the fibre measured. Weight lossgogrcent
increased with increase in processing time because for manganese peroxidase delignification rar
for 72 hours, pectinase bioscouring one hour, xylanase biobleaching 8 hours and biopolishing took
2 hours. The sequential increased weight loss percentagelso be explained as time and

enzyme factors.

In general; the weight loss percentagéghve americana Lfibre increased proportionately with

the increase in numbers of biosoftening processes, which increased the enzymes used or
individual fibre and pocessing time as shown by trend from preliminary tests to experimental
tests. In Table 4.2 and figures 4410; respectively for example weight loss values which
indicated both the positive effects of enzymatic biosoftening and possibility of majoddibrage

if occur; reatment increases to extremes.

45 WEIGHT LOSS PERCENTAGE OF WATER BOILED AGAVE AMERICANA L.
FIBRE

The aim of this section was to assess the weight loss percentage after pure water boil biosoftening
of Agaveamericanal. fibre. Boiling wateris the most commopre-treatment technolggthat

does notuse larmful chemicalsbut usediquid water at the boiling temperature. In boiling water
pretreatment, water functions as a solvent and a chemical agent complemented avitb acgls

that are releasefdom the fibre to disturb the cell wall matrix (et al, 2017:2). Boiling water was

used as a contrgince pure water is easily available, safe, cesffective and efficientfor

sustainabl@re-treatment technology

4.5.1 The Agave americana Lfibre boiled for 30 minutes

Water boiling pretreatmentwas mainlyintendedto improve the softening property éfgave
americana L fibre where water functioned as a wetting agent and also as a control experimental

procedure. The boilingvater treatment further improved the appearance feel and performance
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properties of the fibre. Weight loss percentage for boiled water treatment ranges within the
acceptable and recommended weight loss percentag@%f 8r caustic scouring ads stated by
Hoque & Azim (2016:168) Figure 411 shows the weight loss percentage of oldeyave
americana Lfibre; boiled for 30minutes.
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Figure 4.11: Weight loss percentage for 30 minutes water boiled fibre extracted fromythenger, middle and older
fibres extracted from plant 1, 2 and 3

Wei ght |1 oss per cent ag Agaw himefcana ffibrenranges sodn 8.8386t e r

the older fibre of plant 1 to 14.67% of the same plant but obtained from younger leaves. From
figure 4.12; it was observed that more weight loss was achieved from younger fibre of the three
used plantsThe weight loss decreased with fibre age increase. This can be clarified by the point

that older fibres have highiomassrecalcitrance towardsvater boiling treatment for fibre
softening.

In boiling the fibre, some impurities which include hemicellulose and lignin were hydroksed
a result, dissolved impurities are transferred into hot water, while cellulose remains as a solid.
Agitation during several washings improved the removal of impurities. Thus weight loss was used

as the response to indicate the activity of boiling watekgave americana Lfibre.

The degradation efficiency of lignin showed a slight increaglk a prolongedboiling process.

However, a significant amount of impurities stayed as deposits in and around cellulose structure
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after the boiling water preeatnent. Increased weight loss (percentage) depicts that the water
boiling pretreatment and enzymatic biosoftening have effectively and efficiently catalysed
substantial quantities of narellulosicAgave americana Lfibre components that include lignin,
hemicelluloses pectin waxes and structural impurities. This is associated with fibre cleanliness as
it is observed from figures 4.2628.

4.5.2 The Agave americana Lfibre boiled for one hour

Boiling water pretreatment was also used because it is an expedient procedure which is non
corrosive and removes water soluble +filnous materials including hemicellulose with ease. But

it does not remove the lignin with ease without chemical addeatiigdte the process. The lignin

is recalcitrant But its disturbance can relocate it and facilitates an improved access for enzymes to
soften cellulose fibre bundlgSyazwaneeet al, 2018:2) Figure 4.2 presentshe weight loss
percentage of oldekgave americana Lfibre; boiled for one hour.
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Figure 4.12: Weight loss percentage for fibre obtained from lower leaves of plant 1, 2 and 3 water boiled for 1 hour

Weight loss ranged from 9.73 to 13.33% may be dwhvergences in fibre age and the growing
conditions. Boiling water prereatment is claimed to be less destructive to the fibre surface, but
removes nostellulosic components that are water soluble even at low temperature. Likewise, it
does not productoxic products which can be unsafe to the environment (Sattak, 2018:1).

The water boiledAgave americana Lfibre caused wight loss that ranged from 9.713.33 %,

which is comparable to single enzyme treatments but more than that of xylanase.
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4.6 TENSILE PROPERTIES OF AGAVE AMERICANA L. FIBRE

The fibre tensile properties are essential because they influence the performance characteristic:
and end uses of the textile fibre (Zanmtral, 2014:211). The mechanical properties include the
tensile proprties that deal with applied different loads in tension load f(®mesanet al,

2019:2) The textile tensile test results should provide reliable data that enable the researcher to
characterise the physigoechanical properties of the textile fibreseTtknsile test was conducted

to determine the mechanical propertiesAghve americana Lfibre. The significant mechanical
properties determineith this study were the maximum load (N), displacement at maximum load,

Youngds modul usstramnd tensile stress

The Agave americana Lfibre is a natural plant fibre; therefore, its mechanical properties are
expected to vary considerably due to its individual chemical composition, age, physical structure
like size of the fibre, number of defects in them, thestexice of noitellulosic components,
mostly lignin, and the sizes of the cells in the tissues and the growing, experimental and testing
conditions (Da Paixao, 2017:27, Foréardejo et al, 2017:444445). It chemically consists
primarily of cellulose hemicellulose and lignin; which affects its tensile properties. The age of
the plant and /or the leaves from which the fibre was extracted also influences the tensile
properties of the fibréShesaret al, 2019:4) Older Agave americana Lfibre are expeted to
dispose higher tensile strength than the younger fibre from younger plants and/or leaves.
However, the fibre properties can differ from the expectations and literature data because of these

internal and external factors.

4.6.1 Mean values of tensile maxnum Load (N), displacement at maximum load (mm) and

initial Young's modulus of Agave americana Lfibre

Conversely, it is challenging to evaluate the tensile propertidga¥e americana Lfibre, since

it is a natural lignocellulose fibre and as suchas great variability due to growth irregularities
(Hulle et al, 2015c:71, Hulleet al, 2015b:4). The study of physienechanical properties of raw,
water boiled and enzyme biosoftenddave americana Lfibre was conducted with the aim to
determine hownuch the innate tensile properties of raw fibre, can be affected by boiling water

pretreatment and egmatic biosoftening technology.

The following tensile properties: the maximum breaking load; which is the tension requisite to

breakdown the fibre sampldisplacement at maximum load; which is the actual length extension;
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the fibre sample experiences before breaking
which expresses the stiffness of tlime (Da Paix&o, 2017:29yere measured in this sty Table

4.3 presents the mean tensile maximum load in newtons (N), displacement at maximum load in
millimetres (mm) and initial Youngds modul u
boiled and enzyme treatéthave americana Lfibre. Starting from the top of the table the first

nine fibre samples are of untreated (raw); subsequent three; are boiled samples and the last twelw

are enzyme treated fibres.

Table4.3: The mean tensile maximum load (N)jds pl acement at maxi mum | oad ( mm)

modulus (MPa) of raw (untreated), water boiled and enzyme tre#gdve americana Lfibre

Fibre designation Maximum Load (N) Displacement at Initial Young's
maximum load (mm) modulus (MPa)

P1YR 22.34 37.82 543.84
P2MR 14.42 45.83 496.68
P 2 MRT 4,71 28.27 278.71
P2 MRM 6.27 34.57 215.90
P 2 MRB 9.15 39.54 436.44
P3LR 11.76 29.55 555.92
P 3 MRT 22.61 30.92 584.36
P 3 MRM 10.09 33.73 467.97
P 3 MRB 15.21 46.65 598.13
P1MB 4.82 22.24 346.11
P2MB 11.43 50.40 826.33
P 3 MB 8.44 39.47 354.26
P 2M MnP 9.03 39.17 366.90
P1LP 12.8 35.41 411.39
P3MC 12.29 26.27 264.20
P1YX 18.85 32.11 369.31
P2YX 18.62 34.36 0
P3YX 9.54 42.73 405.76
P1YTE 6.76 29.01 322.79
P2YTE 8.15 39.31 309.17
P3YTE 4.64 24.13 530.78
P 1 MFE 16.09 20.12 1101.54
P 2 MFE 11.80 42.41 315.10
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Fibre designation Maximum Load (N) Displacement at Initial Young's

maximum load (mm) modulus (MPa)

P 3 MFE 8.50 34.06 468.54

The Agave americana Lfibre strength was indicated with tensile maximum load. Agave
americana Lfibre with lower strength was indicated by low maximum load and was significantly
deformed and has high displacement value while fibre with higher strength bear more load at
maximum load because it is harder and less deformed and has lower displacdmesntTVeese
results show expected trend because displacement at maximum load increases divergent to thi
fibre strength or vice versa. Based on the values provided in figBréhé raw fibre was the
strongest with theneanaverage value of 12.95 N, folled by enzymebiosoftenedfibre with

11.42 N and water boiled for 1 hour had 8.23TRe r aw f i bre further ex
modulusmeanof 598.13 MPa; followed by boiled fibre with 508.90 MPa and finally the enzyme
treated fibre with 409.46 MPa. Boiled fibre on the other hand exhibited the higbastvalue of
displacement at maximum load of 37.37 mm then followed by the raw fibre witb 8@&m while

the enzymebiosoftenedfibre became last with 33.26 mrihese fibre mechanical properties
differences can beattributed tothe cell wall thickness ratio to fibre diameter, fiore morphology
and structur e, f i braed theioémpvaleenzriesulistoata pspesificity i 0 n

experimentaprocedure andleaning agitation ratéBourmaudet al., 2018:348).

The results shown in figure 3lindicate thatAgave americana Lfibre is a strong fibre. Its high
tensile properties can be due to itsnnypayears of growth which results in high cellulose
polymerisation and crystallisation (Hullet al, 2015b:4). TheAgave americana Lfibre is a
natural multicellular filament fibre consists of overlapping ultimate fibres glued together by waxy
film. The hgh breaking strain ofAgave americana Lfibre shown in table 4.4 can also be
explained by the tensilmodellingbehaviour of ultimate fibres. These ultimate fibres have helical
structures that disentangle when the force is applied (Thahad, 2009:92). TheAgave
americana L fibre tensile properties indicate that it is strong enough to become a textile fibre. It
has reasonably high tenacity and elongation at break properties which are comparable to those o
other lignocellulosic fibres likgute, flax and sisal as studied by Azaneinal, (2018:50) Agave
americana L.fibre tensile results showed that the removal of-celtulosic fibore components
through enzymatic biosoftening and water boiling did not cause any significant fibre stosgth |

that can disqualify the fibre to become a textile fibre.
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It is observed from table 3that that the tensile properties Afave americana Lfibre obtained

from the same leaf fibre differ greatly. This variability is typical of natural plant fiores T
variability may be due to different genetic makeup, growing, harvesting, extraction and testing
conditions and procedures, as well as chemical and structural compositions of indhgduel
americana L.fibre, which influence chemical composition, lural porosity and microfibrillar
angle (Forted/erdejoaet al, 2017:444) The tensile properties éfgave americana Lfibre vary
between fibres harvested from the same deafifferent positions such as the base, middle and tip
andfrom thesingle fibreat different positions (base, middle and tiphe Agave americana L.
fibre is a lignocellulosic mulicellular filament fibre of a diameter ranging from 1080 pum;
mainly of cellulose, hemicellulose and lignin (Mafaesa, 2006:96, Hulial., 2015c:69 &72).

The fibre is in the form of crystalline network of lengthy chains of cellulose molecules, termed
microfibrils have size ranging from 430 um (Kolte & Dabera, 2012:8). The number and the size
of the ultimatefibres have greatinfluenceon the tensile strength of the fibre. The complicated
natural lignocellulosic fibre structure affects its properties (Ehah et al, 2016:1487).

It is also observed from table34that displacement at maximum load is inversely proportional to,
thetensilest r engt h t hat i's represented as maxi munm
Agave americana Lfibre. That is, greater the tensile maximum loadiend t i al Youngods
lesser values of displacement at maximum load are under stress. Thésaresuoreor less the

same with those obtained by Ravichandeaal (2019:66). ThéAgave americana Lfibre tensile

maxi mum | oad, di spl acement at maxi mum | oad
correlated with some structural parameters that vary from fibre to fibre and within the same fibre.

As a plant fibore Agave americana Lfibre should hae tissues that have mechanical support.

The Agave americana Is a lignocellulosic fibre that has physical and mechanical characteristics
that are influenced partly by its chemical composition to make it qualify to become a textile fibre.
it is composed ©068-80% cellulose, 87% lignin, 15% Hemicelluloses, 0 Zb6wax and 8%
moisture (Hulleet al, 2015b:4). Cellulose which is the main framewet&mentthat provides
stiffness strengthand structural stability to the fibre (Eder and Burgert, 2010:27&. t&hsile
behaviour ofAgave americana Lfibre can also be explained by tbellulose unique structural
arrangement of glucose molecukesd he degree of polymerisation that varies but not with less
than 500 molecules form parallel and mainly crystallinerafibrils that are bound together by
hydrogerbords (Eder and Burgert, 2010:27).
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A number of micro fibrils are bundled up to form macrofibrils. The cellulose hydrogen bonds
induce extreme toughness and inflexibility to cellulose microfibrils (Astnal, 2015). Thus
cellulose structural arrangement influences ftg/sicemechanical properties of thAgave
americana LAn Agave americana Lfibre is a natural complex composite material comprising of
cellulose fibrils entrenched in an unstructured madfitignin, hemicelluloses and pectin which

bind together the cellulose framework structure of the fibre. It is also comprised of minute
amountsof organic and inorganic components namely extractives and ash respectively. Organic
extractives provide resisiae to colour, smell and decay while the inorganic substances improve
the natural fibre abrasiveness. All the fibre components influence its physicloanical
properties (Msahlet al,, 2007:3952).

4.6.2 Variability evaluation of tensile properties ofAgave amecana L. fibre

The amount of dispersion in a dataset is normally represented by measures of variability,(Bunsell
2009:62). The rate at which data generally spreads about an average is referred to as dat:
variation. There are several measures of dispersion from which researches can use to present da
variation (Javaid2018:15). The mean, standard deviations (SBffcient of variation (CV) and
median values of maximum load (N), displacement at maximum load (mm) and initial Young's
modulus MPa) were used as measures Agrave americana Lfibre tensile variability. Like other
lignocellulosic fibres;Agave americaa L. fibore showed great variability in tensile properties
which could have been due to plant growing conditions and test parameters éAsaler
2013202). Because thégave americana Lf i br e 6 properties depenc
constructions andhemical components the maximum load at break, the elongation at maximum

|l oad and t hemodulus shawa high¥eefiiaregediation Thisvariarce can be due

to the natural growingondition of the fibre studied, the definite structural arrangats, the

processing method and conditions (Zanetal, 2014:212).

4.6.2.1Mean maximum load (N), standard deviations (SD), coefficient of variation (CV) and

median values of tensile properties

The maximum load mean (N), standard deviations (SD), coefficient of variation (CV) and median
values ofAgave americana Lfibre are presented in figure 4.5 and are very important because
they can be used tmodel the chances of the failure of fibre properiie more or less the same
systems, define design allowable and assurance levels in component design and compare ani
contrast the variability of tensile strength Afjave americana Lfibre to that of other natural

fibres.
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Table4.4: Mean maximum load (N), standard deviations (SD), coefficient of variation and median values of tensile properfigseé americana Lfibre

Fibre Sample Mean Standard Mean-2.00 | Mean + 2.00 Minimum Maximum Coefficient of Median
designation Maximum Deviation Standard Standard Variation
load (N) Deviation Deviation

P1YR 22.34 4.11 14.12 30.56 15.89 28.18 18.40 22.92
P2 MR 14.42 4.26 5. 90 22.95 6.49 20.88 20.88 15.49
P 2 MRT 4.71 0.95 2.81 6.61 3.22 6.49 20.21 4.64
P 2 MRM 6.27 1.03 4.20 8.33 4.61 8.8 16.47 6.15
P 2 MRB 11.43 2.36 6.70 16.16 6.71 14.33 20.68 11.51
P3LR 11.76 4.04 3.67 19.84 4.02 17.39 34.39 10.74
P 3 MRT 22.61 3.66 15.29 29.92 16 30.06 16.18 22.63
P 3 MRM 10.09 2.71 4.68 15.50 5.42 14.87 26.80 10.89
P 3 MRB 15.21 4.12 6.98 23.44 10.36 21.85 27.06 15.59
P1MB 4.82 2.83 0.84 10.48 1.44 10.89 58.72 4.35
P 2 MB 11.43 2.36 6.70 16.16 6.71 14.33 20.68 11.51
P 3 MB 8.44 3.00 2.43 14.45 2.36 11.97 35. 60 8.86
P1LP 12.8 5.00 2.79 22.81 5.42 19.27 39.09 14.06
P2MMNP 9.03 3.27 2.48 15.57 4.99 14.92 36.25 8.72
P3MC 12.29 3.74 4.82 19.76 6.12 15.94 30.39 12.83
P1YX 18.85 3.12 12.61 25.09 14.76 25.02 16.56 17.31
P2YX 18.62 3.21 12.20 25.05 12.88 23.89 17.25 19.35
P3YX 9.54 2.76 4.03 15.05 5.95 14.44 28.88 9.23
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P1YTE 6.76 3.50 0.24 13.75 1.93 11.54 51.77 6.22
P2YTE 8.15 3.43 1.28 15.02 3.43 15.3 42.15 7.09
P3YTE 4.64 1.83 0.98 8.30 1.71 8.00 39.48 4.32
P1MFE 16.09 1.54 13.00 19.17 13.04 19.22 9.56 16.16
P2MFE 11.80 3.62 4.55 19.04 4.83 15.73 30.70 12.54
P3MFE 8.50 3.02 2.46 14.53 3.22 13.42 35.51 8.42
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For a fibre to become a textile fibre, it should possess fibre strength as one of the basic
characteristicsSinclair, 201514). A distribution manifestation in tensile maximum load that
ranges from 4.64 N to 22.61 N is a proportion of standard deviation that ranges from 0.95 to
5.00 to mean valumreferred to as coefficient of variation that varies from 16dlB&.72.It

is observed that the standard deviation for the mean value was more #raf)leicept for

the raw fibre obtained from tip part of middle leaves of plant 2 (P 2 MRT).sHuws that

there is a large amount of variability in the tensile memximum load properties @&gave
americana Lfibre has been studied. It can be due to several different factors like the specific
plant and its growth conditions or the level of development of the specific fibre and the fibre
size as result of it (Ravichdranet al, 2019:66).

The results of the relevant statistics portrayed in talfleckéarly show the variation in the
performance of the individual fibres with the big differences between the minimum and
maximum values with each group and the standaxdatdon, although the mean maximum
loads carried before breaking and the median values are very similar, indicating that variation
in the results are largely caused by outliers. The variation in the size of the fibre was

prominent and the most likely caufor the variation performance.

Table 44 presents variability distribution of tensile maximum loadAgfave americana L.
fibre through statistical approach and to identify hiccups and search ways of minimising the
gaps in between thébre tensile properties and exploration and/or utilisationAgave

americana Lfibre as a textildibre.

4.6.2.2Displacement at maximum load mean (mm), standard deviation (SD), coefficient of

variation and median values of Agawamericanal. fibre

Displacemeh at maximum load (mm) is known as elongation. It is normally inversely
proportional to fibre stiffness, tensile str
greater the stiffness, tensile st rpacemenh, and
at maximum load under stress andnéedsmore force to stretch a stiff fibre, which is
consuminghigh tensile strength (Ravichandranal, 2019:66. Table 45 presents the mean
displacement at maximum load (mm), standard deviations (SD), coefficient of variation and

median values of tensile propertiesA@fave americana Lfibre.
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Table4.5: Displacement at maximm load mean (mm), standard deviation (DS), coefficient of variation and median values of the tensile propeigava americana

L. fibre
Fibre Sample | Mean tensile Standard Mean-2.00 | Mean+ 2.00 Minimum Maximum Coefficient of Median
designation | Displacement Deviation Standard Standard Variation
at maximum Deviation Deviation
load (mm

P1YR 37.82 16.09 5.63 70.00 9.41 53.6 42.552 47.46
P2 MR 45.83 11.96 21.90 69.75 21.11 55.74 26.11 50.68
P 2 MRT 28.27 6.82 14.63 41.92 14.59 37.23 24.13 28.35
P 2 MRM 34.57 3.74 27.09 42.05 29.85 42.37 10.81 33.56
P 2 MRB 39.54 9.55 20.45 58.63 24.1 54.09 24.14 39.37
P3LR 29.55 9.68 10.19 48.91 9.82 41.45 32.76 33.18
P 3 MRT 30.92 11.42 8.08 53.75 13.05 48.41 36.93 27.76
P 3 MRM 33.73 7.27 19.20 48.26 23.43 53.05 21.55 32.10
P 3 MRB 46.65 5.54 35.58 57.73 37.16 53.38 11.87 47.76
P 1MB 22.24 14.12 -6.01 50.48 2.9 49.88 63.51 23.44
P2MB 50.40 4.81 40.79 60.02 41.26 61.02 9.54 49.76
P 3 MB 39.47 12.11 15.25 63.69 11.71 52.38 49.76 43.215
P 2M MnP 39.17 9.90 19.37 58.97 16.53 51.78 25.28 43.05
P1LP 35.41 8.59 18.24 52.59 17.22 48.64 24.25 35.98
P3MC 26.27 12.20 1.87 50.68 6.26 44.55 46.44 23.45
P1YX 32.11 13.18 5.75 58.47 11.54 50.75 41.04 34.31
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P2YX 34.36 13.79 6.78 61.94 8.35 56.74 40.13 35.51
P3YX 42.73 8.15 26.42 59.04 22.13 56 19.08 44.34
P1YTE 29.01 14.27 0.47 57.55 8.12 47.2 49.19 29.77
P2YTE 39.31 13.03 13.25 65.37 23.92 61.92 33.14 36.95
P3YTE 24.13 10.03 4.08 44.19 4.56 43.24 41.56 26.24
P 1 MFE 20.12 9.55 1.03 39.21 0.47 34.73 47.44 21.18
P 2 MFE 42.41 10.17 22.08 62.75 21.8 52.48 23.97 48.1

P 3 MFE 34.06 12.71 8.63 59.49 10.54 49.26 37.33 35.36
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The standard deviation is greater than 1. This indicates great variatiomeduits of the

tensile displacement as portrayed in tabl® dhow the variation in the displacement
performance of the different fibre samples in each group. The mean and median values are in
most cases very close as expecbed the minimum and maximuralues vary widely and so

do the standard deviation values. These are most likely because fibre morphologies differ due
to a number of factors: Within a species, fibre tensile displacement diverge due to climatic
and seasonal conditions, soil type andilfgrirate, the different positions of a plant on which
fibres grow can have different tensile displacement (Sorieul, 201L8yi8e et al.,201847-

48). In the case of P 1 YR group the influence of a specific outlier with a value of 9.41
evident in the dostantial difference between the mean; 37.82 and the median; 47.66.

4623 ni ti al Youngos Modul us mean ( MPa), st a

variation and median values of Agawemericanal. fibre

l nitial Youngds mo dant¢lastgeqrtensiemodulus lbis ameabuesfr e d t o
the stiffness of a fibre (Ravichandran al, 2019:66). Table 4 presents the mean initial
Youngdés modulus ( MPa) , standard deviations

values of the tensile propers ofAgave americana Lfibre.
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Tabled6: The initial Young6s modul us mean (MPa), standar d d preperiesafAigave am®&iGpal. coef f i
fibre
Sample ID Mean Standard Mean-2.00 | Mean + 2.00 Minimum Maximum Coefficient of Median

Deviation Standard Standard Variation

Deviation Deviation

P1YR 543.84 182.82 -178.19 909.48 267.77 840 33.62 534.12
P2 MR 496.68 104.22 288.24 705.11 297.27 665.30 20.98 500.12
P 2 MRT 278.71 73.04 132.62 424.79 149.50 384.05 26.21 288.36
P 2 MRM 215.90 215.90 107.54 324.26 128.30 306.62 25.10 221.20
P 2 MRB 436.44 95.45 245.54 627.34 192 581.80 21.87 428.69
P3LR 555.93 108.43 339.07 772.78 445.04 790.40 19.50 537.30
P 3 MRT 584.36 215.09 154.17 1014.55 257.94 1059.53 36.81 546
P 3 MRM 467.97 258.65 -49.32 985.27 279.09 1254.08 55.27 394.69
P 3 MRB 598.13 223.66 150.80 1045.46 368.24 1234.18 37.39 535.42
P1MB 346.11 55.20 235.72 456.50 252 444 15.95 352.33
P2MB 826.33 723.16 -619.99 2272.64 172.71 1854.64 87.52 278.09
P 3 MB 354.26 93.182 167.90 540.63 184.59 459.759 26.3032 387.90
P 2M MnP 366.90 115.35 136.19 597.60 166.65 520.10 31.44 394.62
P1LP 411.39 214.96 18.53 841.30 12 748.21 52.25 483.22
P3MC 264.19 259.56 254.93 783.31 0 578.82 98.25 373.57
P1YX 369.31 87.79 193.73 544.89 204.36 524.58 23.77 364.08
P2YX 0 0 0 0 0 0 0 0
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P3YX 405.76 67.05 271.66 539.86 311.67 488.85 16.53 411.18
P1YTE 322.79 146.76 29.27 616.31 177.17 702.86 45.47 317.09
P2YTE 309.17 127.06 55.049 563.29 161.43 634.97 41.10 297.12
P3YTE 530.78 750.36 -969.93 2031.49 204.00 2905.76 141.37 334.43
P 1 MFE 1101.54 3805.35 -6509.16 8712.24 89.91 17704.2 345.46 314.17
P 2 MFE 315.10 106.53 102.03 528.16 152.87 489.55 33.81 306.97
P 3 MFE 468.54 98.96 270.63 666.45 275.31 647.55 21.12 443.65
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A distributi mani festation i n tensil e i

1101.45 N is a proportion of standard deviation that ranges from 0.00 to 3805h8%nean

on

valuem is referred to ashe coefficient ofvariation varies from 0.00 to 345.466.is observed
from table 4.&hat the standard deviation for the mean value mase than 1. The variations
in the tensilei ni t i al Y o ubelm\dosir cam bed axplainesd by the chemical and
structural heterogeneity between the different parts of a fibre, fibres extfemtedifferent
leaves at different levels from the samenpland from different plants and their layers that
include variation in cellulose content against lignin and hemicellulose proportions and
microfibril angle along the cell axi§Shesanet al, 20194-6). It is observed thatgave
americana L.fibre exhibitedthe tensile properties that are highly variable. The teffibiie
variability was evidenteven among the same batcliesn the same fibre or the leaves from
the same plants obtained from the same levélss can bedue to varied structural
arrangemerst like lumens wall thickness and diameter whiehe of different sizes/hich are

distinctivenatural fibre characteristigg\yele et al. 2018:48).

4.6.2.4The tensile properties of the rafygave americana Lfibre from different positions of

the plant leaves

Table4.7: The Comparison of the tensile properties of raw fibre obtained from different positions of plant 2
and 3 leaves

Position of leaf | Fibre sample Maximum Displacement | | ni t i al

designation breaking load at maximum Modulus (GPa)
(N) load (mm)

Top P2 MRT 4.71 28.27 278.71

Middle P 2 MRM 6.27 34.57 215. 90

Bottom P 2 MRB 9.15 39.54 436.44

Top P 3 MRT 22.61 30.92 584.36

Middle P 3 MRM 10.09 33.73 467.97

Bottom P 3 MRB 15.21 46.65 598.13

Tensile properties of fibre bundles extracted from three different positions in the leaf: bottom,
middle and top, were evaluated and the results are shown in table 4.7. For plant 2 medium leaf
fibres, the top endured the lowest load then followed by tluglmiand the bottom /base fibre
tolerated the highest load before breaking. But for plant 3 medium, the fibre from top part of

the leaf, withstood the highest load before breaking followed by the fibre from the base and

183



finally the middle. But in generakthe Agave americana Lfibre tensile properties tested
showed the same trend. The fibre from top part exhibits the highest average mean tensile
properties; then followed by the fibre obtained from the base and lastly the fibre from the
middle part showedlvest the tensile properties. However, the differences between middle and
bottom parts were not much different.

These results differ with those of Surajarusatral (2019:148) where the pineapple leaf fibre
bundles obtained from the middle part exhibited the highest tensile strengths and those from
the top positiorwerethe weakest These results confirm the theory that the plant fibre tensile
properties are substaaity divergentbetween different plant®etween fibres harvested from

the same plant at different levels and witkin individual fibre at different positionsThis
variability is effected by several factors like; the intrinsic distribution of the fibraposition
properties, procedures followed to extract the fibre and to explore the tensile properties of
individual fibres, the plant fibre structural variations among themselves, affecting fibre
diameter, crystallinity, microfibrillar angle, physical antlemical composition and luminal
porosity due to different growth conditions (Celiebal, 2014:3 Ahmadet al. 2019:3.

Under normal circumstances; tfeung's moduluandtensilestrength of lignocellulosic fibres

increases with increase dellulosecontent(Feigelet al, 2019:8). Fibre attained from the base

of the leaf is older with higher cellulose content than the yaufigee from the middle and top

of the leaf. The same trend is observed in table 4.8; with exception of P 3 MRT which shows
thehi ghest maxi mum | oad and higher Youngds moc
the orientation of cellulosic fibre ultimates (microfibrils) towards fibre axis, which controls

fibre rigidity. The cellulosic fibres are unyielding and can bear highiléettad when their

constituent microfibrils are parallel orientation to the fibre axis. Otherwise, they are more
yielding if they possess a spiral orientation towards fibre axis (Bouretaald 2018:348). It is

therefore reasonable to conclude that MIBT might have had a natural spiral orientation

towards its axis and therefore became more pliable when loaded.

From Tables 4, 45 4.6 and 47 it is observed that the tensile propertiesAghve americana

L. fibre varies substantively, even in the santeef This variability is caused by the natural
distribution of the fibre properties and investigational procedures used to test the tensile
properties of each individual fibre. It is observed from the results, th#tgaee americana L.

fibre tensile prperties diverge between fibres extracted from the leaves of the Agave

americana Lplant. This is influenced by the fibre and maturity levels and structural deviations
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that affect the fibre physical and chemical composition, microfibrillar angletadiiggy and
luminal porosity due to different growth conditions (Bourmatidl, 2018:348).

The variability of the tensile properties &gave americana Lfibre can alsobe impacted
mainly by variability in fibre diameter that is influenced by the caosigon of an individual

fibre bundle. An individual fibre bundle is composed of a number of ultimate filares (
illustrated infigures 4.25, 4.26 & 4.27). The fibre diameter variability posts a problem when
determining the transversectional area of thigbre. This is explained by a substantial scatter
observed in the measured tensile strength and initial moduli AAdbee americana Libre.

The evaluated tensile moldis decreases with increasiriipre diameter that shows the
significance of the iderfication of the fibre width. The mechanical actions of fibre extraction
applied to separate the fibre bundlesnirthe leaf biomass (figure 4,1lwashing, drying,
straightening and cleaning fibre debris on fibre surface could have induced fibre defects.
ForteaVerdejo et al (2017:445) claimed that the defects induced by fibre extraction are
probable to influence the tensile properties of the fibre and increase probabilities of its failure
during textile manufacturingsausing the fibre length to lshorter than its own acute length.

The difference amonggave americana Lfibre cells is influenced by factors that include the
thickness of the secondary celalls which are affected by the number of fibre cells, the cell
wall size, the fibre bundle csssection areand the real crossection which is equal to the

total area minus the lumen arehfferences in fibre morphology can be associated with the
tensile strength properties (Bourmaeidal, 2018:348). This implies that the fibre mechanical
properties are correlated to its particular morphological characteristics which are also related to
its tensile strength properties. The plant fibre selection for specific textile performance is
highly influenced by fibre strength properties (Shesal., 2019:4).

4.6.3 Representation of the tensile properties aAgave americana Lfibre
4.6.3.1Tensile maximum load mean values (N) of radgave americana Lfibre

The maximum load mean values of the rAgave americana Lfibre are presented in figure
4.13.
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Maximum load mean values for rawAgave americana Lfibre
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Figure 4.13 Tensile maximum load values (N) of ravkgave americana Lfibre extracted from the leaves

harvested from three plant levels and from three different parts of the leaves: base, middle & tip

The lowest maximum load value 4f71 N was obtained from the tip fibre extracted from the
middle leaves of plant 2. The highest maximum load value of 22.61 N was obtained from the
tip fibre extracted from the middle leaves of plant 3, followed by fibre obtained from the young
leaves of fant 1 with 22 34 N. This can lexplicatedby the fact that they were from different
plants which had the same ecological niche in which they adapted to it differentlpgakie
americana L. fibre is a lignocellulosic fibre comprises of chemical celluloignin,
hemicelluosespectin and waxes. Its power stations arellulose microfibrils which are
protected byhemicellulosesand lignin. When a force is applied, the microfibrils align

themselves witliibre axis(Ahmadet al, 2019:2)

When matrix hemicelluloses and lignin lose their bonding power with cellulose microfibrils;
the cellulose hydrogen bonds within the cellulose microfibrils also break and fihree fa
occurs. That is why; the fibre with higher cellulose content has the higher tensile strength and
vice versa. It can also be explained from a chemical composition viewpoint that an increase of
hemicelluloses content; results in a decreased testsiliegth because of the amorphous nature

of hemicelluloses that ends up with the heterogeneous propéities is another essential
chemical component of the cell wall that protects and strengthens theTfilgreniddle lamella

also strengths the lignetiulosic fibre when joining the neighbouring cell walls of the fibre.

The highly lignified sclerenchyma fibres may also be found in the fibre and addsteeingth
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to the fibre.This difference in tensile properties of the fibre extracted from the sasitgop of
the leaves and the fibre could be due to retting prdéesseaVerdejoet al.,2017:442) The P

2 MRT might have been oweetted and P 3 MRT undeetted. However, theségave
americana Lfibre tensile tests results indicated that the tndaigon water retting followed by
extractive removal of pectin frorAgave americana Lfibre leaves did not change the fibre

tensile strength adversely.

4.6.3.2Displacement values at maximum load mean (mm) of ragave americana Lfibre

The displacement mean ual at maximum load is also referred to as the elongation at break or
fracture strain. Idefinesthe average relationship between ultimate length and initial length of
the test specimen; following the fracture caused by load apfidedaixao, 20129). Figure

4.14 presents the displacement mean value at maximum load Afyexe americana Libre.

Displacement mean values at maximum load for ravAgave
americana L fibre
1 | | |
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Figure 4.14: Tensile displacement at maximum load mean (mm) of rAgave americana Lfibre extracted from
the leaves harested from three plant levels and from three different parts of the leaves: base, middle
& tip

Figure 4.14 shows that at maximum load, the maximum displacement value of 46.65 mm was
moved by fibre extracted from the base of middle leaves (P 3 MRB). It was followed by fibre
extracted from middle leaves of plant 2 (P 2 MR) with 45.83 mm; which wadalswed by

fibre extracted from the base of middle leaves (P 2 MRB) with 39.54 mm. the minimum
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displacement at maximum load; of 28.27 mm was displayed by fibre extracted from the tip of
the middle leaves of plant 2 (P 2 MRT), followed in an ascendidgrdoy fibre extracted from

the lower leaves of plant 3 (P 3 LR) with 29.53 mm. These results caxphleatedby a
number of hypotheses: the plant fibre molecular structure of cell wall polymers, their
architectural structure, age and diameter of theefili is therdore, ideal for one to consider

fibre extracted from middle leaves to have relatively high elongation to failure, which is mostly
attributed to stress relaxatiotfiat occus when fibre is loaded for residual stress that exists in
the fibre microfibrils and cause them to salign during deformation (Msahlet al,
2007:39533955 Kolte & Daberao, 2012:6 & 7).

The fibre with maximum displacement is from the base of the leaf. It is therefore ideal to think
that it was older and thicker inatneter than the fibre from the middle and tip of the leaf.
Diameter variation could affect the displacement at maximum load for the fibre. According to
these results; as thébre diameter increased the mechanidahaviour (in terms of
displacement at maximum load) increased substantially. The used plants were wild with
unknown age; one could conclude that plant 2 was older than plant 1 and 3 from which the
fibore was extracted. There is difference in displacement betweeditierent parts of the
leaves. The fibres extracted from the base stretch further before they break in the middle part

less but least at the tip of the leaves.

4.6.3.3Initial Young's modulus mean values for ragave americana Lfibre

The i nit i alusiameasgrérenfrilwediexibility or stiffness |t is the diagonal
slope of the linear section on the stremincurve Thus, itis longitudinal stress divided by
vertical strain, the fibre experience. Normally; the stiffer fibre exhibits higtigal modulus
(Ravichandraret al, 2019:66). Figure 4.15 shows a tensile Young's modulus (MPa) of raw

(untreatedAgave americana fibre.
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Initial Young's modulus mean values for rawAgave americana L
fibre
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Figure 4.15: Tensile Initial Young's modulus mean values (MPa) of ragave americana L.fibre extracted
from the leaves harvested from three plant levels and from three different parts of the leaves: base,
middle & tip

Figure 4.15 shows that t he Agave amercana bilwasn g o s
ranged from 278.71 MPabtained from the middle fibre of the medium leaves of plant 2 (P 2
MRM), to 598.13 MPa obtained from base fibre of the medium leaves of plant 3. Initial
Young's modulus load was exhibited by the fibre at the base of the medium leaves of plant 3.
These reglts show no statistical relationship with the diameter variation and position of the
leaf from where the fibre was extracted. The highest mean value was attained from the base
fibre and the second highest initial Young's modulus value was from thergpctim also be
explained by the same hypotheses as those shown in figure 4.15. It is therefore ideal to think
that it was thicker in diameter than the fibre from the middle and tip of the leaf. fetdajo

et al (2017:444) claimed that fibre diameter variation could affect the displacement at
maximum load for the fibre. The result of the initial modulus is measured in MPa. The
problems with the individual natural fibres are the differences in size of the fibre which make
the results less comparable. The facts that the mean and median values are closely related make

the results more comparable.
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4.6.3.4Tensile Maximum load mean values (N) of boilddjave americana Lfibre

Boiling water treatment was applied &igave americana Lfibre and removed water soluble
extractives from the fibre. This then softened fibre to some extent. Maximum load mean values

of water boiled forAgave americana lfibre is presented in figure 4.16

Maximum load mean values ofAgave americana Lfibre boiled for

30 minutes
P 3 MB *

P2 MB

= P2 MB
P3 MB

Fibre designation

P1 MB

0 2 4 6 8 10 12
Maximum load mean values (N)

Figure 4.16: Tensile maximum load mean values (N) for boiled Agave americandfibre obtained from plants
1,2and 3

The tensile maximum load mean valuesAgfave americana lfibre ranged from 4.82 N to

11.43 N. This implies that water boiled fibre extracted from middle av¥elant was the

least strong while the water boiled fibre extracted from middle leaves of plant 2 was the
strongest. These values are comparable to those of raw fibre. One other important observation
is that the load carried before breaking of the lobfiere was lower than for the raw fibre,
expected as the boiling process would break the bigger fibre bundles down in smaller fibre

bundles or individual fibres.

4.6.3.5Displacement mean values at maximum load for boikkgave americana Lfibre

The displacemenat maximumload of the fibre is measured to indicatlee ductility; which
indicates the amount of load the fibre can withstand before fracture. The displacement means
values at maximum load (mm) foribur water boiledAgave americana Lfibre, which is the

distance the sample can expand before breaking, was determined and presented in figure 4.17.
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Displacement mean values at maximum load for boileAgave americana
L. fibre
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Figure 4.17: Tensile displacement mean values at maximum load (mm) for 1 hour water béitg/e americana
L. fibre obtained from plants 1, 2 and 3

The boiling water treatment removedt andsurface attached fragmental tissues and debris.
Thus rendered the fibre surface smoother and cleaner and contribute a softer feeling than the
raw fibre. Boiling the Agave anericana L.fibre in water for 1 hour rendered fibre extracted

from the middle leaves of plant 2 to become the most ductile of the three samples; because it
exhibited the highest displacement mean value of 50.4 mm; followed by fibre from plant 3 with
39.47mm and fibre from plant 1 exhibited the lowest mean value; 22.24 mm of fracture strain,
thus; it has least ductile properties. Nonetheless, it is difficult to comprehend a correlation
between the water boiling treatment effect and the difference indehsglacement Waes and

the fibre designation.

The known effect of boiling water on cellulosic fibre is that it increases the fibre fibrillation
and outer surface to improve fibre swelling, flexibility and intra fibre bonding interaction
(Motamedianet d., 2019:4099). Th&ensiledisplacement at the boiled fibre does not differ
observably much from the displacement of the raw fibre. Indicating that the boiling process did

not harm the fibre characteristics
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4.6.3.6Initial Young's modulus mean values for boileligave americana Lfibre

Initial Young's modulus mean values forAgave americana Lfibre
boiled for 30 minues
P 3 MB 354.26
c
9
g
(o))
E = P2 MB
=]
L P3 MB
0 100 200 300 400 500 600 700 800 900
Initial Young's modulus mean values (MPa)
Figure 4.18; Tensile initial Young6s mAgdve bmescanm Efibre obtaisetl u e s ( MI
from plants 1, 2 and 3
The i nit i adulusYnean mafu® fer thenboiled fibre extracted from the middle leaves

of plant 2; (826.33 MPa) was double; higher than the boiled fibre extracted from middle leaves

of plant 1 and 3; (354.26 MPa) and (346.11 MPa) respectively. This means that fioneabtai

from plant 2 was the stiffest; its shape exchanged slightly under elastic loads; when compared

to plant 1 and 3 fibres which were more flexible/elastic and changed its shape considerably
under elastic loads. This is not much different from that oftleew f i br e . The ini;
module for the boiled fibre varies widely from 345.11 MPa and 826.33 MPa. Thus not indicate
that the boiling process did any damage to t

Agave americana Lfibre.

4.6.3.7Maximum load mean values of enzyme biosoftegghve americana Lfibre

Figure 4.19 displays the maximum load mean values of enzyme biosoftgaed americana
L. fibre.
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Maximum load mean values for enzymatic biosoftenedgave
americana L fibre
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Figure 4.19: Maximum load mean values (N) for single and sequential enzymatic biosoftekgal/e americana
L. fibre

Results from figure 4.19 show that the enzyme biosofté&gzave americana Lfibre can bear
maxmum load that ranged from 4.688.85 N. The lowest valudenotes the lowest tensile
strength and was obtained from sequential pectinase, xylanase and cellulase biosoftened fibre
extracted from top (young) leaves of plant 3 (P 3 YTE). ®pgmal value designates the
maximumtensile strength and was obtainednfraxylanase biobleached fibre extracted from

top (Younger) leaves of plant 1 (P 1 YX). There @ggtaintheoriesto expound orthe possible

reasons for theseselts;

(i Enzymes are highly substrate selective and specific. Therefore, xylanase was likely to
have hydrolysed hemicellulose only and left other components in touch. The sequential
pectinase, xylanase and cellulase biosoftening led eachmenzo hydrolyse its
component. However, this may not be substantive, because sequential manganese
peroxidase,pectinase, xylanase and cellulose biosoftened fibre exhibited stronger

properties than the sequential pectinase, xylanase and cellulase biosoftened fibre.
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(i)  Thechemical compositionf the Agave americana Lfibre of which literature explained
as mainly; 6830% cellulose, 15% hemicellulose andlB% lignin might be another
causeof difference.

(i) Furthermore, hemicellulosavhich is xylanase substrate is amorphous, cellulose
mi crofibril s itsuwgakeoand lesa @aundaattthan ckystalline cellulose
in the Agave americana lfibre (Hulleet al, 201%:71-72).

(iv) It may be due to the fact that tAgave americana Lfibre is anatural lignocellulosic
fibre. Intra-inter-fibre variability tensile strerty due to growth irregularities is a typical
feature fomaturalplantfibres,

(v) The Agave americana Lfibre variability might be dueo the position from which the
fibre is extracted can further explain the different results observed for example fibre
obtained from the outermost layer of the Ils&kath whichs stronger than the fibre
extracted from the inner leaf sheath (Hudleal, 201%:71). In general, the load carried
by the enzymatic biosoftenefigave americana Lfibre before breaking is lower than
that of the rawAgave americana Lfibre. The Agave americana Lfibre tensile results
showed that the removal of naellulosic fibre corponents through enzymatic
biosoftening caugkfibre strength lossThe same result was manifested in an experiment
conducted byDsorioet al (2012:8).

4.6.3.8Displacement mean values at maximum load of enzyme biosofté&gae americana
L. fibre

Figure 4.20 displays the displacement mean values at maximum load of enzyme biosoftened

Agave americana Lfibre.
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Agave americana Lfibre
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Figure 4.20: Displacement mean values at maximum load (mm) for enzymatic biosofteningafre americana
L. fibre

The results from figure 4.20 shown more or less the same trend as other tensile properties
results displayed on table and figures above. The fibre extracted from plant 2 treated with
different enzymes, generally exhibited significantly higher degataent mean values, when
compare to fibres obtained froptant1 and 3. It is also observed that P 3 YTE exhibited the
highest displacement mean values at maximum load of 42.73 mm, followed by P 2 MFE with
42.41 mm and P 2 YX; 39.31mm respectively. P 1 MBdhibited the lowest displacement
mean value of 20.12 mm. Displacement value at maximum load is inversely proportional to

tensile maxnum load at break and modulus.

Wh e n fibre tensil e maxi mum | oad and initia
displacenent value at maximum load; stretch under stress. Displacement at maximum load is a
ductility degree of which the fibre experience before failure because they experience
irreversible plastic deformation. A more ductile fibre exhibits a higher displaceahdamture

whereas a more brittle fibre exhibits extremely low displacement at failure; it exhibits lower
displacement value at break, which is mostly elastic and reversible. It is therefore reasonable to
think that P 3 YTE was the most ductile fibre wHel. MFE was the most brittle of all enzyme

biosoftenedAgave americana Lfibre.
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4.6.3.9Initial Young's modulus mean valuesMPa) for enzymatic biosoftening oAgave

americana L.fibre

Figure 4.21 displays the initial Yo WwWgage0 s mod

americana Lfibre.

Initial Young's modulus mean values for enzymatic biosoftened
Agave americana Lfibre
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Figure 4.21: Initial Young's modulus mean valuesMPa) for enzymatic biosoftening oAgave americana L.
fibre

The impact of enzymatic biosoftening Agave americanalf. i br e Youngds modul
in figure 4.21. The maximum modulus of raw fibre was 598.13 MPa. However, the modulus

for enzyme treated fibre fluctuated between 264.11 MPa for the sequentiahpeckplanase

and cellulase biosoftened fibre extracted from younger leaves of plant 3 and 1101.54 MPa for

the sequential manganese peroxidase, pectinase, xylanase and cellulase biosoftened fibre
extracted from middle leaves of plantThe highest modulugalue might have been due to an

effective increase in cellulose fibre orientation that might have occurred because of the
elimination of the hemicellulose and lignin constituents that cause the fibres become

comparatively ductile with cellulose chainsreased selfealignment and stiffness.
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However the gener al trend observed was that
with enzymatic treatment intensification with sequential manganese peroxidase, pectinase,
xylanase and cellulase. The decrea@sestiffness; resistance to deformation observed with
treatment intensity might have bemitiated by theeliminationof lignin; the rigid component

on the fibre and other necellulosic fibre components to the extent that it damaged the fibres
inter-laminar bonding. Iti s al so observed that P 2 XY sho\
modulus. This implies that the sample was highly ductile and lacked resistance to stretching

and strength (Kamarudetal. , 2018: 9). The initi alosofemetlng s 1
Agave americana Lfibre was slightly lower than that of a raf&gave americana Lfibre with

the exception of P 2 MFE indicating that the biosoftening technology did not affect the fibre
tensile properties negatively.

The tensile tests result, evidently designated that the tensile strengtawd americana L.

fibre decreased proportionately with the intensity of enzymatic biosoftening technology applied
when compared to that of raw fibre (tables 4.4 and 4.5 as wiggjuaiss 4.74.8). The decrease

in strength is mainly caused by structural changes which take place during enzymatic
biosoftening. As shown by the SEM analysis, 1tefulosic surface components of the fibre
were catalysed by the action of enzymes. Thengny wall of the fibre consists mainly of
pectin; one of the most complex nroeallulosic components. Its main function in a fibre cell is

to glue together all other fibore components. Thus; its hydrolysis and elimination can destabilize
other constituents ral the original fibre structure as well as its tensile properties. This

happened because the pectimédlae have been disintegrated.

The enzymatic biodelignification hydrolyses lignin another important structural component of
the lignocellulosic fibre céivall which should be partially removed in order to soften the fibre.
Xylanase bioleaching technology also hydrolyses hemicellulose; xylan vigiiche of the
threemain componentscellulose, hemicellulose and ligniaf thecomplex structural network

of lignocellulosic fibres;ithat contributes to the decrease of fibre tensile properties. Cellulase
biopolishing hydrolysed the readily accessible surface cellulose fibrils so as to biosoften the
fibore with minimum tensile strength losses. Increasing enzgmatimber of sequential
treatments which increase effect and time also increases the breaking tenacity and initial
modulus of the treateBlgave americana Lfibre. The high values okgave americana Lfibre

tensile properties are a good indication thé & potentiatextile fibre.
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4.6.4 Tensile stressstrain curves Agave americana Lfibre.

The Agave americana Lfibre mechanical properties are undoubtedly the most substantial
properties to study because, they characterize the mechperé@amanceof the fibres during

processing and use of the end products (Msaldil., 2007:3953)The stresstrain behaviour

under tension is normally determined by tens:s
testing force (stress) is measured during @ppibn samples are subjectecctmtrolled tension

until failure occurs. Tensile test determines how strong a material is and how long it can be
stretched. Te tensile test carried out in this research study provided the following important
information yidd maximum load in N, displacement at maximum load in mm and initial

Youngds modulus in GPa.

The typical strain stress curve consists of three regions: At region 1 where there is elastic
behaviour, with a small deformation, the lignin bears the stre$®wtipasing it to the fibre
ultimates.The first part of a stress strain curve slope is a straight line and is considered the
initial modulus (Hulleet al, 2015c:71). If the load asrelieved at this stage the fibre would
return to its original dimensioas it is still elastic. It is therefore reasonable for one to conclude
that the physicanechanical properties of a composite fibre bundle are related fhyiséeco
mechanical properties of narellulosic components of the cellulosic fibre. At regionhre is
viscoelastic deformation, fibre fibrils begin to change without being really deformed; due to the
spring arrangement of the fibre fibrils which make the fibre bundle very extensible and begin
to distortuntil they rupture (Hulleet al, 2015c:72) At region 3 where plastideformation of

the fibre fibrilsresuls in a deepslope indicating the beginning of fibre failure until rupture
(Gorjanc & Bukosek200863).

The tensile stresstrain curve for the testetyave americana fibre samples were plotted to
observe its behaviour when subjected to forces. Figuresdd23lare the representative stress
strain curves foAgave americana Llfibre tested in this research study. These figures depict
typical tensile maximum load (N)evsus displacement at maximum load (mm) curves directly
obtained from the machine digital recorded data, for each one of the tested sarAglkescof
americana Lfibre. In these diagranshown below; the strains are plotted along the horizontal

axis; convese to the stresses that are plotted along the perpendicular axis.
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4.6.4.1Tensile stresstrain curves of rawAgave americana Lfibre

The stresstrain curves ofAgave americana Lfibre were drawn automatically by instron

tensile tester during fibre tensile testing process. Agpave americana Lfibre stressstrain

curve indicates the relationship between force per unit area and the proportional deformation;
which is a measure aft s stiffness and is termed the ir
2017:28). Figures 4.22.26 show the typicalkhe stresstrain curves andbehaviour of the

Agave americana LUibre. Figure 4.22lisplaysthe stresstrain curve of ravAgave americana

L. fibre extracted from middle leaves of plant 2 (P 2 MR).
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Figure 4.22: The stressstrain curve of rawAgave americana Lfibre extracted from middle leaves of plant 2 (P 2
MR)

The tensile stresstrain diagrams of the testégdjave americana Lfibre provide the maximum
tensile load strengths and the ratio of stre
within the | inear r edggreeonf. tYhoeu nfgidlsr endosd url eussi sits
deformation. The film t hat exhibits higher stiffness ha
has fewer propensities to the deformation along an axis when opposite forces are Spplied (
A.U.etal, 2016:10661).

The fibre tensile strength and elongation influence gbgormance properties of the textile
products manufactured from it. The tensile strength is measured when the forpioigednm

the form of springs or weights on the fibre and the fibre is stretched and resistant to breaking
(Sinclair, 201515). The stessstraincurvein (figure 4.22) Agave americana Lfibre shows a

relatively brittle nature that is characterised by skipping of the plasticity region to the elastic
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limit where the fibre undergoes a fracture followed by an immediate load drop whentsdbj

to excess stress.

Figure 4.23 exhibits the streswain curve of ravAgave americana.lfibre extracted from tip
part of middle leavesf plant 2.
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Figure 4.23: The stressstrain curve of rawAgave americana Lfibre extracted from tip part of middle leaves of
plant 2 (P 2 MRT)

The stresstrain curve in figure 42is an example of the typical viscoelastic behaviour of the
natural lignocellulosic fibre. This can lexpoundedy the fact that the fibre is obta from

the tip area of the leaThe tip is the growing zone of the leaf; this implies that the fibre is
thinner and younger than the fibre at the base of the leaf. Hence why the displacement is short
the curve slope showed that the tenstiengthof P 2 MRT was lower than that of the other

raw fibres.

Figure 4.24 presents the strasgain curve of rawAgave americana.Lfibre extracted from the

lower leaves of plant.3
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Figure 4.24: The stressstrain curve of rawAgaveamericana L.fibre extracted from lower leaves of plant(® 3

LR)

With the exception of the initial; lowest strain rate, the curve indicates that the fibre mainly

exhibits the brittle rupturél he curve showed straimrdening that can be reasoned as a

microfibrillar progressive orientation of internal structures that includes defects and

microfibrillar angle

Figure 4.25 presents the strassain curve of rawAgave americana .Lfibre extracted from

middle part of middle leaves of plant 3
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Figure 4.25: The stressstrain curve of rawAgave americana Lfibre extracted from middle part of middle leaves

of plant 3 (P 3 MRM)
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General |l y, t Bhewsabrttlebreakihgbethavigub witk a abruptload fall when
ybre fail ur e -srainccurves of ralAbjage americapaslfibre except that of
fibre extracted from tip part of middle leaves of plant 2 (P 2 MRWicate the fibre tensile
strength and stiffness are proportionally high when comparetase of biled and enzyme
treated fibre.

Figure 4.26 illustrates the stresisain curve of rawAgave americana.Lfibre extracted from
middle part of middle leaves of plant 3
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Figure 4.26:. The stressstrain curve of rawAgave americana Lfibre extracted from middle part of middle leaves

of plant 3 (P 3 MRM)

4.6.4.2Tensile stressstrain curves of boiledAgave americana Lfibre

Figures4.27-4.29 present the tensile stress strain curves of bd\gave americana Lfibre.
Figure 4.27 displays the tensile stress strain curves of béigadl/le americana Lfibre

extracted from middle leaves of plant 1
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Figure 4.27: The stressstrain curve of boiledAgave americana Lfibre extracted from middle leaves of plant 1

(P 1 MB)
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the curve in the |

occurs in the stresstrain curvgOsorioet al, 2012:%).

near

Figure 4.28 displays the tensile stress strain curves of bdgade americana Lfibre

extracted from middle leaves of plant 2
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Figure 4.28: The stressstrain curve of boiledAgave americana Lfibre extracted from middle leaves of plant 2

(P 2 MB)

Figure 4.2 displays the tensile stress strain curves of bdilgdve americana Lfibre

extracted from middle leaves of pledit
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Figure 4.29: The stressstrain curve of boiledAgave americana Lfibre extracted from middle leaves of plant 3

(P 3 MB)
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4.6.4.3Tensile stresstrain curves of enzyme biosoftenédjave americana Lfibre

Figures 430-4.37 present the strekstrain curves of eryane biosoftened\gave americana L.

fibre. Figure4.30 displays the streisstrain curves ofmanganese peroxidase biodelignifiggave

americana L fibre extracted from middle leaves of plant 2
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Figure 4.30: The stressstrain curve of manganese peroxidabedelignified Agave americana Lfibre extracted

Displacement mm

from middle leaves of plant 2 (P 12 MnP)
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The stressstrain curve exhibited variation in some specific areas. ddmnsbe explained as a

causeof constant microfibrillareadjustmentghat occur in the fibre axial direction during

testing(Osorioet al, 2012:84.

Figure4.31 displays the stresstrain curves okylanase biobleachetigave americana.lfibre

extracted from top leaves of plant 1
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Figure 4.31: The stressstrain curve of xylanase biobleacheigave americana Lfibre extracted from top leaves

of plant1 (P 1 YX)

Figure4.32 displays the stresstrain curves okylanase biobleachetlgave americana.Lfibre

extracted from top leaves of plahit
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Figure 4.32 The stressstrain curve of xylanase biobleachedlgave americana Lfibre extracted from top leaves
of plant 2 (P 2 YX)
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Figure4.33 displays the streisstrain curves okylanase biobleachetigave americana.lfibre

extracted from top leaves of plant 3
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Figure 4.33 The stressstrain curve of xylanase biobleacheigave americana Lfibre extracted from top leaves

of plant 3 (P 3 YX)

The stressstrain curve of sequential pectinase, xylanase and cellulase biosdfigemesl

ameicanal. fibre extracted from the top young leaves of plant 1 is presented in figure 4.34
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Figure 4.34: The stressstrain curve of sequential pectinase, xylanase and cellulase biosoft&gede americana

L. fibre extracted fom top (young) leaves of plant 1 (P1 TYE)

Figure 4.35 displays the stresstrain curve of sequential pectinase, xylanase and cellulase
biosoftenedAgave americana .Lfibre extracted from top (young) leaves of plantir2.the

softer fibre the stresstrain curve&xhibitedlongerand deeper curventures figures.
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Figure 4.35: The stressstrain curve of sequential pectinase, xylanase and cellulase biosoft&gede americana
L. fibre extracted from top (young) leaves of plant 2 (P 2 YTE)

Figure4.36 showshe stresstrain curve of sequential manganese peroxidase, pectinase,
xylanase and cellulase biosofterglve americana.lfibre extracted from middle leaves of

plant 2 Thestressstrain curve designated the fibre ruptured in a brittle mode subsequent to the

yield point. The viscoelastic nature under loading ofAgave americana.lfibre is indicated

by the stresstrain curventure as observed in figurez244.37. Theviscoelastic nature of the

fibre can be explained by the fact thagave americana. Llfibre is a natural composite, consists

of helically wound crystalline cellulose microfibri{slulle at al., 2015:3).
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Figure 4.36. The stressstrain curve of sequential manganese peroxidase, pectinase, xylanase and cellulase
biosoftenedAgave americana Lfibre extracted from middle leaves of plant 2 (P 2 MFE)
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The MnP, pectinase, xylanase and cellulose respective sequential enzlgimsdittening of
Agave americana Lfibre separated the fibre from its nroellulosic constituent; the sequential
enzymatic biosoftening technique removed from the surface of the fibre; the lignin and
hemicellulosesThis reduced the breaking strengthtloé biosoftened fibre. The same results

were found byOsorioet al (2012:86), usinga mixtureof cellulase, xylanase and pectinase.

Figure 4.37 depictsthe stresstrain curve of sequential manganese peroxidase, pectinase,
xylanase and cellulase biosoftenkdave americana .Lfibre extracted from middle leaves of

plant 3.
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Figure 4.37. The stressstrain curve of sequentiaimanganese peroxidase, pectinase, xylanase and cellulase
biosoftenedAgave americana Lfibre extracted from middle leaves of plant 3 (P 3 MFE)

Enzyme treated ybre exhibits a nonlinear; %
failure occurslt is observed from figures 30-4.37 that Agave americana Lfibre stressstrain

curves are characterized by short, i nitial |
viscoelastic curvature before failure, indicating a variation of the strain rate prodiibdtie
variation of the stresses. The short, initial
a small elongation and a full instant elastic recovery. This means the fibre stress is constantly
proportional to strain aoshetybe Hokeds8s | movd Ul

approximation. From the proportional limit, the strain normally increases, in such a way that

the fibre deviatedrém the linear proportionality.

The subsequent curvature observed in the curve illustiiagadscoelasi natureof the Agave

americana L.fiore. To understand the observed viscoelastic bebgvib is necessary to
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consider thaAgave americana Libre, is regarded asatural composites of cavalries of spiral,
multi-cellular crystalline and nearystalline cellulose microfibrils that amntrenchedn an
amorphousemicelluloselignin matrix. As the stress was constantly applied, it was also shared
between crystalline ral noncrystalline fibre components. The spiral cellulose microfibrils
undergo deformation, by first unwinding and then followed by matrix resilience and slippage
of molecules, ending up with crystalline and revgistalline molecule decohesion especiatly a
weaker joints or defects. This complicadgave americana Libre structure can influence its
strairi stressbehaviour(Hamadet al, 2017:296). The fibre age and origin can also influence
its resistance to deformation when the strain is low (Jigtiak, 2016:20).

The Agave americana Lfibre stress strain curves were characterised by skipping the plastic
behaviour and ending with sudden filmgoture as the applied stress increased; to a point
where the fibre could not bear it any more, it brokéhatmaximum strain. In the plastic region

the ductile fibre is believed to undergo permanent deformation where it rearranges its internal
molecular structure. a mechanism for molecular movement, is required by the fibre plasticity
from which dislocation o€rystalline materials can aridéis assumed thaigave americana L.

fibre is deficient in this mobility, and has internal microstructures that restrict dislocation

movement.

It exhibited the typical linear viscoelastic strassain curve that breaksithout appreciable
plastic flow because it is a brittle fibre that shows very little bend before fractures when
exposed to additional stress. The resistanc&gafve americana Lfibre fibrils in the rupture

zone, is due to their size and number, dispensd their connection to the natural matrix which
explain the behaviour of fibre bundles. It is therefore reasonable for one to conclude that the
mechanical behaviour okgave americana Lfibre bundles is greatly correlated to its fine
structure.A progressive realignment of cellulose microfibrilgvas observedor some fibre
samples (figure 4.22b and 4.24h).

Its stressstrain curves show were comparatively the same and comparable to those of other
natural lignocellulosic fibres like sisal (Ananjiwadd al., 2010:189), jute (Bourmauet al,
2018:379380) angustifolia HawAgave (Silv@antoset al, 2009:105), banana (Aseeft al,
2013:202). A number of\gave americana Lfibre stressstrain curves relatively confirm the

high fibre variability of all itsmechanical properties. This scattering shows the particular
structure ofAgave americana Lfibre. The sizes of the fibre bundles fluctuate along its length

and among different fibres within the same leaf from the same plant and from the different
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plants die to varying numbers of fibre fibrils that comprise the fibre bundle. It is observed that
Agave americana Lfibre presented high tensile strength and modulus values because it is
made up of more crystalline regions and showed little or no plastic crenaitéailure because

it is a brittle fibre. These results further confirm the results obtained by El Oueéiaal
(2008:3) and El Oudiargt al (2009:3954).

47 THE ANALYSIS OF AGAVE AMERICANA L. FIBRE SURFACE
MORPHOLOGY

The Agave americana Lfibre is extracted as fibre bundles consist of minute individual
microfibrils referred toas ultimates (Hulleet al., 2015b:3). It is in the form of elongated
cemented and approximately cylindrical fibre bundles, not the individual microfieilse In

this case, théAgave americana Lf i br e bundl esd morphology res
other multicellular plant fibres, such &gjave sisalanaAgave tequilanabanana leaf fibre

Doum palm fibregZannenret al.,2014:204 Hidalgo-Reyeset al, 2015:813814). Biosoftening

of Agave americana Lfibre with commercial lignocellulolytic MnP, pectinase, xylanase and
cellulase resulted in improved physical properties of the fibrgure 4.38 illustrates the

photograpk for individualenzymatic biosoéinedAgave americana Lfibre

€Y (b)

Figure 4.38: Photographs of the single enzymatic biosoftened Agave americana L. fibre (a) Cellulase biopolished

fibre (b) Xylanase biobleachefibre.
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Figure 4.38 shows the surface modification ioflividual enzymebiosoftenedAgave americana
L. fibre conferring more evensofter and smoother textumgith lesser surface fuzzingnd
brighter glossier lustre and whitecolour than the raw fibreThe cellubse biopolishing
improved fibre appearance by hydrolysing appareatsely hangingsurface fibrils and
microfibrils which are then easily sheared off during wet and dry cleaffigare 4.38(a)).
Biobleaching with xylanases softens the fibre Hyglrolysingand removing xylan the main
hemicellulose that is associated with other-gehulosic impurities whiclare airoxidisedto
decolouriseandbring about a characteristic brown colouffitre, which is removed to whiten
the fibrefigure 4.38 (b))

Figure 4.39llustrated thephotographs foseqential enzymatic biosoftenefigave americana
L. fibre.

(@) (b)

Figure 4.39: Photographs of the sequential enzymatic biosoftened Agave americana L. fibre (a) Sequential

pectinase, xylanase and cellulase biosoftened fibre. (b) Sequential MnP, pectinase, xylanase and

cellulase biosoftened fibre.

EnzymaticAgave americana Lfibre was biosoftened under efendly environment and it
looked and felt cleaner, with fewer or fwz, smootherappearance and softer texttinan the

raw and boiled fibresThe sequential biosoftening éfgave americana Lfibre hydrolysed
more norcellulosic impurities and rendered the fibre more even, softer, suppler and whiter in
colour from thefibre were removed more evenly. One can conclude that the increased
biosoftening time with a number of enzymased in sequential biosoftening processes;

removed more impurities whitered, and thinned theAgave americana Lfibre more than
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individual figure 4.38and fewer sequential enzymatic biosoftening processes as illustrated in
figures4.39 (b) fibre has more improved physical textile properties than figure in 4.39 (b)

4.7.1 Scanning Electron Microscope (SEM) analysis

Jabasingh and Nachiya(2012:14 claimed that SEMimages an effectively be usedto
validate qualitative results for research analysis. The longitudinal SEM imafgesiividual

Agave americana Ufibre, were shown idigures 440, 441, 442, 443 and 444. These views

show thatAgaveamericana L.fibre is a composite vascular bundle and consists of several
minute elongated sclerenchymal and parenchymal microfibrilar cells. The sclerenchyma and
parenchymal cells are then embedded in the-wlalled tissues (figures 40-4.46). During

fibre extraction, the thin cell walls are broken down to release fibre bundles.

However, there is cell wall debris that remains attached on the fibre bundles surface as
obsened in figures 440-4.57, which must be removed to improve the quality of theefibr
bundles. The removal of fibre bundle debris attached on the surface was achieved through
enzymatic biosoftening technologies, which also removed the cuticle; outer waxiest layer and
other nonrcellulosic fibore components. The structural morphology of eated (raw) and
enzymetreatedAgave americana Lfibre has been investigated usitige scanning electron
microscope (SEM)o express the structural improvements that occur in fibre during enzymatic
biosoftening. The longitudinal SEM analysis of rawoiled and enzymdreated Agave

americana Lfibre samples wsconducted and the results are shown in figuré8-4.57.

4.7.1.1The SEM analysis of the ravhgave americana Lfibre

Figures 440-4.46 presents the scanning electron micrographs ofAgave americana Lfibre
extracted fom the top and middle leaves of the plamatintl 3. Figure 4.0 displays longitudinal

images of théAgave americana Lfibre extracted from the top leaves of the plant 1.
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Figure 4.40: The longitudinal SEMmicrographs of raw Agave americana L. fibre harvested from the top leaves
of plant 1

Based on thé&sEM analysis shown in figure 40, raw Agave americana Lfibre surface is
compact and rigid with elongated irregular cellular structures. It is also obdtatetigave
americana L.fibre is approximately cylindrical in shap&he surfacemorphology of raw
Agave americana Lfibre displays parallel lines of cellulose microfibrils entrenched in the soft
milieu of the amorphous nefibrous fibre components; lignin and hemicelluloses as well as
the noncellulosic (Sosiatiet al, 2013:44) debris that remained on the fibre serfaad
resulted in surface roughness. The irregular cell wall topographies &Xgawe americana L.
fibre were shown by microscopmicrograph There are some lengthwise and crosswise cracks
causing parallel ridges and splits observed. The fibre surfaaksdscharacterized by small
striations and deep fissures. It is also observed that some parts of the fibre are damaged and
ruptured in the rawAgave americana Lfibre. Ths might have been due to the mechanical

processes employed.

Figure 441 presents th raw Agave americana Lfibre scanning electron micrographs,

extracted from the top leaves of plant 1.
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Figure 4.41: The longitudinal SEM micrographs of Rawhgave americana Lfibre harvested from the top leaves

of plant 1

One can also notice from figured4.that the fibre thickness was longitudinally not uniform
throughout. Fibre part from the base of the leaf consists of more ultimate fibres, which
decrease gradually in number toward the tip of the leaf. This meanbrthédipers towards the

tip. The SEM image reveals that the surface of the Agawve americana [fibre was covered

with a primary wall structure with impurities were found embedded on the fibre surface and
had parallel rough streaks and hollows in th&foids are also observable defects in figure
4.41. The surface of rawAgave americana Lfibre shows more impurities compared to the
treated fibre surface. The longitudinal views confirm morphological fibre varialml#ize and

shape

Figure 442 illustrates the rawAgave americana Lfibre scanning electron micrographs,

extractedrom the top leaves of plant 1.
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Figure 4.42: The longitudinal SEM micrographs of rawAgave americana Lfibre extracted from the top leaves

of plant 1

It is observed that the fibre surface is waxy with protruding microfibrils and rodgéave
americana Lfibre is a natural technical leaf fibore composed of ultimate fibrils embedded in the
natural cementingon-cellulosic fibre constituents. The fibre surface of ragave americana

L. fibre is contaminated with parenchymatous tissue remains, and the collectionfddroos
debris. The primary cell wall structure covering the entire surface; along witlatdticells of

the technical fibre were noticeable in the r&gave americana Lfibre. As a natural fibre
Agave americana Lfibre illustrated extreme fibre bundle variability. The fibre surface looked
irregular in texture, size and shape. The longitudsnaface shows multicellular owapping

micro-fibrils that run parallel to the fibre's axis.

Figure 443 shows the longitudinal SEM micrographs of rakgave americana Lfibre

harvested from the top leaves of plant 1.
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Figure 4.43: The longitudinal SEM micrographs of rawhgave americana Lfibre harvested from the top leaves
of plant 1

The sample of rawAgave americana Lfibre (figure 4.43) the fibre surface is observed
contaminated with parenchynoaits tissue remains and the collection of -fibrous debris.

There are some lengthwise cracks causing parallel ridges with some splits observed. The
primary cell wall structure covering the entire surface; along with ultimate cells of the technical
fibre were noticeable in the ravkgave americana Lfibre. It is also observed thagave

americana Lfibre consists of the individual microfibrils (figure4®).

Figure 444 presents the longitudinal SEM micrographs of rAgave americana Lfibre

harvested from the middle leaves of plant 3.
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Figure 4.44: The longitudinal SEM micrographs of rawAgave americana Lfibre harvested from the middle

leaves of plant 3

Figure 444 shows the compact technigafjave ameacana L.fibre with no or very little spaces

in between the longitudinal fibre ultimates that are embedded in adhesive residdial ows
impurities observed on the surface; indicating that fibre retting could have been minimal (Ray
et al, 201%:694). It looks stiff, harsh, coarse and hatdfaced. The sample fibraseakin to

other plant leaf fibres such as banand sisahndother lignocellulosic fibres that include jute,

flax, to mention a few (Hullet al, 2015c:71).

Figure 4.4 illustrates the longitudinal SEM micrographs of rakgave americana Lfibre

harvested from the middle leaves of plant 3.

Figure 4.45 The longitudinal SEM micrographs of ranAgave americana Lfibre harvested from the middle

leaves of plant 3

Figure 445 shows that there is substantial inconsistency in surface roughness with entrenched

impurities and middle lamellae residues. This may be instigated either by insufficient retting or
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fibre extraction cleaning processes, which can be influenced by a substantial lignification or
improper mechanical means. The irregular cell wall characteristics and extracellular non
fibrous impurities were observed on the surface of SEM images of raw fiboé wdsults in

bumpy and uneven fibre surfaces.

Another longitudinal SEM micrograph of radgave americana Lfibre harvested from the
middle leaves of plant 3 is presented in figure4.4

Figure 4.46. The longitudinal SEM micrographs of rawAgave americana Lfibre harvested from the middle
leaves of plant 3

The extracellular nofiibrous impurities are observed in figureld.. There are also some dents
caused by the hammering method of fibre extractdserved from figure 46. It is also
observed that the surface morphology of the Aayave americana Lfibore samples consist of
ultimate fibores embedded and covered with -fibrous gummy componentdHulle et al
(2015b:3) claimed it to be lignin, pectin, hemicelluloses, waxes and other extracellular
impurities. There is no fibre defibrillation observed. letal (2019:2) confirmedthat the role

of nonfibrous gummy components of the fibre is to preserve the morpholsgicature and
physical form of the textile fibre. A comparable observation was done by Retddy
(2013:288).
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4.7.1.2The SEM analysis of the enzyme biosoftenAdave americana L.fibre surface
morphology

The structural changes that occur during enzymaticoliesing of Agave americana Lfibre
surface were determined by SEM analysis. Figurég-457 exhibited SEM micrographs of
enzymatic biosoftenedAgave americana Lfibre specimen. The enzyme(s) used have
eliminated most of the extra noncellulosic fibore components and surface impurities. Fibre
morphologies had partly decomposed to be individual fibres with relatively high surface
roughness. The surface morphologykde@smoother with less irregular cell wall features than
the rawAgave americana lfibre because waxy materials and cuticles have been removed. It is
also observed that external fibre defibrillation has occurred on enzyme biosoAgaed
americana L fibre because the cementing nmallulosicfibre constituentdhave been removed
from the fibre surface (figures 4/-4.57). The separation of technical fibre bundles into
smaller loose fibre is an indication that enzymatic biosoftening has been effective.

(a) TheSEM images of manganese peroxidase biodelignfigalve americana Lfibre

Figure 447 shows the longitudinal SEM micrographs of manganese peroxidase biodelignified
Agave americana Lfibre extracted from the middle leaves of plant 1.

Figure 4.47. The longitudinal SEM micrographs of manganese peroxidase biodelignifieghve americana L.
fibre harvested from the middle leaves of plant 1

219



Figure 447 illustrates that the fibre surface impurities and debris had bed#y panoved by

the biodelignification with manganese peroxidase. It shows that fibre ultimates are loosened
from the parent fibres and as such #igave americana Lfibre defibrillationhasas a result of
effective degradation of the middle lamellar bimglimaterials. The separated twisted ribbon
shaped cellulosic ultimate fibres adhere over the surface due to the surface tensile force that
occurred during drying. It has caused an attraction between the neighbouring ultimate cells to
remain attached looseto one another. These results validate the existence of the complex
lignocellulose network and that the removal of lignin leads to the degradation of bonds
(Rahman & Sayedtsfani, 1979:118).

Figure 4.8 also shows the longitudinal SEM micrographs of naa@ge peroxidase
biodelignifiedAgave americana Lfibre extracted from the middle leaves of plant 1

Figure 4.48. The longitudinal SEM micrographs of manganese peroxidasiedelignified Agave americana L.
fibre harvested from the middle leaves of plant 1

The ligninolytic enzyme used in this reseaytt delignify theAgave americana Lfibre cell

wall to soften and improve its tactile properties for textile wss Manganese peroxidase
(MnP). MnP has a good reputation in plant fibre deliginification (Martieeal, 2009:348).

Upon defibrillation, the introduction of surface roughness was increasingly perceived (Figure
4.48). The SEM micrographs reveal that MnP delignificatidgave americaa L. fibore has
effectively and partially separated its different constituents (cellulose, lignin, hemicelluloses,

and minor constituents) as indicated by thinning out of the fibre when compared to raw fibres
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