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Cotton fibres, picking, ginning,
spinning and weaving

Mohamed Negm, Suzan Sanad
Cotton Research Institute, Giza, Egypt

1.1  World fibre production and use

After some downward revisions in 2016, 2017 will be remembered as a milestone in
which the market size of fibre surpassed the incredible volume of 100 million tons.

The textile fibres production in the global scale increased by 5% up to 103 million
tons owing to the fasted cotton expansion: by 26 million tons in 2018, while man-made
fibres production increased to nearly 72 million tons, other natural fibres hardly
reached 6 million tons (Fig. 1.1).

World textile fibre consumption per capita more than doubled between 1960 and
2017, from 5 to 12.6 kg. However, whereas textile fibre consumption per capita in
developing countries showed a fourfold increase over that period, it increased by
156% in industrial countries and it decreased by 3% in Central and Eastern Europe
and ex-Union of Soviet Socialist Republics countries. The relevance of developing
countries in world textile fibre consumption has been accentuated by their population
growth: the population in developing countries totalled 3.3 times that in industrial
countries in 1960 and 6.6 times in 2017 (Fig. 1.2).

1.1.1 World cotton production, consumption and trade

Cotton and cotton textile industries are central to the economic growth of world
countries. Cotton had an important role in industrial development starting during
the European Industrial Revolution. It continues to have a vital role in the developing
world as a major source of revenue. The world cotton production in 2018-2019 was
26.26 million tons with an average world price of about US $1.75/kg of lint cotton.

1.1.2 World cotton production

The growth of cotton production was steady during the 1960s. World cotton produc-
tion exploded from 13.8 million tons in the 1980s to 19.5 million tons in the 2000s,
supported by commercial biotech cotton varieties in the main cotton producers (i.e.
the United States, India, China, Brazil and Pakistan). World cotton production
reached 27 million tons in 2011 and remained at that level until 2018.

Source: ICAC, World Cotton statistics 2017.

Handbook of Natural Fibres. https:/doi.org/10.1016/B978-0-12-818782-1.00001-8
Copyright © 2020 Elsevier Ltd. All rights reserved.
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Figure 1.2 Production of cotton and man-made fibre (MMF).
From ICAC, Research Associated Program, Lorena Ruiz World Textile Demand — 2018.
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Figure 1.3 World cotton production ‘000 tons’.
From ICAC world cotton statistics 2017.
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Figure 1.5 World cotton area of production ‘000 ha’ [hectares].
From ICAC world cotton statistics 2017.

The area of world production dedicated to cotton has fluctuated since the 1960s,
from 30 to 36 million hectares, with an average of 33 million hectares, as shown in
Figs. 1.5 and 1.6.

The world yield has risen almost continuously since the 1960s. In the 1980s, the
world cotton yield rose dramatically. It reached a record 611 kg lint cotton per hectare
in the 2000s with improvements in seed varieties and the use of biotech cotton tech-
nology. In 2013, the world yield reached 800 kg lint cotton per hectare. The yield
in 2018 was estimated at 788 kg lint cotton per hectare (Fig. 1.7).

The world cotton mill use was forecast to be 27.5 million tons in 2018—2019,
surpassing the record of 26.7 million tons in 2007—2008, as shown in Fig. 1.8.
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Figure 1.6 Area of cotton production by country — 2018.
From ICAC world cotton statistics 2017.
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Figure 1.7 World cotton yield: kilograms lint per hectare.
From ICAC world cotton statistics 2017.
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Figure 1.8 World cotton mill use.
From ICAC, Research Associated Program, Lorena Ruiz World Textile Demand — 2018.
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1.2 Fibre growth development

Cotton fibre progresses through four developmental stages (Jasdanwala et al., 1977):
initiation, elongation, secondary wall synthesis, and maturation. Whereas maturation
occurs after boll opening and describes the drying of the mature, metabolically inactive
fibre, the first three stages occur while the fibre is alive and actively growing. Fibre
initiation involves the initial isodiametric expansion of the epidermal cell above the
surface of the ovule. This stage may last only a day or so for each fibre. Because there
are several waves of fibre initiation across the surface of the ovule (Stewart, 1975), one
may find the beginnings of fibre at any time during the first 5 or 6 d after anthesis.

The elongation phase encompasses the major expansion growth phase of the fibre.
Depending on the genotype, this stage may last for several weeks after anthesis. Dur-
ing this stage of development, the fibre deposits a thin, expandable primary cell wall
composed of a variety of carbohydrate polymers (Meinert and Delmer, 1977). As the
fibre approaches the end of elongation, the major phase of secondary wall synthesis
starts. In cotton fibre, the secondary cell wall is composed almost exclusively of
cellulose. During this stage, which lasts until the boll opens (50—60 d after anthesis),
the cell wall becomes progressively thicker and the living protoplast decreases in
volume. There is a significant overlap in the timing of the elongation and secondary
wall synthesis stages. Thus, fibres are simultaneously elongating and depositing the
secondary cell wall.

The establishment of the fibre diameter is a complex process that is governed to a
certain extent by the overall mechanism by which fibres expand. The expansion of
fibre cells is governed by the same related mechanisms occurring in other walled plant
cells. Most cells exhibit diffuse cell growth, in which new wall and membrane mate-
rials are added throughout the surface area of the cell. Specialized, highly elongated
cells, such as root hairs and pollen tubes, expand via tip synthesis in which new
wall and membrane materials are added only at a specific location that becomes the
growing tip of the cell.

Although the growth mechanisms for cotton fibre have not been fully docu-
mented, evidence indicates that throughout the initiation and early elongation phases
of development, cotton fibre expands primarily via diffuse growth (Tiwari and Wil-
kins, 1995; Seagull, 1995). Later in fibre development, late in cell elongation, and
well into secondary cell wall synthesis (35 d after anthesis), the organization of
cellular organelles is consistent with continued diffuse growth (Seagull et al.,
1998). Many cells that expand via diffuse growth exhibit increases in both cell length
and diameter; but cells that exhibit tip synthesis do not exhibit increases in cell diam-
eter (Steer and Steer, 1989). If cotton fibre expands by diffuse growth, it is reasonable
to suggest that cell diameter might increase during the cell elongation phase of devel-
opment (Fig. 1.9).

Cell expansion is also regulated by the extensibility of the cell wall. Regardless of
whether cell expansion occurs via tip synthesis or diffuse growth, the wall in the region
of expansion must yield to turgor pressure if the cell is to increase in size. For this
reason, cell expansion most commonly occurs in cells that have only a primary cell
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Figure 1.9 Progression of cotton fibre development. The stem indicates the fastest
developmental timeline when plants are grown under warm conditions. Branches show day
postanthesis (DPA) with associated images of fibre. Cryo-field emission scanning electron
microscopy of (A) fibre initials on the ovule surface (bar = 10 um); (B) twisting and elongating
3 DPA fibres (bar = 100 um); (C) cotton fiber middle lamella stretched between two 3 DPA
fibres (bar = 4 um); (D) ordered bundles of fibres inside the boll (bar = 100 um). Differential
interference contrast micrographs indicating microfibril angle (as highlighted by arrows) in
fibre at (E) 16 DPA and (F) 20 DPA (bars = 10 pum). Transmission electron microscopy fibre
cross-sections show (G) an early stage of secondary wall thickening (bar = 300 um) and (H) a
more advanced stage of secondary wall deposition (bar = 1 um). (I) Mature cotton boll and (J)
cross-section of mature fibre viewed in the light microscope. SCW, secondary cell wall.
From https://www.researchgate.net/publication/236061075_An_integrative_analysis_of_four_
CESA_isoforms_specific_for_fibre_cellulose_production_between/figures?lo=1.10-10-2018.

wall (Cosgrove, 1997). Primary cell walls contain low levels of cellulose. Production
of the more rigid secondary cell wall usually signals the cessation of cell expansion.
Secondary cell wall formation is often indicated by the development of wall
birefringence.


https://www.researchgate.net/publication/236061075_An_integrative_analysis_of_four_CESA_isoforms_specific_for_fibre_cellulose_production_between/figures?lo=1.10-10-2018
https://www.researchgate.net/publication/236061075_An_integrative_analysis_of_four_CESA_isoforms_specific_for_fibre_cellulose_production_between/figures?lo=1.10-10-2018
https://www.researchgate.net/publication/236061075_An_integrative_analysis_of_four_CESA_isoforms_specific_for_fibre_cellulose_production_between/figures?lo=1.10-10-2018

Cotton fibres, picking, ginning, spinning and weaving 9

1.2.1 Submicroscopic structure of the secondary wall
a. Crystallinity

The secondary wall consists almost exclusively of cellulose. For years, many
workers have contributed knowledge regarding the submicroscopic or fine structure
of cellulose. Evidence obtained by chemical methods established that cellulose is
made up largely of p-glucopyranose units with one to four linkages. The number of
these units in a cellulose molecule or chain varies widely; in cotton, it was estimated
at 3000—4000 units (Fig. 1.10).

In cotton fibre, cellulose is present in two states of order: crystalline (i.e. ordered
cellulose) and amorphous or accessible (i.e. disordered). X-ray diffraction measures
the percentage of crystalline cellulose; the remainder is amorphous. Chemical methods
measure the percentage of accessible cellulose, which broadly corresponds to the
amorphous; the remainder is inaccessible.

The percentage crystallinity of cellulose has been the subject of many investiga-
tions. From x-ray evidence, it was reported that 70% of cellulose in cotton fibre is crys-
talline whereas the remainder is amorphous.

b. Structural reversal

Whereas many plant cellulosic fibres show the presence of a fibrillar structure
spiraling around the long axis of the fibre, cotton fibre is the only one that has structural
reversals, because the spiral fibrils composing the first and subsequent layers of the
secondary wall, show characteristic reversals. This peculiar phenomenon has attracted
much research because of its relation to fibre tensile properties, because reversals were
found to be weak points in fibre structure.

A structural reversal occurs at points where the direction of rotation of the cellulose
fibrils about the fibre axis changes from a left-hand spiral to a right-hand one, or vice
versa.

c. Convolutions

It is well-known that normally thickened cotton fibres twist or convolute when dry.
The convolution is defined as the point at which the fibre twists around itself by 180
degrees. The twists, or convolutions, appear when cell loses its water of construction.
The importance of this structural phenomenon stems mainly from its relation to fibre’s
and yarn’s tensile properties.

CH,OH CH, OH
o)
H OH
H
OH H
H
H OH

Figure 1.10 p-Glucopyranose units.
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Table 1.1 Official grades of American Upland cotton (993).

Constituent Typical (%) Low (%) High (%)
Cellulose 94.0 88.0 96.0
Protein 1.3 1.1 1.9

Pectic substances 0.9 0.7 1.2

Ash 1.2 0.7 1.6

Wax 0.6 0.4 1.0
Organic acid 0.8 0.5 1.0

Total sugar 0.3

Other 0.9

“Moisture regained at about 8%.

1.2.2 Chemical composition of cotton fibre

The chemical composition of cotton fibre reflects its nature as a plant cell. Cellulose is
the main constituent; other constituents normally present in plant cells are also present
in much smaller percentages.

The structure of cotton cellulose contain a linear polymer of B-p-glucopyranose.
The noncellulosic constituents of fibre are located principally in the cuticle, the
primary cell wall and the lumen. Cotton fibres that have a high ratio of surface
area to linear density generally exhibit a relatively higher noncellulosic content.
Noncellulosic constituents include proteins, amino acids, other nitrogen-containing
compounds, wax, pectic substances, organic acids, sugars, inorganic salts, and a
small amount of pigments. Variations in these constituents arise owing to differences
in fibre maturity, the variety of cotton and environmental conditions (soil, climate,
farming practices, etc.). After treatments to remove naturally occurring noncellulosic
materials, the cellulose content of the fibre is over 99% (Table 1.1).

1.3 Cotton fibre quality properties

The primary objective of determining a fibre’s properties is to provide a fibre that
exhibits criteria suitable for the spinning technique used by the textile mill and for
the desirable level of yarn quality. The quality of cotton is not a simple criterion but
rather, a complicated one. It includes numerous fibre properties that determine the field
of use, the processing behaviour, the quality and the price of the end product. These
properties vary widely among different cottons. The most important qualities are the
fibre length, length uniformity and short fibre content, fibre strength, fibre fineness
and maturity and fibre colour.

1.3.1 The role of fibre length

The length” of cotton fibres is a property of commercial value because the price is
generally based on this character. To some extent it is true, because, other factors being
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equal, longer cottons give better spinning performance than do shorter ones. However,
the length of cotton is an indefinite quantity, because even in a small, random bunch of
cotton, the fibres vary enormously in length.

According to Deussen (1992), fibre length is the most important quality for four
reasons:

1. The yarn count that can be spun from cotton depends on its fibre length. With other properties
being equal, finer yarns can generally be spun from longer cottons.

2. With other fibre properties being equal, at the same count, yarns spun from longer cotton are
stronger than those from shorter cotton.

3. The fibre length has a direct bearing on yarn strength because the longer the fibres in yarn, the
greater number of points of contact and cohesion between them, consequently resulting in
increased yarn strength.

4. When spun into a specific count, longer cottons require less twists, especially in yarns, and
consequently higher productivity for the spinning frame. Fibre length is usually associated
with strength and fineness. Longer fibre cottons are usually of higher fineness and strength.

1.3.2 Length uniformity and short fibre content

Length uniformity is part of the premium or discount valuation of cotton. Short fibres
are virtually uncontrolled in manufacturing, indirectly causing product defaults and
directly contributing to higher waste and lower manufacturing efficiency. The fibre
length and length uniformity ratio were the primary factors in determining yarn unifor-
mity and defect levels. Short fibres are usually used as evidence of fibre breakage and
negatively affect yarn uniformity. Yarn breakage is affected by fibre length and related
parameters such as the staple length, the short fibre content, and length uniformity. If a
fibre is shorter than a specific length, it will contribute nothing to yarn strength. As a
secondary effect, an increasing number of short fibres will cause a great amount of
floating fibres in the drafting zone and yarn evenness will be impaired. In the short
term, yarn diameter varies by the same amount as twist and strength.

1.3.3 Fibre strength and elongation
Why does a spinner need stronger fibres? There are three reasons:

a. Strong fibres survive the rigors of ginning, opening, cleaning, carding, combing and drafting.

b. Short fibres are usually evidence of fibre breakage, negatively affecting yarn strength and
yarn uniformity.

c. The industry needs stronger yarns. Because fibre strength translates directly into the strength
of yarn, they must possess a higher average level of strength and, most important, a lower
variability of strength to cope with ever-increasing processing speeds in spinning, weaving
and knitting. Easy-care performance and shrinkage control of woven cotton fabrics are
commonly obtained by cross-linking (resin finish), which causes a drastic loss of strength.

1.3.4 Fibre fineness and maturity

The linear density and maturity of cotton fibres have a considerable impact on yarn
quality and processing performance in textile manufacturing. The term ‘maturity’ is
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employed to characterize the average relative thickness of the secondary fibre wall. It is
commonly expressed as a percentage of mature fibres in accordance with the sodium
hydroxide swelling procedure described in American Society for Testing and Mate-
rials (ASTM)-D 1442. The maturity of cotton fibres can be related to harvesting sched-
ules, weather conditions during the growing season, disease and the incorrect use of
boll openers and defoliants. In a bale of cotton, the distribution of the individual fibre
wall thickness is characterized by high variability. This reflects the varying degree of
maturity within the plant itself, caused by different boll positions and boll formation
stages at the time of harvest.

Fibre fineness determines the number of fibres per yarn cross-section at a given
yarn count. Finer fibres, those with lower linear density (in mtex), increase the num-
ber of fibres in any bundle of a specified mass. Yarn strength tends to increase as
more fibres become active in sharing the load when tensile forces are applied to
the yarn. The number of fibres per yarn cross-section has a considerable impact on
yarn uniformity. It is well-known that the coefficient of mass variation of a stand
of staple fibres is a function of the number of fibres in the structure. Yarn uniformity
therefore increases with the use of finer but mature fibres. As a side effect, decreasing
yarn mass variability by spinning finer cotton also reduces yarn tensile strength vari-
ation, improving efficiency in subsequent processes such as knitting and weaving
(Faerber, 1990).

Within a given variety, cotton that contains more immature and dead fibres tends to
form neps. This is because of the lower inherent longitudinal rigidity of those fibres.
Fibre entanglement occurs in the boll but is intensified by mechanical processing in
harvesting, ginning and mill preparation, primarily in opening and carding. Entangle-
ments of immature fibres around trash and leaf particles result in low cleaning
efficiency and the removal of a high amount of lint along with foreign matter.

Immature cotton produces yarn with a high number of imperfections and thus
substandard textile products.

Cotton immaturity is frequently associated with irregularities in fibre length distri-
bution. Fibre damage in processing thin-walled cotton fibres affects staple length,
length uniformity, short fibre content, and related yarn properties such as tensile
strength and uniformity in particular. Spinning performance is characterized by high
yarn breakage frequency and low machine efficiency.

The use of immature cottons is a potential source of troubles in dyeing yarns and
fabrics. Low affinity to dye chemicals observed with immature fibres results in a
streaky, nonuniform fabric appearance and the frequent occurrence of undyed spots
caused by neps formed by dead fibres.

1.3.5 Fibre colour

Apart from coloured cottons, white is the commonest and most prevalent commercial
cotton in the world. Cotton fibre colour is one of the important quality parameters
because of its association with the efficiency of the bleaching process. It is also taken
in many instances to be one an indicator of fibre quality deterioration caused by weath-
ering. However, when dealing with cotton fibre colour as a quality parameter, it is
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important to differentiate clearly between two types of colour: intrinsic and extrinsic
(Abdel-Salam, 1999):

(a) Intrinsic colour is defined as the inherent genuine and congenital colour deter-
mined by the genotype of the variety; it characterizes the lint of just-opened sound
mature bolls before exposure to the environment’s weathering factors. Intrinsic colour
shades are usually removed by bleaching.

(b) Extrinsic or acquired colour is defined as the colour developed in the fibre by
external weathering factors, mostly after boll opening and fibre exposure to environ-
mental weathering such as frost, rain, microbial action and insect infestation. Extrinsic
colour, or inherent discolouration, usually indicates fibre deterioration; as such, it is
closely associated with cotton grading. It is difficult to remove during bleaching.
From a physical point of view, colour is a sensation usually experienced as a result
of light of varying wavelengths reaching the eye. Main attributes that describe the
colour of raw cotton fibres are:

1. hue, which can be defined as the quality of a colour that allows it to be classified as green,
blue, and so on, or an intermediate;

2. brightness, which is the lightness or darkness of the colour, and ranges from bright to dim; and

3. chroma, which is essentially the degree of intensity or saturation of a colour (or degree of
yellowness).

Cotton lint colour is usually determined by visual examination. Several instruments
have been developed to measure colour essentially by measuring colour reflectance. The
Uster HVI was developed over 30 years of cotton classification experience worldwide. It
shows, graphically and simultaneously, values for reflectance (lightness or brightness)
designated as percentage reflectance (Rd %), and yellowness (chroma) designated as
(4+b). Rd % ranges between 40% and 90%, and +b between 0 and 20 units.

Naturally coloured cottons are marketed as specialty fibres that, to date, go through
the textile manufacturing process without being dyed. The commercial availability of
these cottons has inevitably raised concerns about the contamination of naturally white
cotton.

1.3.6 Moisture absorption

Cotton fibre is a hygroscopic material. It absorbs water from the surrounding atmo-
sphere and loses water to it according to its relative humidity. Because the weight
of the fibre varies according to the amount of water it contains, the moisture content
of cotton fibres is important from a commercial standpoint, besides its effect on
processing during spinning as well as its effect on the fibre’s tensile properties.

1.3.7 Fibre weathering

Environmental deterioration or weathering denotes the deleterious effect of environ-
mental conditions on cotton fibre, resulting in its decline in quality. Environmental
conditions include primarily microbiological and sunlight, and, to a lesser extent, air
pollution.
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As a natural organic material, cotton fibres are subjected to the degrading effects of
microbes and sunlight from the moment the boll opens in the field until picking. The
effect of a microbe’s action continues during storage. Extended exposure to the action
of sunlight and microbes could result in a loss of fibre luster and tensile properties and
weight, as well as undesirable discolouration.

1.3.8 Cotton stickiness

Cotton (Gossypium spp.) lint stickiness is the primary cotton quality problem world-
wide. It was recorded as early as 1942 and was accorded recognition as one of the
most serious quality problems in the cotton industry beginning in the early 1970s.
Selective insecticides can suppress honeydew-producing insects, but insecticide resis-
tance is a continuing threat.

Adherence of contaminants and lint to cotton processing equipment is called ‘stick-
iness’, and the contaminated lint is ‘sticky cotton’. Sticky cotton is a global problem
that has increased as cotton processing machinery has become more refined because
high-speed, large-volume processing of lint requires cleaner cotton. Honeydew, the
sugar-containing excretions of certain insects, mainly whiteflies and aphids, is the
most frequent cause of sticky cotton.

1.3.9 Fibre testing

The most modern methods used to test cotton fibre properties are HVI” and the
Advanced Fibre Information System (AFIS” introduced by Uster.

1. High Volume Instrument

HVI was developed for the USDA in 1969. It was designed to be used as a mar-
keting tool with which to evaluate the quality of fibre within a bale of cotton. HVI
evaluates multiple fibre characteristics in a high volume of samples at a relatively
high rate of speed compared with to hand classifying.

HVI uses automated sampling techniques and measures fibre properties from a
bundle of fibres. This system remains popular today for both marketing and breeding
because it is efficient in terms of time and cost.

2. Advanced Fibre Information System

The development of AFIS was the result of cooperative efforts between the USDA
Agricultural Research Service at Clemson, SC and Schaffner Technologies, with
research beginning in 1982. A primary objective in the early design of this instrument
was the ability to measure trash and neps. This was followed by efforts to measure fibre
dimensions, the number of short fibres, and eventually the complete fibre length
distribution. These properties were chosen because of their value in the fibre-to-yarn
engineering process. This basic information about the fibre is useful for quality control
and production efficiency in mills, as well as for providing information needed to
improve product quality.
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1.4 Cotton picking

1.4.1 Handpicking

Cotton is picked from cotton bolls by hand, as shown in Fig. 1.11. Generally, workers
go to the fields in the morning to start picking and work continuously until evening.
Generally, a white or yellow open flower takes 50—55 days to develop to the stage
at which white and harvestable lint shows.

Picking twice is generally considered good practice. In this case, the first pick is
taken when 60%—70% of bolls are ready for picking; the second pick occurs later
on when almost all of the leftover bolls are open. A change can be made only when
the farmers find that taking two pickings is more profitable than just one.

1.4.2 Mechanical picking
1.4.2.1 Defoliation

Defoliation may be defined as the process by which leaves are abscised from the plant.
The process may be initiated by drought stress, low temperatures or disease, or it may
be chemically induced by topically applied defoliant agents or by overfertilization. The
process helps lodged plants to return to an erect position, removes leaves that can clog
the spindles of the picking machine and stain the fibre, accelerates the opening of
mature bolls and reduces boll rot. Desiccation by chemicals is the drying or rapid
killing of leaf blades and petioles; the leaves remain in a withered state on the plant.
Harvest-aid chemicals are applied to cotton as water-based spray, by aircraft or a
ground-based machine.

Figure 1.11 Handpicking in Egypt.
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1.4.2.2 Mechanical cotton pickers

As the name implies, mechanical cotton pickers pick locks of seed cotton from open
cotton bolls and leave the empty burs and unopened bolls on the plant. Requiring only
one operator, typical modern pickers are self-propelled and can simultaneously harvest
two rows of cotton at 1.1—1.6 m/s (2.5—3.6 mph). When the picker basket becomes
filled with seed cotton, the machine is driven to a cotton trailer at the edge of the field.
As the basket is hydraulically raised and tilted, the top swings open, allowing the
cotton to fall into the trailer. When the trailer is full, it is pulled from the field, usually
by a pickup truck, and is taken to a cotton gin (Figs. 1.12 and 1.13).

1.4.2.3 Mechanical cotton strippers

Mechanical cotton strippers remove open and unopened bolls along with burs, leaves
and stems from cotton plants, leaving only bare branches. Tractor-mounted, tractor-
pulled or self-propelled strippers require only one operator. They harvest one to
four rows of cotton at 1.8—2.7 m/s (4.0—6.0 mph). After the cotton is stripped, it enters
a conveying system that carries it from the stripping unit to an elevator. Most
conveyers use either augers or a series of rotating, spike-toothed cylinders to move
the cotton, accomplishing some cleaning by moving the cotton over perforated, slotted
or wire mesh screen. Dry plant material (burs, stems and leaves) is crushed and drop-
ped through openings to the ground. Blown air is sometimes used to assist cleaning.

1.5 Ginning mill processes and technology

The process of separating fibres from seed cotton is known as ginning. In commercial
practice, this done by two group of machines: roller and saw gins.

Figure 1.12 Mechanical cotton-picking machine.
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Figure 1.13 How an opposed-drum cotton picker works.
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Figure 1.14 Scheme of cotton ginning.

The primary functions of a cotton gin are to condition the cotton and for seed
separation and cleaning. For each metric ton of seed cotton processed, an average of
550 kg (55%) of black or fuzzy seed, 350 kg (35%) of lint, 50 kg (5%) of moisture,
and 50 kg (5%) of trash and waste are extracted.

During ginning, lint dust, fine leaves and other trash are emitted. The amount of
pollutants produced depends on the trash content of the seed cotton and the efficiency
of the air cleaning.

The centrepiece of the lint separation process is the gin stand. However, there are
seven process stages to a ginning line, as shown in the flowchart in Fig. 1.14. In addi-
tion, a properly equipped mill will have fibre testing and labeling equipment and a
facility can include tools to extract seed oil.

The ginning processes of a properly equipped facility are described next.
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a. Feeding

Gin machinery operates more efficiently when the cotton flow rate is constant. In
early gins, the flow rate was often erratic because of the variable work rate of the
erson unloading the wagon. The automatic feed control was developed to solve this
problem by providing an even flow of cotton to the gin’s cleaning and drying system.

b. Precleaning

The next process uses mechanical devices to remove impurities such as motes
(immature seeds), cotton burrs, sticks, stems, sand, dirt and similar trash from seed
cotton before ginning. This process is generally combined with conditioning (drying
or adding moisture).

The process machinery (such as a stick machine, cylinder cleaner and impact
cleaner, cyclones and extractors) has rotating spiked drums that open the locks and
clean the cotton by removing dirt and small trash. A centrifugal air pollution control
device separates solid particles of the cotton boll from the seed cotton.

¢. Drying and conditioning

Seed cotton should have a moisture content of 5%—6% for roller ginning. Tower
driers are required to dry seed cotton. In dry weather, seed cotton may have a moisture
content below the requirement for ginning; in that case, humidifiers are used to add
moisture.

d. Extractor feeder

The primary function of an extractor-feeder is to feed seed cotton uniformly to the
gin stand at controllable rates. The extractor feeder also performs precleaning and the
gin feeder ensures that single locks of seed cotton are fed into and through the gin
stand.

e. Gin stand

The gin stand removes (pulls) the fibre from the seed; it is the heart of the ginning
system.

There are two generic technologies for ginning: saw gins and roller gins.

Saw gins are high-production machinery. Saw ginning is used to process upland
cotton (cotton less than 1 inch to 1—7/32 inch). Saw ginning is the most prevalent
type of ginning used worldwide and is used in China and the United States (for upland
cotton) and in Pakistan, Brazil, Uzbekistan, West and Central Africa, Australia, Greece
and Syria.

However, saw ginning is a relatively harsh process that contributes to fibre damage
(increases the short fibre content, reduces uniformity and increases neps), which
lowers the quality of yarn spun from saw ginned lint, especially in spinning mills
equipped with modern technology (Fig. 1.15).

The saw gin is especially effective in separating hard-to-remove seeds in upland
cotton (short and medium staple length). However, this type of gin cannot be used
on extra-long staple (ELS) and long staple (LS) cotton because it damaged the long
silky fibres.
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Figure 1.15 Principle of saw gin.

Standard nominal capacities for the most common types of saw gins are:

e Imperial III 116-saw (Lummus): 2000 kg (9 bales) per hour
* Imperial III 170-saw (Lummus): 3400 kg (15 bales) per hour
* Golden Eagle 201-saw (Bajaj-Continental): 4400 kg (20 bales) per hour

The rate of roller ginning production is a fraction of saw ginning productivity.
Modern roller gins operate at approximately 10% of the production rate of modern
saw gins. However, roller ginning technology is used for extra-fine cottons because
the process preserves the length of the fibre and does not damage it.

In the separation process of roller ginning, the lint with the seed adheres to a
rotating roller and the seed is pulled from the fibres by a reciprocating knife (single
and double roller) or rotary knife (rotobar) (Figs. 1.16 and 1.17).

Rotary knife (rotobar) technology has superseded reciprocating knife technology
because of the much higher rates of production. The modern rotobar production rate
is 450 kg per hour, which is 10 times the production rate of double roller reciprocating
knife machines.

For roller gins, average nominal capacities (kilograms of lint ginned per hour) for
types of gin stands (as rated by manufacturers) are:

» Single roller gin: 25—35 kg of ELS lint per hour

» Standard double roller (Bajaj): 40—60 kg of lint per hour

* Phoenix Rotobar (Bajaj-Continental): up to 450 kg ELS and LS (2 bales) per hour
f. Postcleaning (lint cleaning)

The lint cleaner provides the first opportunity to comb and clean the cotton fibre and
separates foreign material into a separate process stream of by-products called motes.
Gins typically use two types of lint cleaners: air jet and saw. These cleaners were
developed specifically for combing and final cleaning to remove foreign matter left
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Figure 1.17 Principle of rotary knife gin.

in the ginned lint, such as small leaf particles, seed coat fragments, motes, sticks and
grass. Lint cleaners can improve the grade of cotton by removing foreign matter if the
cotton has the necessary characteristics of colour and preparation.

However, the fibre length and several other important quality factors can be damaged
by excessive lint cleaning, especially when the cotton is too dry (<5% moisture
content). To minimize lint damage to roller-ginned cotton, the lint cleaner is composed
of three machines: a cylinder cleaner, an impact cleaner and an air-jet cleaner.



Cotton fibres, picking, ginning, spinning and weaving 21

After ginning and lint cleaning, the combed lint is pneumatically conveyed to a
condenser, which forms the cotton lint into a batt and then metres and feeds the stream
of batted lint down a lint slide into the bale press.

g. Pressing and baling

The first stage of a bale press is trampers that loosely press the cotton into the press
box as it is received from the condenser.

The function of the bale press is to produce uniform, compact, densely packed bales
of cotton lint that go to warehouses for storage or directly to textile mills for processing
(spinning) into yarn.

Cotton is baled and packaged to protect it from contamination during transportation
and storage. The US textile industry standard that has been adopted universally is for
bales to be packaged to a standard dimension and density of 28 Ib per cubic foot
(448 kg/m?). The US standard is a soft bale of 500 Ib that is sufficient to support
storage, handling and process uniformity throughout marketing and processing.

h. Fibre testing and labelling

Modern ginning enterprises must have at the disposal a High-Volume Instrument
(HVI) for fibre quality testing. Each bale should be labelled with cotton logos and
barcode for fibre quality properties.

i. Process controls

Cotton process control provides a cotton ginner with critical data, enabling the gin to
process for weight and grade optimization. Process control monitors ginning process qual-
ity through a system of online sampling stations. Online measurements provide informa-
tion about moisture, colour and trash for optimum processing. Process control analyzes
the fibre quality and bale weight for optimum dryer temperature and cleaning practices.

1.6 Cotton classification

Worldwide, the most commonly used classification of cottons according to quality was
that based on staple length. Cottons are classified into five classes or categories:

i. Short staple (SS): staple length shorter than 1 3/16 inch.

Commercially produced SS cottons belong to Gossypium arboreum and Gossypium
herbaceum. Their production and consumption are largely confined to the Indian
subcontinent and constitute a small proportion of total world cotton production (less
than 0.5%).

ii. Medium staple (MS): staple length between 1 3/16 inches and 1 inch.

iii. Medium to LS (MLS): staple length between 1 1/32 and 1 3/32 inches. Both MS and
MLS cotton belongs to Gossypium hirsutum and constitute most of the world’s cotton pro-
duction (99%).

iv. LS: staple length between 1 1/8 and 1 5/16 inches. Most varieties in this category belong to
Gossypium barbadense and some to G. hirsutum, especially those of the United States
known as high-quality upland.
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i. ELS: staple length 1 3/8 inches and longer. All varieties in this category belong to
G. barbadense; they include mainly Egyptian, American-Egyptian pima cotton” and Sea Is-
land cotton. World production of this category constitutes a small proportion of total world
production (1%), but it is regarded as the cream of the world’s cotton crop because it is
superior to other cotton in length, strength, fineness, luster and other tangible properties
including a large store of goodwill among textiles buyers and users.

The International Cotton Advisory Committee (1988) adopted a classification of
world cotton based on the yarn count that could be spun from cotton lint. This classi-
fication includes six categories or types:

. waste/padding

. coarse count (yarn count 1s through 19s)

. medium count (yarn count 20s through 30s)

. high-medium count (yarn counts 31s through 40s)
. fine count: (yarn count 41s through 50s)

. extra-fine count (yarn count 51s and higher)

-0 e T

1.7 Cotton grading

The term ‘cotton grading’ refers to the application of official standards and standard-
ized procedures developed by US Department of Agriculture (USDA) to measure the
physical attributes of raw cotton that affect the quality of the finished product and/or
manufacturing efficiency. The USDA’s classification methodology is based on both
grade and instrument standards used concurrently with state-of-the-art methods and
equipment to provide the cotton industry with the best possible information about cot-
ton quality for marketing and processing. The USDA classification currently consists
of determinations of fibre length, length uniformity, fibre strength, micronaire, colour,
and the existence of trash, leaves and extraneous matter.

1.7.1 Grade standards

Grade standards are used for manual classification. They specify levels of colour and
amount of leaves for various grade designations. The USDA maintains two types of
grade standards: Universal Upland Grade Standards and American Pima Grade
Standards. The USDA’s American Upland cotton standards are referred to as universal
standards because they have been adopted by a special governing body and are recog-
nized and used internationally.

The USDA has 25 official colour grades for American Upland cotton and five
categories of below-grade colour, as shown in Table 1.2. The USDA maintains 15
physical grade standards for American Upland cotton. Seven of the white colour grade
standards also serve as official leaf grade standards for American Upland cotton. The
remaining grades are descriptive.

Instrument standards refer to cottons used for instrument calibration and/or test
level verification. These standards include Universal HVI Calibration cotton, ELS
Calibration cotton, Universal HVI Micronaire Calibration cotton and Universal
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Table 1.2 Chemical composition of cotton fibre®.

White | Light spotted | Spotted | Tinged | Yellow stained
Good middling 11-1* | 12 13 - -
Strict middling 2128 | 22 23° 24 25
Middling 31-3* | 32 33° 34° 35
Strict low middling | 41-4* | 42 43° 44" -
Low middling 51-5% | 52 53" 54° -
Strict good ordinary | 61-6* | 62 63° - -
Good ordinary 71-7° = = = =
Below grade 81 82 83 84 85

All others are descriptive.
“Physical standards for colour grade and leaf grade.
°Physical standards for colour grade only.

HVI Cotton Color and Cotton Trash Standards. These standards serve the USDA and
most cotton organizations worldwide as the basis for instrument cotton classification.

1.7.2 Grading of American Pima cotton

Grading procedures for American Pima cotton are similar to those for American
Upland cotton, including the use of HVI measurements. The most significant differ-
ence is that the American Pima colour grade chart differs from the American Upland
one. Different grade standards are used because American Pima cotton is a deeper
yellow than American Upland cotton.

1.8 Cotton yarn spinning

Yarn is assemblies of fibres or filaments twisted or laid together to form a continuous
strand so that it can be further processed.

Importance of fibre properties to each spinning system:

Different yarn counts will require different fibre properties. A wide range of yarn
counts and twists within the same spinning system will require different fibre proper-
ties. Perhaps the best way to emphasize this is to review the principle of different spin-
ning systems briefly from the fibre viewpoint. In principle, an SS fibre spinning cotton
system consists of three basic mechanisms:

» drafting mechanism,
» consolidation (strengthening) mechanism and
» winding and package forming mechanism.
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1.8.1 Spinning preparation
1.8.1.1 Blow room

Blow room is the section in a cotton spinning mill where the preparatory processes of
opening, cleaning, and blending are carried out (Textile Terms and Definitions, The
Textile Institute). The lint cotton arriving at the spinning mill contains various amounts
of foreign matter such as seed fragments, dust and motes, all of which are called trash.
To produce yarn, fibre blending has been practiced since the beginning of the cotton
industry because of variations in the physical properties of cotton fibres. These varia-
tions are caused by genetic and environmental effects. In other words, these variations
result from differences in varieties, soils, rainfall, irrigation practices, fertilizers, tillage
methods, insect damage, the length of growing seasons, exposure of open cotton bolls
before harvesting and harvesting and ginning methods. Besides these natural limita-
tions, fibre quality variability is compounded by inherent measurement errors made
by instruments and humans.

1.8.1.2 Bale blending

The most common technique for blending cotton fibres is to combine bales ac-
cording to a predetermined pattern based on the fibre properties and the availabil-
ity of needed qualities. The basis for selecting the bales is mainly the fibre’s
properties: length, grade, micronaire reading and strength. Lay-downs may vary
considerably in bale number, although the more common range is from a low
of 15 bales to a high of 100. The component parts of the lay-down are laid out
behind the hoppers and the lay-down must be replenished continuously to main-
tain the continuity of the blend. With this technique, the burden of responsibility
to maintain blend components proportionally constant is on the operator, although
new automatic feeding weight systems, rather than volume ones, minimize the
operator’s influence.

1.8.1.3 Cotton carding

Carding is the process of converting tufts of entangled fibres in the scutcher lap into a
filmy web by treating it between two surfaces revolving in opposite directions and at
different speeds. The two surfaces are separated by a narrow setting and covered by
special clothing of teeth acting opposite each other.

Objectives of carding:

i. Opening of cotton into individual fibres
ii. Removal of fine trash not removed in the blow room
iii. Removal of neps
iv. Removal of short fibres
v. Blending of fibres
vi. Production of a continuous strand of fibres (i.e. a card sliver free of twist for the next process
or machine).
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1.8.1.4 Cotton drawing

The drawing process is the drafting or attenuation and doubling of several slivers (six
or eight) to produce one sliver.
Objectives of drawing:

i. Straightening and parallelization of fibres to give the slivers several passages through the
draw frame

ii. Improvement of uniformity or regularity of sliver by doubling action that balances or offsets
thick and thin places of doubled slivers

1.8.1.5 Cotton combing

Combing is the process of extracting short fibres, trash and neps by means of a comb-
ing machine so that a more regular, cleaner and finer yarn may be spun from cotton
compared with when it is only carded.

Objectives of combing:

i. Separation of short fibres from LS fibres so the combed fibres become more regular in length
and the mean fibre length is increased, so that the movement of fibres during drafting is better
controlled

ii. Straightening and parallelization of fibres. This improves the uniformity of the arrangement
of the fibres in the spun yarns, decreases fibres protruding outside the boundary of the yarn
and increases the lustre of the yarn

iii. Removal of neps and trash, enabling the production of cleaner and better-appearing yarn

iv. Improve uniformity and strength of the spun yarn, in which the strength of the combed yarn
is about 20% higher than its corresponding strength for carded yarn

v. Enable finer counts to be spun

1.8.1.6 Roving

Roving is defined as the final pre-spinning process; it is also defined as the product of
these processes. It is a continuous strand of fibres much thinner than sliver. Few twists
are inserted into roving.

Objectives of roving:

i. Reduction of weight/unit length for carded or combed sliver
ii. Insertion of few twists to give roving the strength required to withstand handling or
manipulation
iii. Winding roving on a special bobbin to be handled easily

1.8.2 Spinning systems

Within today’s technology, six main spinning systems are used by the cotton textile
industry: conventional ring, compact, and open-end rotor spinning. These six systems
operate based on general principles described subsequently.

1.8.2.1 Ring spinning

Much effort in breeding has been directed toward enhancing cotton fibre length,
strength and fineness to promote ring spinning performance. Ring spinning is the
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Figure 1.18 Principle of ring spinning.

oldest spinning technique available today. Thus, it has been continuously perfected
since its initial development in the 19th century. Furthermore, the introduction of
other types of spinning in the 20th century resulted in additional developments and
innovative designs in ring spinning to keep pace with the high productivity of new
systems.

El Mogahzy (1998) reported that the true market power of ring spinning lies in its
unsurpassed yarn quality and its diversity. New spinning techniques can produce yarn
at more than six times the linear production rate of ring spinning. However, ring
spinning is the only system that can produce yarn at virtually any count from 4s to
240s and with both soft and hard twist. This may be the primary reason for the survival
of ring spinning particularly in an era in which product range flexibility has become a
significant economical advantage. Nevertheless, such diversity is not a result only of
the spinning design, but also (and often of more importance) of the art of fibre selection
(Fig. 1.18).

1.8.2.2 Compact spinning

Most of the technical advances in ring spinning aimed to improve the performance of
existing technology. Compact spinning technology has been gaining interest since its
first commercial introduction at International Textile Machinery Association — Paris in
1999. It can best be described as a modification of the basic ring frame and friction
spinning technique (Fehrer’s DrefRing development). Air current seizes the fibre as
it leaves the front roller nipping line, condensing the fibre strand. The result is a
dramatic reduction of the spinning triangle and better fibre alignment (Fig. 1.19).

1.8.2.3 Open-end rotor spinning

Open-end rotor spinning is the only system that offers a real challenge to ring
spinning for a coarser and medium yarn count up to 40Ne. It successfully
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Figure 1.19 Principle of different compact spinning systems.

processes cotton at significantly higher speeds than ring spinning. Since the
introduction of open-end rotor spinning, major increases in processing speeds
have necessitated a reduction in rotor diameter. Open-end rotor spinning requires
good fibre strength above all, because twist insertion does not take place under
tension, resulting in a different yarn structure. Fibre fineness is almost equally
important, because the number of fibres per yarn cross-section determines the
spin limit (Fig. 1.20).

1.8.2.4 Siro spinning

In Siro spinning technology, two similar or different roving strands are fed into the
drafting zone and maintained separately throughout the drafting process until the
nip of the front roller, using suitable guides in the middle zone and before the delivery
rollers (Fig. 1.21).

Yarn Transport

channel

Opening
roller

Figure 1.20 Main features of open-ended spinning system,
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Figure 1.21 Principle of Siro spinning.

1.8.2.5 Friction spinning

Friction spinning technology since 1966 has been based on the principle of open-end
spinning, which consists of the following operations:

» Feeding a sliver of fibres into the spinning system, separating the sliver into individual fibres
(i.e. opening), reassembling the individualized fibres, twisting the reassembled fibres to form
the yarn and winding the yarn onto a yarn package.

» The process is assisted by air suction through roller perforations. The resultant yarn is
withdrawn from the nip of the friction rollers and wound on a package (Fig. 1.22).

1.8.2.6 Air jet spinning

» In Murata Vortex spinning (MVS) spinning, a finisher sliver is supplied directly to the draft-
ing device, which is the same as Murata jet spinning (MJS). The drafted fibres are passed
through an air jet nozzle and hollow spindle to make them into a yarn.

» With a high production speed (>400 m/m), the MVS has the ability to spin yarns of 100%
cotton as well as blends. Although the MVS yarn construction is somewhat different from
MIJS yarns, it still gives the same quality benefits to fabrics (Fig. 1.23).

1.8.3 Fibre-to-yarn conversion

One of the key aspects of producing a high-quality yarn is to achieve an optimum
conversion of fibre properties into yarn characteristics. Nowadays, competitive market
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Figure 1.23 Principle of air-jet spinning system.

fibre-to-yarn conversion represents one of the secret recipes of success that can differ-
entiate between the performance of one spinning mill and another. The two basic
economic components that determine the survival and prosperity of any business
are cost and revenue. The overall financial status of a spinning company depends
largely on the profit that a company makes from selling the yarn. This profit can occur
only when there is a positive difference between the price of yarn (the yarn value in the
marketplace) and the cost of making the yarn.

1.9 Yarn testing

Cotton possesses many qualities to make it a good textile fibre. Its dominant position as
a textile raw material is primarily due to its versatility for a wide range of end uses.

Testing has never been more important in the textile industry than at present, with
the increasing accent and premium on high-quality products, whether for domestic
markets or export trade. Important characteristics of yarn quality being tested are
discussed subsequently.

1.9.1 Yarn count ‘yarn linear density’

The fineness of the yarn is usually expressed in terms of its linear density or weight per
unit length (count). A number of systems and units express yarn fineness and are
classified as:

Direct system (English count [Ne], metric count [Nm], and French count [Nf])
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Indirect system (Tex and Denier)

Ne: number of hanks of 840 yards of yarn weighing 1 1b
Nm: number of hanks of 1-km yarn weighing 1 kg

Nf: number of hanks of 1-km yarn weighing 0.5 kg

Tex: weight in grams of 1000 m (1 km) yarn

Denier: weight in grams of 9000 m (9 km) yarn

1.9.2 Yarn twist

Twist is a measure of spiral turns given to a yarn to hold the constituent fibres or
threads together. Twist is generally expressed as the number of turns per unit length
of yarn: for example, turns per inch or turns per metre. Twist in a yarn may be either
in the S or Z direction. Strength, dyeing and finishing properties, the feel of the finished
cloth, and so on depend on the twist in the yarn.

The most common term used to express a twist level is the twist multiplier, which is
independent of the yarn count. It is used to compare certain yarn characteristics of
yarns with different counts.

1.9.3 Yarn strength and elongation

a. Count strength product is the force required to break the yarn in loop form formed by 80
threads, each measuring a 1.5-yard wrap.

b. Single yarn strength is the force required to break the yarn. The rate of loading as determined
by the time-to-break, which is the interval between commencing the application of the
load and rupturing the yarn, is an important factor that determines the strength value recorded
using any instrument.

¢. Yarn elongation is the ability of the yarn to extend under load.

1.9.4 Yarn evenness

The uniformity of a yarn is expressed by the mass variation per unit length, known as
evenness.

Irregularity (U%) is the percentage mass deviation of unit length.

Coefficient of variation (C.V.)% is used in handling large quantities of data
statistically.

Broadly, C.V. = 1.25 U%.

1.9.5 Yarn imperfections
Yarn imperfections are classified into three categories (sensitivity levels):

a. Thin places (—50%). When the cross-section of the yarn falls below 50% of the average
value, the fault is classified as a thin place at —50% sensitivity level.

b. Thick places (+50%). When the cross-section of the yarn exceeds 50% of the average value,
the fault is classified as a thick place in three sensitivity levels (categories).

c. Neps. When the cross-section of the yarn exceeds 200% of the average value, the fault is
classified as a nep.
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1.9.6 Yarn hairiness

The occurrence of short fibres and loops protruding from the yarn’s surface is known
as hairiness. There are two major manufacturers of hairiness testing equipment on the
market. Uster hairiness (H) is defined as:

H = total length (measured in centimetres) of all hairs within 1 cm of yarn.

Zweigle is a less well-known manufacturer of yarn testing equipment. Unlike Uster,
Zweigle does not give averages. The number of hairs of different lengths are counted
separately; these values are displayed on the equipment. In addition, the S3 value is
given, defined as:

S3 = sum (number of hairs > 3 mm)

1.9.7 Yarn friction

Abrasion resistance is the ability of a fibre to withstand rubbing or abrasion it encoun-
ters in everyday use.

1.9.8 Classification of yarn faults (Uster CLASSIMAT)

There are two basic types of yarn faults. First, there are the frequent yarn faults, better
known as imperfections, which are detected with an evenness tester. Second are rare
yarn faults, which occur at such irregular intervals that at least 100 km of yarn has
to be tested to ensure reliable detection. For open-end yarns, a test length of
1000 km is recommended. As a yarn fault classifying installation, the Uster CLASSI-
MAT detects all seldomly occurring yarn faults and classifies them into the respective
classes of the CLASSIMAT system.

Using the CLASSIMAT matrix, it is possible to define or control the most suitable
yarn clearer settings such as fault classification, fault lengths, fault sizes and fault chan-
nels of the clearers.

1.10 Weaving

1.10.1 Definition of woven fabric

Woven fabric is formed by the interlacement of warp and weft yarns.
Warp is the lengthwise direction parallel to the selvedge or finished edge of the fabric.
Weft is the widthwise direction perpendicular to the selvedge.
The flowchart in Fig. 1.24 shows steps necessary for creating fabrics, starting from
warp production.

1.10.2 Warping

The warp is the preparation of the weaving operation. It consists of passing the yarns
that form the warp of the fabric, transferring them from their original holders (cones
bobbins, cops, etc.) to the roller of the loom. This roller is made of threaded pipe
ends, two positioned disks called flanges that determine the width over which the
warps are wound.
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Figure 1.24 Steps necessary for creating fabrics.

The number of ends being woven is the width of the fabric being produced, the
number of ends per centimetre of the yarn, and other parameters. Therefore, this
number varies depending on each item to be produced.

The repass of all ends to the tear roller is not processed directly, because in this case
a number of carriers equal to the number of warp threads would be required. In prac-
tice, this is not feasible, owing to the size of the structure. It would be needed to contain
the media, because of operational difficulties regarding high numbers of yarns in cross-
section. To overcome this difficulty, two processes were developed: sectional warp
and direct warp. Although these two techniques result in the same end product (the
warp roller), differences in their processing suggest certain advantages for use in accor-
dance with the article to be produced, which determine which of the two warp systems
has improved operating performance.

1.10.2.1 Direct warp

* Direct beaming is the winding of the total number of warp ends in full width in a single oper-
ation from a creeled bobbin onto either a weaver’s beam or a sectional beam (Fig. 1.25).
* The system is for large-scale mass production.

1.10.2.2 Section warp

* Section warping is a two-stage machine method for preparing a warp on a beam. It consists of
winding a warp in sections onto a reel and then beaming-off the complete warp from the reel
onto a weaver’s beam.

* The sectional warping system is used for shorter runs on high-class goods.
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Figure 1.25 Direct warping machine.

1.10.3 Sizing

Sizing is a weaving preparation that aims to finish warps with a layer of a substance
that binds the fibres or filaments and protects the ends from contact with the tear
organs. Thus, sizing the warp involves applying a gum film on the ends, which
will result in better conditions for yarn end weaving. The two most important param-
eters are tensile strength and abrasion resistance, so the application of sizing products
in the yarn end are intended to “adhere the fibres to prevent slippage between them,
increasing the tensile strength and encapsulating the ends with an elastic film so it
does not lose elasticity. The sizing rollers meet the continuous warping to form
with all the warp yarns of the fabric.

Sizing has the most influence on the performance of weaving. The machine com-
bines the threads of primary rolls (continuous creel) or doors (sectional warping),
applying sizing solution products. This application is usually made into a hot bath;
then the yarn end is subjected to heat to return its natural moisture.

1.10.4 Leasing, knotting and drawing

Leasing must be used in direct warps (especially in high-density ends) to minimize the
reversal of crossings to allow better knotting and/or drawing-in warps.

Knotting is a phase of the weaving process in which a special knotting machine is
used to bind the remaining layer of yarn (finished weaving) with a new layer to be
woven from a new beam while weaving with the same pattern. Through this procedure,
the ends of both layers of yarn are tied one by one in order.

Drawing is the final preparation of the warp for the loom. Each thread of the warp is
drawn through a drop wire, which serves to stop the loom when the thread breaks, a
heald (mounted onto frames in a predetermined sequence, which during weaving
are raised and lowered to create interlacing required by the fabric design), and a
reed dent (the reed sets the number of threads per centimetre in the fabric and consol-
idates the weft pick into the fabric).
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1.10.5 Weaving fabrics

Air jet dobby and rapier dobby looms are the best combination for maximum versa-
tility in weaving sections and reducing energy costs.

Modern plants have a fully air-conditioned weaving department to attain optimum
results by controlling internal and external conditions; these always affect the technical
performance of machines in operation.

1.10.5.1 Weaving process

The weaving process involves interlacing two directions of thread — the warp and the
weft — to make fabric or cloth. The associated machine is called the loom. It uses a jet
of air or tape rapier to insert the weft. The loom ensures pattern diversity and faultless
fabrics by a flexible and gentle material handling process. Fabrics can be in one plain
colour with or without a simple pattern, or they can have decorative designs. They are
generated from the loom with one of four basic weaves: plain weave, satin weave, twill
or Jacquard loom. The fabric structure is woven by interlacing two sets of yarns
perpendicular to one another in fabric form (Fig. 1.26). Yarns in the machine direction
are called warp yarns or warp ends; these are interlaced with filling yarns or picks. The
sequence or order of interlacing the two sets of yarns can be varied to produce many
different weave designs. The finished fabric construction is determined by the number
of warp and filling yarns per square inch or centimetre. The weaving process is based
on projectile looms (in which the weft pick is inserted by means of a projectile) and
rapier looms (in which the weft pick is inserted by means of a mechanical rapier).

1 — Weavers beam 9 — Feel of the cloth
2,3 — Two bars of back rest 10 — Temple

4 — Back lease rod 11 — Breast beam

5 — Front lease rod 12 — Emery roller

6 — Back heald 13 — Tension rod

7 — Front heald 14 — Cloth roller

8 — Reed

Figure 1.26 Path of warp yarn and cloth through loom.
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The loom speed is measured according to the number of weft picks inserted per
minute. The normal range is 200—900 picks per minute.

The weaving department strives to produce fabric that is correct according to design
specifications and free from defects, ready for the subsequent process of finishing.

1.10.6 Grey fabric inspection

After weaving, 100% of fabric produced will be submitted to a close inspection to
identify any defects that have occurred during weaving. The final woven fabric, wound
on a cloth roll, is taken from the weaving machines at intervals and checked on inspec-
tion machines so that any weaving faults can be detected. In this quality control exer-
cise, whenever a fault is seen, corrective measures are taken.

1.11 Terry towel

1.11.1 Definition of terry towel

The name ‘terry’ comes from the French word tirer which means to pull out, referring
to the pile loops were out by hand to make absorbent traditional Turkish toweling.
Latin vellus, meaning hair, has the derivation velour, which is toweling with cut loops.
Research conducted on terry weaving by the Manchester Textile Institute concluded
that original terry weaving was likely the result of defective weaving. The research
indicates that this development occurred in Turkey, probably in Bursa City, one of
the major traditional textile centers in Turkey. Terry weaving construction is consid-
ered a later development in the evolution of woven fabrics. Terry toweling is still
known as ‘Turk fabric’, “Turkish toweling’ or ‘Turkish terry’.

Terry fabrics are used in various fields because of their water absorption. Piles are
formed on one or both sides by the variable periodic movement of the reed or cloth fell
position, mostly over three picks. According to this principle, the first two picks are
beaten by the short movement of the reed some distance before the cloth fell position.
In the third pick, the reed makes an exact movement, and all three picks are carried to
the cloth fell position. During this movement, the three picks slide between the ground
warp yarns. The pile warp yarns move forward together with three picks and take on
the pile form. The distance ‘x’ shown in Fig. 1.1 corresponds to the pile length. It can
be adjusted on terry weaving machines to obtain different pile heights. If piles are to be
formed on the surface of a terry fabric, the pile warp yarns must be over the third and
first picks; similarly, if the piles are to form on the back side of a terry fabric, the pile
warps must be under the third and first picks.

Terry fabrics must be produced at a certain weight per square metre using mostly
100% cotton yarns as weft, ground and pile warp yarns. Certain yarn counts, such
as Ne20/2, Ne24/2, Nel6/1 and warp density are used by factories producing terry
fabrics. After the ground and pile warp yarns are prepared and drafted as one ground
and one pile warp yarn, the weight per square metre of a terry fabric is adjusted by
changing the pile height, or in some cases the weft density. Generally, trial and error
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is used in the terry fabric industry to adjust the weight per square metre; this method is
based on experience, and thus requires an experienced person to perform the adjust-
ment. The warp density, weft density and pile height should be changed by keeping
a balance among them in adjusting the weight per square metre. Otherwise, the weight
per square metre, widthwise and lengthwise contractions, pile height and shearing
waste of a terry fabric will not attain optimum values.

Fig. 1.1 shows the pile formation in terry fabrics with the three-pick principle.
According to this principle, the first two picks are beaten by the short movement of the
reed some distance before the cloth fell position. In the third pick, the reed makes an exact
movement, and all three picks are carried to the cloth fell position. During this movement,
the three picks slide between the ground warp yarns. The pile warp yarns move forward
together with three picks and take on the pile form. Distance ‘s’ shown in Fig. 1.1
corresponds to the pile length. It can be adjusted on terry weaving machines to obtain
different pile heights. If piles are to be formed on the surface of a terry fabric, the pile
warp yarns must be over the third and first picks; similarly, if the piles are also formed
on the back side of a terry fabric, the pile warps must be under the third and first picks.
Terry fabrics must be produced at a certain weight per square metre using mostly
100% cotton yarns as weft, ground and pile warp yarns. Certain yarn counts, such as
Ne20/2, Ne24/2, Nel6/1), and warp density are used by factories producing terry fabrics.

1.11.2 Basics of terry weaving

The principles of terry weaving originated in France in 1841 by John Bright. Terry
cloth is defined as a warp pile fabric with uncut loops on both sides. A fabric made
from ground and pile is in the form of loops as in bath towels and bathmats. Among
pile fabrics, terry fabrics are woven by a special weaving terry motion”. Fig. 1.27
shows a cross-section of the pile formation for three-pick terry in which two picks
are first beaten to a determined distance from the fabric fell. The third pick is then
beaten against the fell together with the two preceding picks. The weft thus slips along
tensioned ground warps. The pile warp ends then forms new piles.
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Figure 1.27 Basics of terry weaving.
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1.11.3 Classification of terry towels

The classification of towels can be made according to the weight, production, and
presence of the pile on fabric surfaces, the pile formation, the pile structure and
finishing.

In velour towels, pile loops on one side of the fabric are sheared to give a smooth
cut velvet appearance. Uncut loops of the fabric are sheared to give the best absor-
bency, whereas velour has a luxurious velvety hand. A towel with appliques is embel-
lished with additional pieces of decorative fabric in a motif stitched onto the towel.
Two-pick terry towels woven for bathrobes lost their importance today owing to insta-
bility of the loops. Five or more pick terry towels are rarely produced because they
need to be beaten twice for each pile. Because one-sided pile toweling has low
water-absorbing capacity, it is used only for special purposes such as a limited number
of bathrobes. Furthermore, weaving one-sided pile terry with few or no defects is diffi-
cult. In two-sided pile terry, both sides are covered with pile, whereas all irregularities
are visible in one-sided terry fabric because one side is bare without pile. Towels are
divided into groups according to their end use and size as bath towels, hand towels,
face towels, fingertip towels, kitchen towels and washcloths.

1.12 Knitting

1.12.1 Definition of knitting

Knitting is the process of producing fabric by transforming continuous strands of yarn
into a series of interlocking loops, in which each row of loops hangs from the one
immediately preceding it. Interlooping consists of forming yarns into loops, each of
which is typically released only after a succeeding loop has been formed and inter-
meshed with it. Interlooping is the most commonly used method and is second only
to weaving as the process for manufacturing textile products.

There are two main industrial categories of machine knitting: warp knitting and
weft knitting. Fabrics in both of these categories essentially consist of a series of inter-
linked loops of yarn (Fig. 1.28).
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Figure 1.28 Weft and warp knitting.
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Knitting was originally done by hand on straight or round needles by slipping
stitches from one needle to the other and making a new stitch with each change.
Hand pins of wood or plastic are used for hand knitting and crochet.

Although hand knitting continues, the main commercial product now is turned out
by machine:

* Kanitting machine: V-bed flat machine

Latch needles mounted in beds opposed in an inverted ‘V’ formation are operated
by cams in a reciprocating carriage. Machines are built with E1 1/2 to E18 (needles per
inch), in several centimetres (for rib trims) to about 210 cm. The V-bed flat machine is
probably one of the most versatile machines for producing knitwear.

12.1. Warp knitting is the process of making fabric in which the loops are formed
in a vertical or warpwise direction; the yarn is prepared as a warp on beams with one or
more yarns for each needle. The fabric has a flatter, closer, less elastic knit than weft
knit and is often run resistant.

12.2. Weft knitting is the most common type of knitting It is the process of making
a fabric by forming a series of connected loops in a horizontal or filling-wise direction
and is produced on both flat and circular knitting machines.

* Most sweaters, cardigans and other knitted outerwear are weft-knitted fashioned garments
produced with a minimum of linking from shaped, generally flat garment pieces.

» Khnitting is a method of constructing fabric by intermeshing series of loops of one or more
yarns.

Knitted fabric is unique in that it possesses a high order of elasticity and recovery. It
can be stretched to a considerable length but will gradually return to its original shape
or conformation. This feature of the fabric, plus air permeability arising from its looped
structure, imparts desirable and appealing properties from the consumer’s point of
view:

i. A diversity of constructions and a variety of available fibres and finishes
ii. Generally soft and lightweight
iii. Good drapability. Knitted fabrics conform to the figure without constricting the wearer
iv. A high order of wrinkle resistance. Creases in knitted fabric brush right out
v. Comfort. The knitted structure is porous and allows skin to breathe freely. Its elasticity
permits greater freedom of body movement
vi. Ease of care. Knitted apparel launders without difficulty.

1.12.2 Principle of knitting
1.12.2.1 Loop and stitch

The loop is the fundamental element of all knitted fabrics. It is a basic unit consisting of
a loop of yarn meshed at its base with previously formed basic units (stitches).
Components of a knitting loop are the needle loop and the sinker loop (Figs. 1.29
and 1.30).
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Figure 1.29 A needle loop is one that has been drawn through a previous loop.

Figure 1.30 A sinker loop is one that connects adjacent needle loops.

1.12.2.2 Stitch

The stitch is the smallest dimensionally stable unit of all knitted fabrics. It consists of a
yarn loop held together by being intermeshed with another stitch or other loops. There
are three basic knitted stitches: knit, tuck and miss (float or non-knit), which form the
starting point for the entire range of weft-knitted structure.

» Knit stitch (technical face) has a V-shape appearance in which the shanks are above and the
feet below the head of the preceding stitch (Fig. 1.31).

* Purl stitch (technical back) has a semicircle appearance in which the legs are below and the
feet above the head of the preceding stitch (Fig. 1.32).

1.12.2.3 Tuck

The tuck stitch is made when a needle rises to take a new loop without casting off the
old one. It consists of a held loop and a tuck loop, both of which are intermeshed in the
same course (Fig. 1.33).



Figure 1.31 V-shape of knit stitch.

Figure 1.32 Purl stitch.
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Figure 1.33 Tuck stitch.

1.13 Fabric testing

Testing is important mainly for customer satisfaction regarding the textile product, as
well as to ensure product quality for the market in which the textile manufacturer com-
petes. Testing is also important to control the manufacturing process and cost. This
chapter discusses different types of testing methods for fabric.

1.13.1 Bursting strength test of fabric

A common consideration for strength parameters of textile fabrics is their bursting
strength. This test is well-known within the textile trades. The ball burst test is used
to test the bursting strength of fabrics. A specimen of fabric taken from either fabric
rolls or a garment is placed between grooved plates of the testing equipment and
fastened by means of screws. A polished and hardened steel ball attached to a
pendulum actuating clamp of the machine is forced through the fabric at right angles
to the fabric plane until rupture occurs. The force reading gives the bursting strength of
the fabric.

Two standard methods exist for this test: one with a constant rate of traverse, whose
reference standard is ASTM-D3787, and another with a constant rate of extension,
whose reference standard is ASTM-D6797.
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1.13.2 Tensile strength and elongation test of fabric

Fabric in garments has to bear a number of forces throughout its performance life.
Thus, a fabric must satisfy a minimum level of strength to meet customer needs.
The standard test involves checking more than one parameter of the fabric. For testing
tensile properties, a test specimen of the fabric is clamped in the jaws of a tensile
testing machine and a force is applied until the specimen breaks. The maximum
amount of force exerted by the machine, recorded from the machine scale, gives the
breaking force.

1.13.3 Tearing strength test of fabric

There are three methods to test the tearing strength of a fabric. The first uses a falling
pendulum (Elmendorf) type tester, shown in Fig. 1.3. The tester includes a stationary
clamp, a clamp carried on a pendulum that is free to swing on a bearing, and a mech-
anism to level, hold, then instantly release the pendulum to measure the force. The test
specimen with a precut central slit is held between two clamps and the specimen is torn
through a fixed distance.

1.13.4 Fabric (weight) areal density test

The fabric mass per unit area is an important consideration in selecting fabric for a
particular end use. Garments made of fabric with higher areal densities are not used
in the summer season, and vice versa. To determine the mass per unit area of a certain
fabric, a standard specimen is prepared. This is weighed, and the results are expressed
as the mass per unit area. The standard test method is ASTM-D37.

1.13.5 Air permeability

Air permeability is the ability of a fabric to allow air passage perpendicular to the fabric
plane. This is an important testing requirement regarding the acceptance or rejection of
commercial shipments. It is also important for garment manufacturing because fabric
with too little air permeability will not allow sweat to evaporate and hence will create
body irritation and odor as well as the accumulation of perspiration. Therefore, fabric
may be required to pass a certain level of air permeability before it is accepted for mak-
ing a certain garment.

1.13.6 Dimensional changes after home laundering

Fabric shrinkage is a prime consideration for selecting fabrics in apparel manufacturing.
If appropriate shrinkage is not considered, the garment may run short on the wearer’s
body after washing. For that purpose, shrinkage along both the warp and weft is calcu-
lated and adjusted in garment specifications in the cutting room. The stitched garment
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may appear enlarged in some dimensions, but it adapts to the original customer require-
ments after washing. Similarly, it is important to measure fabric elongation.

1.13.7 Bowing and skewness test of fabric

Bowing is the displacement of filling yarns (woven) or courses (knitted) from an imag-
inary line perpendicular to the fabric selvage. When this displacement is in an angular
form, it is regarded as skewness. Bowing and skewness disturb the grain line of
garment patterns and cause discomfort and improper functioning of the final garment.
In addition, they diminish the aesthetics of the garment. These measurements are
equally important for accepting a fabric lot.

1.13.8 Yarn slippage test

A major issue in sewn fabrics is yarn slippage. Fabrics in garments and other sewn
products should exhibit sufficient resistance to yarn slippage along the seams. The
test exists to determine the resistance to slippage of warp yarn over filling yarns, or
filling yarns over warp yarns, using a standard seam.

1.14 Nondestructive testing

A wide variety of test schemes exist, some destructive and some nondestructive.
According to ASTM E — 7, nondestructive testing (NDT) is the development and
application of technical methods to examine materials of components in ways that
do not impair future usefulness and serviceability, to detect, locate, measure and
evaluate discontinuities and other imperfections; to assess integrity, properties and
composition; and to measure geometrical and physical characteristics.

NDT has an important role in quality control not only of finished products but also
of half-finished products as well as the initial raw materials. NDT can be used at all
stages of the production process. It can also be used during the process of establishing
a new technology by product quality or when developing a new product. Outside the
manufacturing field, NDT is also widely used for routine or periodic control of various
items during operation to ascertain that their quality has not deteriorated with use.

1.14.1 Application of nondestructive testing

» Fibre identification and assessment

* Light microscopy

» Fibre spectroscopy

* Colour measurement

» Fibre-optic reflectance spectroscopy

* Dye analysis

* Chromatography (ultraperformance liquid chromatography)

Successful example: Capacitive sensor to monitor fabric weight.

Capacitive sensors can be used to monitor the mass of yarns. Such a sensor is shown
in Fig. 1.34, which displays a parallel-plate capacitor. By putting a yarn between the
plates, the dielectric relative constant values change and thus the capacity also
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Figure 1.35 Capacitive sensor installed on a weaving machine.

changes. By doing so, Carvalho et al. (2003) stated that a relation is established
between the capacity and the yarn’s mass.

To research the functionality to monitor fabric weight during weaving, the sensor is
installed between the breast beam and the cloth beam of a loom, as shown in Fig. 1.35.

1.15 Conclusion

* Obtain textile fibre system

‘Obtain textile fibre system’ encompasses the steps of cotton cultivation, the sepa-
ration of lint from cotton seeds, the production of cotton bales and the distribution of
the bales for marketing. To distribute cotton bales, the transportation conduit and an
assessment system will be needed.

* Turn fibre into yarn system

‘Turn fibres into yarn system’ involves opening the bales, eliminating impurities
such as bark and leaves, parallelization, stretching and twisting the fibres, gathering
the yarn produced and subsequently distributing the yarn, as shown in Fig. 1.4.



46 Handbook of Natural Fibres

* Turn yarn into fabric system

The production system ‘turn yarn into fabric’ is based on the knitted fabric, which
can be formed by a single yarn (weft knitting) or several yarns (warp knitting). Loops
are the basic constructive element of this fabric. The specification of components of
this function is related to the constructive elements of the single-cylinder circular knit-
ting machine, which produces single jersey fabrics intended for the production of
T-shirts. With this machine, formation of the fabric corresponds to the action of the
components: a yarn guide (responsible for guiding the yarn onto the needles) and a
steel needle bed. Movement of the needles to form the fabric is performed by the
set of components: cam, needles and sinker.

e Quality control testing

One definition of quality is the totality of features and characteristics of a product or
service that reflects its ability to satisfy the stated or implied needs (International
Organization for Standardization 8402.98).

Inspection is a crucial activity in the manufacture of textile products. Products at
various stages such as upon receipt and during production and the final stage are
normally inspected to assess the status of the product for acceptance or otherwise.
Inspection is carried out mainly to appraise the quality of products in terms of
manufacturing defects and adherence to specifications and other requirements.
Normally, a visual inspection of the fabric is carried out to examine for the occur-
rence of yarn defects, fabric defects, design and colours in addition to specification
particulars. It is followed by drawing samples for testing to determine hidden quality
parameters such as shrinkage, strength, colour fastness, and so on.

1.15.1 Future trends

The Fourth Industrial Revolution, also called Industry 4.0, represents a profound
change in the organizational structure of industries. For the first time, an industrial
revolution is evaluated a priori and not ex post, which means a prediction of what
is about to happen and not an evaluation of what has already happened (Hermann,
Pentek, & Otto, 2015). Ubiquitous, mobile supercomputing, intelligent robots,
genetic editing — the evidence of dramatic change is all around us and it is happening
at exponential speed.

The result of the Fourth Industrial Revolution will be the intelligent factory, where
cyber-physical systems (CPS), the Internet of Things and big data are the key technol-
ogies to achieving production goals. CPS are defined as physical and engineering
systems that have their operations assessed, coordinated, controlled and integrated
by a technology and communication center. The interconnection between cyber and
physical environments will be manifested at the nanoscale and various timescales.

Sources of further information and advice

Brecher, C., Integrative Production Technology for High-Wage Countries, Springer Berlin
Heidelberg, 2012, ISBN 978-3-642-21066-2.
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Carl A. Lawrence. High Performance Textiles and Their Applications. Published by Wood-
head Publishing Limited in association with The Textile Institute. Woodhead Publishing is an
imprint of Elsevier. 80 High Street, Sawston, Cambridge, CB22 3HJ, UK. Copyright c 2014
Elsevier Ltd. All rights reserved.

Hildebrand, N. Capacitive sensor for detecting fluctuations in the mass and/or diameter of
elongated textile test material, United States Patent, US005530368A, 25.06.1996

Raul F., Rana S. Advances in Natural Fibre Composites, Raw Materials, Processing and
Analysis. ISBN 978-3-319-64640-4 ISBN 978-3-319-64641-1 (eBook)
https://doi.org/10.1007/978-3-319-64641-1. Library of Congress Control Number:
2017947846. © Springer International Publishing AG 2018.

The fiber year 2018. World survey on textile & nonwoven. Issued 18 May 2018.
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2.1 Jute fibre

Jute is an important but coarser natural fibre mainly used for packaging and other
diverse textile and non-textile applications including technical textiles. Jute is also
used nowadays for furnishing and decorative upholstery products as home textiles
(Cook, 1993). Jute is a ligno-cellulosic, multicellular bast fibre and is mainly cultivated
in India, Bangladesh and its subcontinent (Ghosh et al., 1994; Gulrajani and Gupta,
1992a,b). Jute fibre is agro-renewable, biodegradable and easily available at low price,
besides its technical advantages like high tensile strength, initial modulus, moisture
regain, good sound and heat insulation property, dimensional stability and good dye
acceptability. It has some drawbacks too, like relative coarseness, brittleness, harsh-
ness in feel, wide variation in fibre length and fineness with, branching nature, poor
washability, and proneness to yellowing under exposure to sunlight. Low extensibility
of jute is sometimes advantageous and sometimes disadvantageous too (Moses et al.,
1999). Chemically the major constituents of jute are cellulose (54%—60%), hemicel-
lulose (20%—24%) and lignin (12%—14%).

Thus Jute is the common name given to the fibre extracted from the stem of plants
belonging to the botanical genus Corchorus. The genus Corchorus (Family: Tiliaceae)
includes about 40 species distributed throughout the tropics. From all the species of
Corchorus, C. capsularis Linn and C. olitorius Linn were selected by man in the
wake of civilization as economic plants and are commercially important. Other species
found wild in nature include C. capsularis also known as “White’ jute and C. olitorius
known as “Tossa’ jute (Atkinson, 1965; Kundu et al., 1959). India, Bangladesh, China,
Nepal, Myanmar and Thailand are the major producers of raw jute fibre; these coun-
tries possess conducive agro-climatic and socio-economic conditions that are suitable
for the production of jute. India alone, accounts for more than 50% world production
of jute (Jute et al., 2003; Indian Jute, 2005).

Over the last 3 decades, some important changes have occurred in the world
consumption pattern of jute goods. Since the advent of light-weight synthetic fibres,
particularly the polyolefin fibres [high density polyethylene (HDPE) and polypro-
pylene (PP)], having some advantageous properties (Synthetics, 1969; Comparative
Study, 2000; Committee on Commodity Problems, 1990) and much favourable cost
structure, jute has been facing stiff competition and it has become difficult for jute

Handbook of Natural Fibres. https://doi.org/10.1016/B978-0-12-818782-1.00002-X
Copyright © 2020 Elsevier Ltd. All rights reserved.
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to hold its market share in the traditional application areas of packaging and carpet
backing. The non-environment friendly nature (Comparative Study, 2000; Committee
on Commodity Problems, 1990) of most synthetic fibres, particularly polyolefins and
polyester textiles stand against their continued use. Polyester and polyolefins being
most destructive element to the environment for its non-biodegradable nature and cata-
strophic role of these synthetic fibres in ocean including formation of microplastics
particles contaminated in ocean from gradual washing out liquor of these synthetics.
From energy consumption point of view, manufacture of all these synthetic fibres
are highly energy consuming processes leaving notable carbon emission (not favour-
able from carbon footprint point of view as compared to production of jute or cotton
fibres) during its production from petro chemicals (a slow depleting energy re-source).

This is why, the growing consciousness regarding environment preservation has
changed the situation in the recent years attracting consumers towards more and more
uses of natural fibres. Some major plus points regarding jute as a natural bast fibre in
this context are its agro-origin, annually renewability, soil friendly organic criteria
and complete biodegradable nature (as stated earlier besides reduction in carbon
emission and lower energy consumption in its production) and also its coarse nature
with good tensile strength and modulus, high stiffness and shape retention, low exten-
sibility and good sound and thermal insulation (for hollow lumen in multicellular jute),
have made jute textiles much suitable for its application in Packaging textiles (Pack-
tech), Geo-textiles (Geo-tech), Agricultural textiles (Agro-tech),Build and structural
textiles (Build-textiles), Automobile-textiles (Mobil-tech), Protective textiles (Pro-
tech), Eco-friendly textiles (Eco-Tech or oeko-Tech) and Home textiles (Home-tech)
out of the 12 different categories of technical textiles. Thus, category-wise, the common
and diversified end-uses of jute textiles are listed below in Table 2.1:

Moreover, processing of jute fibres to make above said end user’s different jute
packaging and other diversified products (unlike cotton) consists of fibre preparation
(jute batching and selection), Jute Carding, Jute Darwing, Jute Spinning and Jute
warp and weft winding for Jute yarn manufacture followed by usual preparation of
warp and weft for weaving for manufacture of woven jute cloth or manufacture of
nonwoven sheet of jute from carded and opened web layers of jute fibres locked
together by different means and machinery, followed by required preparatory chemical
processing, dyeing, printing and chemical finishing and mechanical finishing and
optional cutting and sewing to make final jute products. Processing of Jute fibres
also suffers some non-eco-friendly process steps during its pre-spinning lubricating
with Jute batching oil (a mineral oil, having some C12 to C25 aromatic cyclic com-
pound as toxic component) or during its chemical softening, woolenization and caus-
ticization, desizing, scouring as well as during its dyeing with hazardous chemical dyes
including metal complex acid dyes containing chromate, pigment printing using Fixer
CCL (Melamine formaldehyde) and few types of functional chemical finishing of Jute
like Cross-linking or anticrease finishing of Jute by use of dimethylol dihydroxy
ethylene urea (DMDHEU) or other cyclic urea-based methylol containing cross-
linking compound/resin or during Fire Retardant finishing of Jute using Tetrakis-
Hydroxy-Methyl (tetra methylol) Phosphonium Chloride (THPC)-based fire retardant
chemicals causing formaldehyde release problem and similarly other processes by
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Table 2.1 Common uses of jute.

A | Packaging textiles (Pack-tech)

Other common purposes
(miscellenous)

®
(ii)

(iii)

@iv)
(v)

®

(ii)

(iii)

(iv)

)
(vi)
(vii)
(viii)
(ix)
x)
(xi)

(xii)

®

Sackings.

Hessian.

Carpet backings.

Webbings.

Carpet yarns or sale yarns.

Diversified uses of jute

C | Home textiles (Home-tech)

Decorative fabrics.

Furnishing fabrics.

Draperies and upholstery
fabrics.

Decorative handicraft items.

Decorative utility items.
Kitchen and Gardener’s apron.
Fancy bags and shopping bags.
Soft luggage

Floor matting and carpets.
Shoe upper.

Outer apparels/trimmings of
apparels.

Hat/gloves/table mats.

F | Geo-textiles (Geo-tech)

Soil saver fabrics for erosion
control.

1) Back-liner fabric for sofa etc.

(i) | Jute non-woven felt fabric as
plaiding cloth

(iii) | Making of paper pulp from
jute for high quality paper.

(iv) | As temporary pandel fabrics

(v) | Jute-based canvas for painting

Protective textiles (Pro-tech)

@) Fire-retardant jute fabric as
brattice cloth in mines

(i) | Rot- resistant jute fabric as
sand bags for defence
purpose

(iii) | Water-repellent jute or jute-
cotton union fabric as
kitchen apron/Gardener’s
apron etc.

(iv) | Bitumin coated jute fabrics
for under laid jute geo-
textiles for road
construction

Eco-friendly textiles (Oeko-tech)
1) Food grade jute bags
(i) | Aluminium foil coated food

Grade tea bags

Agro textiles (Agro-tech)
@) Windscreen/plant-net

Continued
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Table 2.1 Continued

(ii) Jute geotextiles for road (ii) Sunscreen./nets for sericulture
construction/beco-drain, etc. plants and cocoons

(iii) Jute geotextiles for canal banks (iii) | Mulching fabric.
protection

(@iv) Jute geotextiles for vegetation (iv) | Sleeve for plant saplings, etc.
in arid zones

H | Build textiles (Build tech) I Auto-mobile-textiles (Mobile-tech)

(1) Rigid jute fibre reinforced (1) Laminated/Coated flexible
composites with thermoset composite of jute fabrics as
and thermoplastic polymer/ flexible hood or transport
resin matrix used for cover

structural panels, separating
walls, false roofing, doors,
windows, venation blinds,
furniture’s etc.

(ii) Flexible jute reinforced (i) | Automobile door panel and
composites for temporary other automobile parts from
tents, awnings, linoleum jute-reinforced composites
flooring etc.

using of other hazardous chemicals or additives with high BOD/COD Values etc,
which need to be either eliminated or to be reduced. These newer alternative
approaches for eco friendly processing including different approaches of eco friendly
chemical processing of Jute textiles are discussed separately in the end of this chapter
before conclusion in item no, 2.8.

2.2 Chemical composition and structure of jute fibre

Chemically, long vegetable fibres are ligno-cellulosic in nature, comprising mainly of
polysaccharides and lignin. A number of minor components, such as pectin, inorganic
salts, nitrogenous substance, colouring mater, wax, etc. are also found in them. Details
on the chemical composition (Macmillan, 1957; Mazumdar et al., 1980) of the jute
fibre is given below in Table 2.2.

2.2.1 Jute cellulose

The total carbohydrate material in jute is usually designated as holo-cellulose, which is
further divided into two groups, namely, cellulose or alpha-cellulose and hemicellu-
lose. Hemicellulose is not a homogeneous substance and generally comprises of poly-
saccharides of a relatively low molecular weight. The nature of association of these
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Table 2.2 Average chemical composition (in percent of bone dry weight of the fibre) of jute

(Mazumdar et al., 1980) [C. Capsularis (white), C. Olitorious (tossa)].

Capsularis (white) | Olitorius (Tossa)

Constituents jute jute
Cellulose* 60.0—63.0 58.0—59.0
Lignin 12.0—-13.0 13.0—14.0
Hemicellulose™* 21.0—24.0 22.0—-25.0
Fats and waxes 0.4—1.0 0.4-0.9
Proteins or nitrogenous matter etc. (% 0.8—1.87 0.8—1.56

nitrogen X 6.25)
Pectins 0.2—1.5 0.2—0.5
Mineral Matter (ash) 0.7-1.2 0.5—-1.2

*Major constituents of jute-cellulose includes glucosan (55.0%—59.0%), xylan (1.8%—3.0%) and polyuronide (% CO,% 4)
(0.8%—1.4%).

**Major constituents of jute-hemicellulose includes xylan or pentosan (15.5%—16.5%), hexosan (2.0%—4.0%),
polyuronide (3.0%—5.0%) and acetyl content (3.0%—3.8%).

constituents is complex in nature and is difficult to be completely understood. Cellu-
lose is a linear condensation polymer consisting of D-anhydro-glucopyranose units
joined together by 1- 4- B-glycosidic bonds (Fig. 2.1). It has more than 50% degree
of crystallinity (Cellulose, 1985).

Cellulose from different sources differ in their degree of polymerization which is
possibly the single most important attribute influencing the physio-mechanical proper-
ties of this polymer. Degree of polymerization of cellulose in jute is reported to be the
lowest among all the vegetable fibres (Sengupta and Dutt, 1958) and according to an
estimate (Chatterjee et al., 1954) it is 1150.

Cellulose reacts as a trihydric alcohol with one primary and two secondary hydrox-
yl groups per glucose unit. The reactions of cellulose may be conversantly divided into
the following two kinds: (i) those involving the hydroxyl groups leading to substitu-
tion, addition and oxidation and (ii) those involving glycosidic linkage leading to chain
degradation by hydrolytic mechanism (Cellulose, 1985). The former type includes

H OH
OH H
OH H
H o
CH, OH

Figure 2.1 Structure of cellulose.
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such reactions as acetylation, nitration, xanthation, alkylation (etherification), etc. The
degree of substitution is an important parameter in such reactions and products ob-
tained by such modifications are seldom fully substituted. Acetate rayon and viscose
rayon fibre, industrial lacquers, adhesives and thickeners are among the products ob-
tained by such modifications of cellulose. Hydrolytic breakdown of cellulose takes
place in the presence of acids, while oxidative degradation may occur in an alkaline,
acid or neutral medium (Cellulose, 1985). As measured by deuterium exchange tech-
nique, the percentage accessibility of jute cellulose is reported to be lower than that of
ramie, mercerized cotton and finely ground cotton (Cellulose, 1985).

2.2.2 Jute hemicellulose

Hemicellulose is composed of mainly pentosan (xylan) as shown in Fig. 2.2(a), poly-
uronide and a little hexosan. This is a polymeric chain of molecular substance
somewhat like cellulose, but is distinguished from the latter in having a pentosan back-
bone with gluco-uronic acid residue occasionally attached to it and having a relatively
short chain length (DP < 150) and being soluble in cold 18% aqueous NaOH solution.
Jute hemicellulose (Fig. 2.2(a)) generally comprises of a number of polysaccharides of
comparatively low molecular weight composed mainly of pentoses such as xylose) and
uronic acid and a has low content of hexoses such as galactose and mannose.

The predominant polysaccharides in jute is composed of a backbone of B-p-xylopyr-
anose units with every seventh unit carrying a terminal 4-O-methyl-a-p-glucouronic

a
(a) H OH H H OH
H /oH H o H O\H H /OH H
H OH H o H
JaH H o)
H OH H
n

B. Xylon
(b) H OH
H OH MW
-0 H pt o O
H

H OH

C. Jute hemicellulose (segmental)

(4—-O- methyl glucourono xylon, schematic)

Figure 2.2 (a) Structure of Xylan. (b) Structure of jute-hemicellulose.



Processing of jute fibres and its applications 55

acid residue (Fig. 2.2(b)), linked through position C,. Some of the xylose units in the
main chain are acetylated (Aspinall and Dasgupta, 1958; Sarkar and Chattaerjee,
1948a,b). The degree of polymerization (DP) of this polysaccharide, as estimated by os-
motic pressure method is reported (Sarkar et al., 1948) to be low, i.e. an average of
nearly 140.

The hemicellulose also posses reducing (—CHO) end groups in a relatively less
measurable concentration and is mainly responsible for the relatively strong reducing
action exhibited by jute compared to native cellulose. The reducing group content as
expressed by the copper number falls considerably after treatment of jute with an
alkali. The hemicellulose fractions that dissolve in dilute NaOH solution at room
temperature, being of fairly low molecular weight, contribute largely to the copper
number of the raw jute fibre (Sarkar and Chattaerjee, 1948a,b).

2.2.3 Jute-lignin

Lignin is a complex amorphous polymer which functions as the structural support
material in jute plants. During bio-synthesis of plant cell-walls, polysaccharides
such as cellulose and hemicelluloses are laid down first and lignin fills the spaces
between them, thereby cementing them together. Lignification causes stiffening of
the cell walls and the corresponding cells are thus protected from physical and chem-
ical damage (Megregor and Greenwood, 1982) by environment and other effects.
Lignin from all sources has more or less a similar composition (Sarkar, 1934, 1935,
1937). Thus, the functional groups found in lignin are; hydroxyl (alcoholic and
phenolic), methoxy, dioxyethelene (—OCH,0O—), iodoform yielding complex, etc.
(Sarkar, 1931). Among these, carbonyl, ether, methoxy; phenolic hydroxyl and conju-
gated double bonds in a-position to benzene ring in lignin structure, (Fig. 2.3(a))
attribute major chemical properties to lignin.

The structural units of lignin precursors are aromatic alcohols with a phenyl-
propane backbone such as, p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol
(Megregor and Greenwood, 1982) (Fig. 2.3(b)).

Lignin is believed to be formed by oxidative co-polymerization of the phenyl-
propane units which gives large cross-linked molecules containing carbon-carbon and
ether linkages (Megregor and Greenwood, 1982; Fross and Fremer, 1983). It is a
short-chain, isotropic and non-crystalline material (Nodder, 1942) with a DP of about
60. High rigidity of lignin is partly due to its non-linear cross-linked structure (Gravitise
and Erins, 1983). According to one source (Treatise, 1988), the molecular weight of
solubilized lignin varies from 300 to 140,000 depending on the source and method of
estimation.

Two types of lignin associations have been reported in jute (Sarkar et al., 1948;
Rahaman, 1978; Guha Roy et al., 1984); the first kind being more easily accessible
to bleaching chemicals and reagents than the other. This has been corroborated by
studies on wood lignin (Gravitise and Erins, 1983), on the basis of which lignin is
known to comprise of about 20% of relatively low molecular weight components
(which are relatively readily solubilized and lost when treated with dilute acid or
alkali), called hemi-lignin and about 80% of relatively high molecular weight compo-
nents which are bound to the carbohydrate components and are called glyco-lignin.



56 Handbook of Natural Fibres

o]
(@) i
o]
]
o]
H(", O (CH,0H)
He C|:H OH
CH
HCOH
H,CO CH OH H,CO
o——
CH (;H OH
HCOH
HCOH ! g
GH,OH HC
H,GOH HO He
CH H,CO OCH HCOH
OCH
H COH
H,COH H,CO
N
HG
HC— HCOH
@ CH,OH  H,COH Y co
1 I
CH HC fo)
I
HCOH =0
H,CO @ @ OCH,
OH OH (0-C)
Lignin structure (schematic)
(b)
CiHZOH CH,OH CH,OH
1 1
CH CH CH
n 11 1]
cH CH CH
: @‘ OCHs CH 0’@0&13
OH OH OH
p- Coumary! Coniferyl Sinapyl
alcohol alcohol alcohol

Lignin precursors
Figure 2.3 (a) Schematic structure of jute-lignin. (b) Schematic structure of lignin precursors.

2.2.4 Fats and waxes in jute

Fats and waxes (Chatterjee, 1954) are present as protective coatings on the cuticle or
primary wall of cells in the jute fibre. It is soluble in organic solvents e.g. benzene and

ethyl alcohol mixture. The extracted wax is greenish brown in colour. It is basically an
impurity present in the jute fibre.
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2.2.5 Pectins in jute

The word ‘pectin’ is derived from the Greek word ‘pektions’, meaning jelly. A small
quantity of pectin is present (Roy, 1968) in the jute fibre which holds the fibre bundles
together. Pectin is a large molecule built up of repeating units called, hexouronic acid,
which is a derivative of hexose sugar and undergoes decomposition during retting of
the jute plant to form water soluble products through bacterial action. It has greater
hygroscopicity than cellulose and swells quickly in the presence of water. However,
in raw jute, there is always some residual pectin left; higher is the pectin content,
higher is the stiffness of the jute fibre.

2.2.6 Inter-unit linkages in jute

Jute fibre may be considered to be a composite with the aniosotropic cellulose micro-
fibrils acting as the load-bearing entity in an isotropic lignin matrix with the hemicel-
lulose acting as the coupling agent between the two (Cellulose, 1985). The
hemicelluloses are strongly bound to the cellulose microfibrils by hydrogen bonds
(Cellulose, 1985; Sarkar et al., 1948, 1947) and a portion of hemicellulose is linked
to lignin hydroxyls through its uronic acid groups forming ester linkages (Sarkar
et al., 1947; Das et al., 1981). It has been suggested that the —OH group in the propyl
side chain in the phenylpropane unit of lignin may be involved in this linkage
(Megregor and Greenwood, 1982). Some of the —COOH groups of hemicellulose
seem to be involved in such ester linkages, while most others appear to be occupied
by basic radicals like Ca**, Mg?", etc. and the rest appear as free carboxyl groups
(Sarkar et al., 1947; Das et al., 1981).

De-fatted jute has been found to possess an acid value of 3.0 milliequivalents per
100 g which increases to about 12.0 milliequivalents per 100 g on rendering jute
mineral-free (removal of Ca 2+, Mg2+, etc.) by treatment with 0.1N HCI. There are
different opinions about the origin of acidity of jute; an early group of investigators
(Sarkar and Mazumdar, 1955; Sarkar and Chattaerjee, 1948a,b) attributed this to —
COOH groups of hemicellulose, while a report of relatively recent origin (Das
et al., 1984) attributes the free acidity of jute to the phenolic —OH groups in the lignin
component. However, it is believed that jute possess some acidity due to both
the —COOH group content of polyuronic acid residue in jute hemicelluloae and
phenolic —OH group content in lignin residue.

Contribution of the cementing materials i.e. lignin and hemicellulose on the tensile
properties of jute fibre, both in the dry and wet conditions, is enormous. It has been
observed that when jute is treated with the chemical reagent employed in textile
pretreatments and bleaching processes, lignin, hemicellulose and other encrusting
substances are attacked and to some extent removed. The greater the extent of this
removal, the more the strength of the jute fibre is diminished, particularly when the
material is treated in the wet state (Treatise, 1988).
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2.2.7 Physical structure and properties of jute

Jute fibre extracted by the retting process (Kundu et al., 1959; Stout, 1985) from the bast
of the parent plant, which comes in the form of long mesh of interconnecting fibres
commonly known as the jute reed. The jute reed is usually 6—12 feet long. Typical yield
of jute fibre based on weight of stem from which it is derived, is about 6%. The top of
jute reed is thinner than the root. The reeds are then split-open in carding machine into
the component fibres called the spinner’s fibre (Atkinson, 1965). Depending upon the
six fibre quality attributes viz. bundle strength, fibre fineness, weight (length of root
part over total reed weight/length) and root content, defects, bulk density, colour and
lustre, the White (W) and Tossa (TD) jute are graded into eight varieties (Indian,
1987), viz. W1 (or TD1), W2 (or TD2), W3 (or TD3) and so on till W8 (or TDS),
depending on Strength, Root Content, Defects, Fineness, Bulk Density and Colour
and Lusture, in the descending order of their quality. Multicellular jute fibre consists
of 5—30 polygonal unit cells (ultimate cell) each having a central lumen, primary/sec-
ondary cell-walls and middle lamella as shown in Fig. 2.4. For the ultimate cells of
the jute fibre, the length ranges between 0.75 and 6.0 mm and the diameter ranges
between 0.0051 and 0.0254 mm (Kundu et al., 1959; Treatise, 1988; Barkar, 1939a,b).

Table 2.3 illustrates the range and average of different physical and other textile
related properties of the jute fibre (Jute et al., 2003; Treatise, 1988; Kaswell, 1953;
Goswami et al., 1977; Meredith, 1945; Carlene, 1944; Barkar, 1939a,b; Preston,
1933; Preston and Nimkar, 1949; Bandyopadhyay, 1951; Smith, 1944; Samanta
et al., 2008a,b; Basu et al., 2009; Samanta and Agarwal, 2009a,b,c). Jute fibres or
filaments (also termed as spinner’s fibre after carding), contain a variable number of
cells; so the individual values for filament fineness and strength, within a sample,
vary widely. Meshy jute fibres are gradually split up during the carding process to
obtain spinner’s fibre or single jute filament of variable length. The maximum length
of filament in a jute yarn is about 30 cm. Specific surface area of jute fibre, as measured
by air-flow technique, is about 1000 cm?*/mL. Single jute filament or spinner’s fibre
has varied fineness, which is usually 2—2.5 tex. Thus a jute yarn having 70—80 fibres
in the cross-section is about 140—210 tex (4—6 lbs/spy).

Moisture regain value of jute fibre is higher than that of cotton, viz. at 70% relative
humidity, moisture regain value of jute is about 13.75%, while that of cotton is 8% or

(Inter-cellular zone)

|
Cell-wall

Figure 2.4 Schematic multicellular structure of jute fibre.



Table 2.3 Important physical properties of jute fibre (Treatise, 1988; Kaswell, 1953; Goswami
et al., 1977; Meredith, 1945; Carlene, 1944; Barkar, 1939a,b; Preston, 1933; Preston and
Nimkar, 1949; Bandyopadhyay, 1951; Smith, 1944).

SI No. Properties Range

1 Length of ultimate cell (mm) (Atkinson, 1965; Nodder, 1942) 0.75—6.0

2 Width of ultimate cell (x 107°) (mm) 5-25

3 Fibre fineness (linear density) (Treatise, 1988) (tex) * 0.90—3.50
(den) ** 8.00—31.0

4 Aspect ratio 110

5 Fibre density (g/cm3) (Kaswell, 1953; Goswami et al., 1977) 1.45—1.52

6 Single fibre tenacity (g/den) 2.7—6

7 Breaking elongation (%) 0.8—2.0

8 Work of rupture (g/tex) (Meredith, 1945) 0.18

9 Modulus of torsional rigidity (dyne/cm?) x 10'° 0.25—1.25

10 Initial modulus (g/den) (modulus at 0.1% extension) 130—220

11 Young’s modulus (dyne/cm?) x 10" 0.86—1.94

12 Bundle tenacity (g/den) 2.2—4.0

13 Refractive index (Preston, 1933)

(Parallel to fibre axis) 1.577

(Perpendicular to fibre axis) 1.536
Bi-refringence (Double refraction) +0.041
14 (a) | Swelling in water (Preston and Nimkar, 1949)
Diametrical (%) 18.0—22.0
Area-wise (%) 40.0—50.0

(b) | Moisture regain (%) at 65% RH and at 27°C 12.5—13.8
15 Stiffness index (g/den) 300—400
16 Specific heat** (cal/g/°C) 0.324
17 Dielectric constant (at 50 HZ) (Treatise, 1988) 10"*—10"
18 Insulation resistance (KV/cm) (Treatise, 1988) 450—550
19 Heat of combustion (J/g) (Treatise, 1988) 16.0—17.0
20 Specific internal surface (mz/g) (Treatise, 1988) 10—200
21 Coefficient of friction (inclined plane method) (Smith, 1944) 0.3—0.54
22 Crystallinity (%) (Treatise, 1988) 50—60
23 Copper number (Ghosh et al., 1994; Sarkar, 1934, 1935) 1.5—4.0
24 Herman’s angle of orientation (degree) 7-9

*tex = weight in g of 1000 m of fibre.
**den = weight in g of 9000 m of fibre.



60 Handbook of Natural Fibres

so. This has been mainly attributed (Samanta et al., 2008a) to the presence of hemicel-
lulose in jute. Transverse swelling of jute fibre in water has been observed to be about
23% in diameter and it increases appreciably on removal of either lignin or hemicel-
lulose (Guha Roy et al., 1984). With increase in relative humidity up to 70%, it follows
a decreasing trend (Samanta et al., 2008a,b). Moisture absorption is reported to bring
about a reduction in the degree of crystallinity of jute (Basu et al., 2009; Samanta and
Agarwal, 2009a,b,c).

In addition to being mildly acidic, jute is also chemically reducing in nature. Copper
number of jute (Sarkar et al., 1948) varies roughly from 1.5 to 4. Compared to cotton and
ramie, jute is somewhat more resistant to the action of acid due to presence of lignin
(Barkar, 1939a,b). Mild alkali such as, soda ash, borax, ammonia, etc., in cold aqueous
solution, imparts a yellowish red shade to jute with almost no loss of weight. Loss of
weight (about 10%), however, occurs when jute is treated at ambient temperature or
boiled with aqueous soda ash solution of medium (~ 10%) strength (Barkar, 1939a,b).

Meaningful efforts for correct mechanical and chemical processing with jute fibres
and its blends aimed at further improving/enhancing its textile related properties and
energy efficient and eco-friendly processing for improving desirable textile related
properties of jute products, assumes high importance in this context.

2.3 Chemical aspects and effect of chemical treatments
of jute fibres

Jute is slight acidic in nature due to presence of gluco-uranoic acid residue in its hemi-
cellulose Part and also due to phenolic hydroxyl groups present in lignin. In addition to
being mildly acidic, jute is also chemically reducing in nature. Copper number of jute
varies roughly between 1.5 and 4. There are many reports (Samanta et al., 2008a,b;
Basu et al., 2009; Samanta and Agarwal, 2009a,b,c; Samanta et al., 2010; Samanta
et al., 2014; Samanta et al., 2017a,b) on chemical treatments and modification of
jute substrate to improve its properties in terms of textile related properties, process-
ibility and dyeing including natural dyeing and functional finishing properties etc,
Compared to cotton and ramie, jute is somewhat more resistant to the action of acid
due to presence of lignin (Roy, 1953). Jute is very sensitive to the action of different
oxidizing agents and the extent of its modification depends on the oxidizing reagents
used and the conditions of reaction (Roy, 1953).

Mild alkali such as, soda ash, borax, ammonia, etc., in cold aqueous solution,
impart a yellowish red shade to jute with almost no loss of weight. Loss of weight
(about 10%), however, occurs when jute is boiled with aqueous soda ash solution
(~10% strength) (Roy, 1953). Effects of such chemical treatment on fine structure
are also evaluated and reported (Roy, 1967, 1976).

Caustic soda has a high solubilizing effect on hemicellulose and other constituents
of jute. The degree of solubility generally alters with time, temperature and concentra-
tion of alkali. The effect of concentration (Roy, 1953; Macmillan et al., 1954), in this
respect is marked beyond 10%. For 8%—18% NaOH, jute assumes crimps in it.
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The reaction of jute with caustic soda is very rapid at the initial stage and is almost
complete in lh. About 50%—60% hemicellulose is dissolved out for use of 18%
NaOH solution at 25°C. Low concentration of alkali produces softness and suppleness
in jute fibre. A small portion of lignin and the whole of acetyl group are solubilized
even after a mild treatment. Treatment with dilute alkali does not cause any loss of
strength of jute, while that with concentrated alkali results in up to 25% loss in fibre
strength (Roy, 1953; Macmillan et al., 1954).

Jute, a ligno-cellulosic multi-constituent fibre, may be viewed as a natural composite;
the anisotropic crystalline/semi-crystalline cellulose microfibrils act as the reinforcing/
load bearing entity whereas the isotropic, non-crystalline lignin part acts as the matrix
material with hemicellulose acting as the coupling agent between the two. It is virtually
impossible to limit the location of a chemical reaction on jute specifically to one partic-
ular constituent. Chemical treatment of jute may often pose a severe threat to retention of
its fibre strength. Degradation effects of most chemical treatments must therefore be kept
to a minimum to retain the usefulness of jute as a textile fibre. Chemical processing of
jute (lignocellulose) thus differs in a major way from cotton (cellulose) in view of rela-
tively minor presence of lignin and hemicellulose over and above the more important
presence of cellulose in jute. It is therefore, necessary and also essential to develop,
control and standardize chemical processing/modification of jute separately and recipe
available for cotton are not exactly applicable for Jute.

The major chemical treatments of jute tried and evaluated in the past include its
oxidation, reduction, alkali treatment, esterification, etherification, treatment with
inorganic salts/organic compounds including some polymeric formulations and vinyl
grafting, steam treatment and enzymatic hydrolysis. Bleaching and associated mod-
ifications are usually common in chemical processing of jute for obtaining improved
whiteness/brightness/photostability of jute fibre with improved dyeability, absor-
bency along with improvement of various other property attributes of jute such as
rot resistance (Chatterjee and Pal, 1952; Wilson, 1962; Barkar et al., 1981; Ghosh
and Dutta, 1988), abrasion resistance (Sengupta and Radhakrishnan, 1972a,b),
brightness/whiteness (Ghosh and Dutta, 1988; Ridge et al., 1944), crease recovery
(Sengupta and Radhakrishnan, 1972a,b; Zahn and Das, 1965; Bhattacharjee et al.,
1974; Guha, 1985; Som et al., 1987a,b; Ganguly et al., 1987), flexibility (drape-
ability) (Sengupta and Radhakrishnan, 1972a,b), stiffness/softness (Sengupta and
Radhakrishnan, 1972a,b), extensibility and bulk of the fibre (Gupta et al., 1982;
Samajpati et al., 1979; Rahman et al., 1996a,b), water repellency (Sen and Dasgupta,
1974), fire retardancy (Sengupta, 1961; Gopal et al., 1985; Sharma, 1986; Banerjee
et al., 1986) and compatibility (Ghosh and Ganguly, 1993; Mallick, 1988) with other
natural and synthetic fibres, synthetic resins and polymers. Some discrete attempts
have also been made to improve the processibility of jute and related fibres after
modification of relevant fibres by selective chemical treatments. A few reports on
improvement of the spinning quality of jute and allied fibres by softening them by
the action of mild alkali (Das, 1958; Sikdar et al., 1993; Pringle, 1949), cataionic sur-
factants (Roy et al., 1974) and enzymes (Ghosh and Dutta, 1980; Ghosh and Dutta,
1983; Dutta et al., 2000) are available in the literature. Further scope still remains for
R&D in this area.
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2.3.1 Treatment of jute with caustic soda (NaOH)

Treatment of jute with caustic soda solution is known (Roy, 1953; Macmillan et al.,
1954; Saha et al., 1961; Majumdar and D, 1956; Lewin et al., 1959; Chakraborty,
1962) to bring about different types and degrees of modification in both its physical
and chemical nature depending mainly on the concentration of the alkali (NaOH)
used and the time and temperature of treatment. The alkali treatment of jute is
commonly associated with measurable loss of hemicellulose and some marginal loss
of lignin fractions (Macmillan et al., 1954; Majumdar and D, 1956). On treatment
with 18% NaOH(w/w), jute fibre becomes finer and crimpy and jute fabric becomes
considerably less stiff i.e. Softer with measurable shrinkage in both warp and weft di-
rection, showing improved drapability.

However, most important changes in the characteristics of jute fibre are brought about
when it is treated with strong NaOH solution (>10%) (Cellulose, 1985; Majumdar and
D, 1956; Lewin et al., 1959; Chakraborty, 1962; Roy et al., 1976; Roy et al., 1983;
Ganguly et al., 1985; Sao and Jain, 1984; Ganguly and Sao, 1985; Gupta et al., 1985;
Sinha et al., 1988; Samanta et al., 1995; Ghosh and Samanta, 1997; Som et al.,
1987a,b; Ganguly et al., 1995) at room or lower temperatures; the fibre then acquires
crimp and its extensibility improves significantly from about 1% to 2% for the untreated
fibre to about 5%—20% for treatment using (10%—18%) NaOH. Crimp development
(texturing effect) in jute is said to be excellent on treatment with nearly 17%—18%
NaOH solution at room temperature and when accomplished accordingly, the process
is referred to as “chemical texturization” (Gupta et al., 1982) or “woolenization”
(Saha et al., 1961) of jute. Such a process is also associated with a prominent longitu-
dinal shrinkage of the fibre consequent to swelling of the ultimate cells and the cell walls
(Cellulose, 1985; Samajpati et al., 1979; Roy et al., 1976, 1983). Majority of the crimp
development using 18% NaOH at room temperature (25—30°C) is very fast initially and
it goes practically to near completion within 15—30 min (Roy, 1976; Majumdar and D,
1956; Roy et al., 1976, 1983; Ganguly et al., 1985). NaOH treatment on jute may also be
extended to jute blended yarns (such as jute/polypropylene, jute/cotton and jute/poly-
ester blended yarns) to develop texturization effect (Gupta et al., 1982, 1985; Sinha
et al., 1988; Samanta et al., 1995; Ghosh and Samanta, 1997) and the same may be
extended to jute fabrics for speciality effects (Ganguly et al., 1995) as studied earlier.

Treatment of jute with liquid ammonia has also been reported (Mukherjee et al.,
1981a,b). Liquid ammonia treatment however does not result in formation of crimp
and is reported to be much less effective in improvement of extensibility of jute fibre.
However, liquid ammonia treatment does not cause much weight loss or loss in
strength of jute fibre, even though the process results in partial decrystallization of
jute; cellulose I structure of jute-cellulose is then converted to cellulose III as this is
also known to happen for cotton or viscose rayon during liquid ammonia treatment,
while cellulose I is converted cellulose II during the mercerization of cotton or viscose
(Marsh, 1946; Warwicker et al., 1966; Iyer et al., 1982).
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2.3.2 Treatment of jute with metal salt and complexes

Treatment of jute with salts of metal such as copper, chromium, iron, manganese, zinc,
antimony and cobalt done separately or in selected combinations is reported to
improve its weathering resistance/rot resistance. Compounds of copper such as copper
naphthenate and basic copper chromate are reported to be fairly fast to leaching
(Barkar et al., 1981; Pal et al., 1964). However, fabrics so treated with metal salts,
are likely to contaminate the environment during and after use when they would be
made to undergo bio-deterioration. Fabric treatment as above may appear selectively
undesirable on this count.

Use of diammonium phosphate (DAP), combination of DAP and ammonium
sulphate/sulphamates and rochelle salt have been reported (Gopal et al., 1985; Sharma,
1986; Banerjee et al., 1986; Mondal and Roy, 1981) to render jute fire-retardant. The
DAP method results in considerable loss of strength of the fabric despite it being
reasonably cost-effective.

2.3.3 Bleaching/oxidation of jute and related fibres

Jute, which is pale brown in colour due mainly to the presence of lignin, can be
oxidized/bleached (Ghosh and Dutta, 1988; Ridge et al., 1944; Ridge and Little,
1942; Macmillan et al., 1949; Macmillan et al., 1950; Sarkar and Chattaerjee,
1948a,b; Kulkarni and Guha Roy, 1973; Chatterjee and Pal, 1955; Macmillan and
Bhattacharjee, 1954; Das et al., 1952; Sengupta et al., 1958; Guha Roy and Kulkarni,
1973; Bose et al., 1973; Sikdar et al., 1973; Dickinson and Heathcote, 1972;
Monograph, 1977; Ghosh and Dutta, 1987; Guha Roy et al., 1988; Tendulkar and
Mandavawalla, 1991; Majumdar et al., 1994) to various degrees of whiteness ranging
from pale cream to milk-white by controlled treatment with selected oxidizing agents
such as calcium and sodium hypochlorite and H,O; in alkaline pH and KMnO,4 and
NaClO, under acidic conditions, peracetic acid under neutral pH, in aqueous me-
dium. However, use of some reducing agents such as SO, and Na,S,0, for bleaching
of jute has also been reported (Parsons, 1939) particularly for getting some cheaper
products. Among the various bleaching methods, HyO, bleaching appears to be most
widely used apparently due to ready attainment of a comparatively high degree of
whiteness along with a relatively low Dose of strength and weight of jute fibre
employing H,O, (Chatterjee and Pal, 1955; Sikdar et al., 1973; Dickinson and
Heathcote, 1972; Tendulkar and Mandavawalla, 1991). Bleaching with acidic
NaC10, also results in a level of whiteness that is commonly achieved with
H,0,; the former causes considerable loss of weight and strength of jute fibre due
mainly to measurable delignification (Kulkarni and Guha Roy, 1973; Guha Roy
and Kulkarni, 1973; Monograph, 1977). Method of treatment of jute fibre with a
combination of HyO, and K;,S;0g at room temperature is also reported (Pandey
et al., 1995).

Bleaching of cotton and viscose i.e. purely cellulosic fibre has been reviewed nicely
in a chapter of textbook of chemical pretreatment of textiles (Lewin, 1983). H,O,
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bleaching or controlled sequential bleaching using NaOC1 and H,O, is very common
in cotton textile industry (Lewin, 1983). Viscose rayon having low D.P. celluloses has
to be bleached in a relatively mild condition using HyO, (Lewin, 1983; AATCC, 1970)
to avoid large scale degradation.

A relatively recent investigation reported (Ghosh and Dutta, 1987) from our laboratory
relates to studies of the effect of mild oxidation of dewaxed jute using aqueous HyOy,
KMnOQy, NalO4, Ca(OC1), and non-aqueous Cl, in CCly on functional group pattern,
strength, whiteness index and dyeability of jute. Pre-swelling of jute with aqueous urea
solution was found to enhance the rate and extent of oxidation. Rate of oxidation was
the fastest using non-aqueous chlorine. Treatment with NalO4 solution was most effective
in generation of —CHO groups, while highest concentration of —COOH group was gener-
ated on its treatment with KMnQ, solution. Oxidation of jute by any of these methods
brought about substantial improvement in dyeability of jute with a basic dye. Improve-
ments in the whiteness index of jute however, can be best achieved by treatment with
H;0; and KMnO, the former giving a more improved product.

Per-iodate has a specific action of oxidation on glucopyranose ring of cotton cellu-
lose. It cleaves the pyranose ring at 2-3 positions leading to the production of dialde-
hyde cellulose (Jackson and Hudson, 1937; Jackson and Hudson, 1938; Davidson,
1940; Davidson, 1941; Daruwalla and Subramaniam, 1958; Hard, 1955). Per-iodate
does not specifically attack the glucosidic linkage leading lowering in DP of cellulose
chains, if the reaction is carried out at neutral pH (Daruwalla et al., 1961).

2.3.4 Photo-yellowing or colour reversion of bleached jute

A critical drawback of bleached jute is its colour reversion or yellowing on exposure
to light. Poor photostability of bleached jute is attributed (Sengupta and Radhak-
rishnan, 1972a,b; Ridge et al., 1944; Macmillan and Bhattacharjee, 1954; Callow,
1947; Callow and Speakman, 1949; Sengupta et al., 1960; Mukhopadhyay, 1976;
Bag et al., 1984) to lignin and poor photostable nature is reported to persist down
to a lignin content to little above 1%; even though the whole of the ultraviolet region
of the solar spectrum contributes to yellowing of bleached jute, the most consequen-
tial region identified (Mukhopadhyay, 1976; Bag et al., 1984) corresponds to
350—355nm in UV region and the effect is continued to some distance (up to
433 nm) within the visible region also. Spectroscopic studies of lignin extract
from H,O, bleached jute revealed that carbonyl and cinnamaldehyde types of
linkages present in lignin part of bleached jute are mainly responsible for the
photo-yellowing effect (Sengupta and Radhakrishnan, 1972a,b; Ridge et al., 1944;
Mukhopadhyay, 1976; Bag et al., 1984; Banerjee et al., 1985).

2.3.5 Stabilized bleaching of jute

Methods of bleaching of jute were then developed (Sengupta and Majumdar, 1967) to
impart improved photostability or lightfastness of bleached jute fabrics on controlled
and selective removal of lignin from the fabric surface prior to HyO; bleaching. Treat-
ment with acidic NaOC1 solution/chlorine gas (Monograph, 1977; Sengupta and
Majumdar, 1967), acidified KMnO,4 (FRL, 1968), and some chlorinated derivatives
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of cyanuric acids are potential agents for controlled removal of lignin, particularly
from the surface of jute fabrics. However, these methods found little favour with
the relevant industry due to various reasons, cost considerations being most important
among them. Recently, some efforts have been made to study the effect of use of
various antioxidants, UV absorbers and some other approaches (like NaBH, treatment
(Callow and Speakman, 1949) etc.) for improving photostability of jute (Abdullah and
Miles, 1984; Farouqui and Hossain, 1990a,b,c,d; Achwal and Sinkar, 1993; Achwal
and Sinkar, 1994). Benzotriazole has been found to be effective UV absorber for
Jute having good protection of photo-yellowing (Samanta et al., 2009a,b,c).

2.3.6 Treatment with glycols

In a relatively recent investigation, Ghosh and Das (2000, 2002) studied the effect of
modification of jute and cotton yarn/fabric by chemical treatments using ethylene glycol
and polyethylene glycols of different molecular weight in the presence of Aly(SOy) as
the catalyst. Controlled prior oxidation of cellulosic chain molecules of jute and cotton
to dialdehyde and related moieties with the help of aqueous NalO4 produced optimum
effects considering improvements in property parameters viz., tenacity, elongation, feel
and wrinkle recovery with retention of flexibility.

2.3.7 Enzyme treatment

Enzymes (Sharma, 1993) are proteins which catalyze specific chemical reactions and
are known as ‘bio-catalysts’. Enzymes are designed for acting in living cells, hence,
they can work at atmospheric pressure and in mild conditions of temperature and
pH. Their optimum activity, however, depends on the type of enzyme and process
where it is applied. Significantly higher reaction rates, at surprisingly lower energy
consumption can be achieved by enzyme catalysts. Enzymes can bring about hydroly-
sis, oxidation, reduction, coagulation and decomposition. Most common enzymes
affect hydrolysis. Enzymes are highly substrate specific. The efficiency of an
enzyme-catalyzed reaction depends upon the following factors: enzyme concentration,
substrate nature and concentration, incubation period/duration of reaction, temperature
of reaction, pH of the system, presence of activators and/or inhibitors.

Some textiles are composed of cellulosic/lignocellulosic materials and thus are good
candidates for cellulase enzyme treatments. Cellulases have been used in many applica-
tions of the cellulosic fibres to obtain stone washing effect of dyed denims, altering
shades/shading effects of dyed fabrics, surface polishing by reducing hairiness,
bio-softening, improved water absorption and also for removal of impurities and sizing
materials (Koo et al., 1994; Achwal, 1995; Ajgaonkar, 1995; Ellis, 1995; Klahorst et al.,
1996; Patil and Samanta,; Kumar et al., 1997; Shukla et al., 2000; Buschle-Diller et al.,
1999; Buschle-Diller et al., 1994). Application of enzyme during conditioning of jute
fibre using oil-in-water emulsion leads to notable improvement in spinning process
performance substantially (Dutta et al., 2000; Chakrabarti and Sinha, 2001).

Reports on upgradation of look, feel and other textile related properties of jute fibre
by enzyme treatments are also available in literature. Jute is a multiconstituent bast
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fibre containing cellulose, hemicellulose, lignin, pectins and some other minor constit-
uents; treatment with a suitable combination of enzymes may prove more effective
than treatment with a single enzyme system for property retention/modification of
jute fibres/fabrics with marginal but meaningful advantageous features (Samanta
et al., 2008a,b; Ghosh and Dutta, 1980; Ghosh and Dutta, 1983; Dutta et al., 2000;
Kundu et al., 1962; Sur et al., 1983; Kundu et al., 1991; Kundu et al., 1993; Dutta
and Ghosh, 1994; Kundu et al., 1996; Majumdar et al., 1996; Chattopadhyay et al.,
1997a,b; Mohiuddin, 1998; Chattopadhyay et al., 2000a,b; Chattopadhyay et al.,
2001; Majumdar et al., 1987; Chakrabarti et al., 1991; Chakrabarti et al., 1995).

2.3.8 Treatment with silicone (antifriction agent)

Silicones are poly-organo siloxanes having a backbone of alternating silicone and
oxygen atoms (-Si-O-). Silicones play an important role in textile chemical finishing
with special reference to cotton textiles or blends of cotton and they offer unique
properties such as soft feel, bounce, resilience, antifriction character and lustre to
the relevant fabric (Ellis, 1995; Rajadhyaksha and Keskar, 2002; Sinha and Gupta,
1986; Basu and Chattopadhyay, 1996). It would be interesting to study effect of appli-
cation of selected silicones on jute and related ligno-cellulosic textiles. A small amount
of controlled application of antifriction agent (silicone emulsion) applied with oil in
water emulsion on jute fibres makes its spinnability improved, provided not applied
in excess (which deteriorates its spinnability). Effects of such treatment of Jute Fibres
with enzyme and Silicones on changes of fibre properties and its processibility (spin-
ning) are reported (Samanta et al., 2008a,b) in recent past.

2.3.9 Treatment of jute fibres with jute batching oil or its
substitute as processing aids

A commercial grade hydrocarbon-based mineral oil commonly referred to as jute
batching oil (JBO) (boiling point, 285°C, flash point, 130°C, Red-wood viscosity,
63 s and density, 0.825 g/cm?), was used for preparation of oil-in-water emulsion;
here, a poly-hydraoxy-ethylene-based non—ionic surfactant is generally used as the
emulsifier. The weight proportions of oil, water and emulsifier in the final emulsion
and its application percentage may vary according to season and moisture content
of raw jute taken. to maintain an average of 1.5% oil content and nearly 35%—37%
moisture respectively on weight of jute fibres. Effects of pre-spinning additive treat-
ment on jute fibres using different bio friendly lubricant cum conditioning agents as
compared to the effect of such treatment with 1.5%—2% conventional jute batching
oil (JBO) treatment has been reported in recent past showing that Castor oil and sili-
cone combination gives an overall better balance for spinning processibility instead of
JBO or other alternate lubricant and conditioning agents (Samanta et al., 2008a,b).
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2.4 Mechanical processing of jute: spinning of jute yarns

The ultimate cells of jute fibre are built up to form fibre bundles that lie just below the
cortex or bark, and are arranged in a circle around the woody core of the jute plant; they
run from the root to the tip. The fibre bundles are interconnected by fibrous branches of
a few ultimates thick that migrate from one bundle to another and from a complex
network of jute fibres. There are very short lengths between branches, and when it
is processed with pins as in carding and gilling, the fibre bundles are split lengthwise
into to produce finer and shortened spinner’s fibres (Cook, 1993). This reduces the
fibre length to a few centimetres and the number of ultimates per single filament
(Smith, 1944; Samanta et al., 2008a,b) from five to about 8.

The details of the spinning process depends much upon the type of (final) end-use
product to be made (Stout, 1985; Pal, 1952; Ranjan) but, there are some common fea-
tures too; in each case, jute is required to be (a) softened and lubricated with oil in water
emulsion so that fibres may be processed without excessive breakage and waste and also
(b) the meshy nature of the reeds is required to be broken for parallelization of the sepa-
rated fibre strands as far as possible. The fibres are also commonly drawn evenly into a
sliver or loose untwisted parallelized band. The sliver so formed, are then finally drawn
out and twisted in a spinning unit to form yarns of a specified linear density. Following
flow chart (Chart 1) shows different steps involved for making of jute yarns.

2.4.1 Spinning process for making jute yarns

Raw jute (untreated Jute Strand) fibres treated with suitable additives like oil (JBO) in
water emulsion followed by piling and conditioning are subjected to carding at Breaker
card followed by Finisher carding with or without intercarding (used only for very
coarser type of raw jute for coarser jute yarn production) and then after three to four
passage of drawing, the finisher drawing sliver is subjected to Jute spinning process
in slip draft or apron draft jute spinning machine for jute yarn making of desired count.
For conditioning an emulsion of jute batching oil containing 6%—10% oil is sprayed
using a hand sprayer on each fibre sample After 24 h batching/piling/conditioning, the
raw jute fibres strands (jute reed) after eliminating/cutting some portion of hard roots,
are successively processed through two or three successive carding machines (a
Breaker card followed by a Finisher card. sometimes intercard in between these two
cards are also used for coarser variety of jute) and then passed through screw gill
type three stages of jute drawing machines to obtain a uniform sliver of parallelized
fibres of desired weight per unit length (about 2475 tex) at finisher drawing stage.
The sliver from the third or finisher drawing are finally spun into yarn using a Mackie’s
standard apron draft or slip draft jute spinning machine imparting an optimum level of
twist (215 twist per metre) using a flyer speed of about 3800 rpm, for making jute yarn
of about 6—10 Ibs/spyndles (linear density of jute yarn is expressed in terms of grist i.e.
Ibs/spyndles as a unit, which is the weight of 14,400 yds of jute yarn in lbs, where 1
Ibs/spy = 35.56 tex). Coarser variety of Jute weft yarn can be made similarly with
required alteration of process parameters and less precision control for 16 1bs/spyndle
to 32 lbs/spyndle jute count (grist).
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Jute bale opening

Jute sorting and selection

{

Chopping of jute reeds to eleminate root/ weak tip portions

Softening in spreader/softner machine
(with application of oil-in-water emulsion)

Piling conditioning (24—48h under ambient condition)

'

15t carding (jute breaker card)
(Sliver formation)

27 carding (jute finisher card)
(Sliver mixing / blending)

Jute 1stdrawing” (_with doublimg and draft )

(Blending and parallelization of fibres and attenuation of sliver)

‘

Jute 2nddrawing”(_with doublimg and draft )

|

Jute 3rd drawing”(_with doublimg and draft )

'

Yarn making in jute spinning machine

(Yarn formation by twisting the Jute fibre bundle
Isliver of 3 drawing or finisher drawing )

(on a slip draft two legged flyer or apron draft
bauxter flyer type jute spinning machine)

Chart 1 Flow chart for yarn making from jute fibres.

2.4.2 Processibility of chemically treated/modified jute fibres

In one of the early studies, it was observed (Das, 1958) that mild alkali treatment on
jute fibre improves the property of yarns made from the said treated fibre. Later on,
some reference '**to works relating to effects on yarn property parameters made from
alkali treated jute fibre were also reported. A few Reports on improvement of the
spinning quality of jute and allied fibres by using different oxidative agents (Basu
and Chattopadhyay, 1996) and dilute alkalis (Das, 1958) are available in the litera-
ture. It was observed that work of rupture of jute yarn made from jute fibre treated
with a combination of H,O, and K;S,0g at room temperature was remarkably higher
than that of the yarn made from raw jute fibre (Basu and Chattopadhyay, 1996).
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Some reports on changes/improvements in some property parameters of yarns made
from chemically treated/modified and enzyme treated jute fibres are available (Das,
1958; Ghosh and Dutta, 1980; Ghosh and Dutta, 1983; Dutta et al., 2000; Sur et al.,
1983; Sinha et al., 1977; Rahman et al., 1996a,b; Ali et al., 2001; Samanta et al.,
2004) in literature.

Effect of Treatment of jute fibres with mixed enzyme and amino silicone (Samanta
et al., 2008a,b) on fibre properties and spinning processibility and similarly effects of
changes in fibre structure and properties as well as spinning processibility for treatment
of Jute fibres with acrylamide and glycol (PEG) (Samanta et al., 2007; Basu et al.,
2008) have been detailed in literature in recent past showing some advantageous
features for yarn making.

2.5 Jute weaving

Jute weaving sheds consists Jute warp yarn winding (spool), Jute weft yarn winding
(cop), Jute pre-beaming and beaming without or with sizing, Jute Weaving using
ordinary jute looms (sacking looms and hessian looms) and also in shuttleless looms
followed by inspection and damping and calendaring and rolling, additionally Cutting
and Sewing for manufacture of Jute Sacks followed by bale pressing. Weaving in
general is a process of interlacement of two series of threads called “wrap” and
“weft” yarns to produce the fabric of desired quality. The definition (Textile, 1995)
with weave pattern for major two types of fabrics of jute, i.e. for hessian and sacking,
which are woven in separate types of looms is given below.

Hessian: A plain cloth (one up one down) made from single yarns of Jute approx-
imately having the same linear density of warp and weft yarns usually made from jute.

Sacking: A general name applied to coarser types of Jute fabrics used chiefly for
making of Jute bags or Jute sacks. Jute sacks made of jute-based warp and weft yarns
are nowadays partially replaced by hemp, flax or polyolefin bags, where the number of
threads per centimetre may vary from 2 to over 12.

The Jute Cloth and Bags (Sacks) specifications generally used are as follows
(Table 2.4).

2.5.1 Jute weaving techniques

Amongst the different technologies of manufacturing fabric, weaving can be consid-
ered to be the most ancient and acceptable method of manufacturing a piece of cloth.
This involves atleast two sets of yarns, the longitudinal warp yarns and the transverse
filling/weft yarns which will interlace with each other, generally perpendicularly, to
form a cloth. This technology of weaving is generally accomplished in a weaving ma-
chine, popularly known as a Loom, a device that holds the warp threads in place while
filling threads are woven through them. The warp yarns run lengthwise, parallel to the
selvedge, from one end to the other end of the cloth, while the weft/filling yarns run



Table 2.4 Jute cloth and bag specifications. (a) Jute Cloth (Hessian, Sacking and other Jute
Clothes) Specifications.

Sacking cloth

76 X 31 (6 x 8)

0.675 m. (26.5")

Warp/Dm X weft/Dm
Product (Porter X shot) Width Wt./Sq.m (Wt./yd)
Hessian cloth 47 x 47 (11 x 12) 1.02 m. (40") 305 g/m2 (5—16 oz of

40" width)
608 g/m? (14 oz)

(Govt.)

Hd.

(B-Twill)
Sacking cloth | 76X28 (6X7) 0.57 m (22.5") 579 g/m? (10.53 oz/yd)
(Govt
B-will)
Sacking cloth 102 x 35 (8 x 9) 0.675 m. (26.5") | 760 g/m? (16.3 oz/yd)
(A-Twill)
Sacking cloth 102 x 31 (8 x 8) 0.675 m. (26.5") | 716 g/m?
(L-Twill)
Tarpaulin 68 X 39 (8 x 10) 0.762—1.143 m. 380—585 g/m? (13—20
(30"-45") oz of 45" width)
Canvas 134 x 70 (16 X 18) 0.914—1.143 m. 660 g/m2 (15—16 oz of
(36"-45") 36" width)
Carpet 55% 47 (14 X 12) 0.914 m (36") 271 g/m® (8 oz)
backing
cloth
Scrim 22 x 15 (5 x 3'%) 0.97 m (38") 105 g/m? (3.29 0z/36")
Soil saver 34 X 27 (8 X 7) 0.122 m (48") 500 g/m?
{Open area- 50%}
Webbing (1) 68 X 62 (16 X 15) 5cm (2") 12 1b/144 yds
(ii) 62 x 31 (2 ply) 9 cm (3.5") 18 1b/144 yds
{15% 8}
Length X width Warp/dm X weft/dm
Bag type (Type of bag) Weight/bag (Porter X shot)
B-Twill 112 cm X 67.5 cm. 1020 g (2.251b) 76 X 31 (6 X 8)
(447 x 26.5") Hd.
B-Twill 112 cm X 67.5 cm. 907 g (2Ib 2 oz) 76 X 28 (6 X 7)
(44> x26.5") Hd.
A-Twill 112 cm x 67.5 cm 1200 g(2.51b) 102 x 35 (8%9)
(44> x 26.5") Hd.
Heavy cees 102 x 71 1021 g (2.251b) 68 X 35(8 X 9)
(40” x 28")Hd.
DW flour 142 x 71 1135 g (2.51b) 68 X 31 (8%8/7%9)
(56” x28") Hd.
B.Twill 94 x 57 (37°%22.5") 665 g (1.51b) 76 X 28 (6 X 7)
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from selvedge to selvedge, intersecting the warp yarns at right angles. The way the
warp and filling threads interlace with each other is called a Weave which expresses
the structural design or construction of the fabric. For the purpose of carrying out
the production of a fairly good quality jute cloth with as minimum as fabric faults
occurring, it is very essential to maintain a perfect harmony of the different motions
of jute loom by properly tuning and setting all the motions. Generally, the important
motions of a running loom required to weave a fabric, can be classified as primary
motions-without which it won’t be possible to weave a cloth, secondary motions to
maintain the continuity in production of the cloth and auxiliary motions for the purpose
of maintaining the desired quality of a jute cloth. The process of weaving jute clothes
i.e. conversion of Jute yarns to Fabric are depicted below.

2.5.2 Conversion of jute yarn to fabric

In general, Jute weaving is an indispensable department for conversion of Jute yam to
Fabric in a composite Jute Mill for production of different type of jute fabrics as per
end use requirements. In this context, Jute weaving sheds consists of different mechan-
ical processing machinery like, Jute warp yarn winding (spool/cone, etc.), Jute weft
yarn winding (cop), Jute Pre-beaming/Warping and Beaming and Sizing for the pur-
pose of making the yarns, mainly warp yarns, weavable and free from objectionable
faults, as far as practicable, eventually achieving thereby, a cloth of acceptable quality,
produced finally in the Jute Loom. The Jute Weaving Machines, popularly known as
Looms can be broadly classified as conventional ordinary jute looms like, Hessian
looms, Sacking looms and Broad looms, etc. and modern shuttleless looms which
include, rectilinear Rapier found in flexible, rigid and telescopic type, STB projectile
(gripper), jute half-circular multiphase rapier looms, (generally known as S4A, One
Mack and Two Mack Looms) which are predominantly ruling the commercial jute
mills. Once the grey jute fabrics are prepared in the looms, they are transferred to
the finishing department of the factory site for the purpose of improving the surface
texture and other relevant property parameters of the same. The Finishing Department
involves mechanical and/or mechanical with chemical finishing treatment taking place
simultaneously followed by the damping, calendaring and rolling, additionally
lapping, cutting and sewing operations to inculcate the jute fabric into the finished
form of final jute product to suit the end-use requirements. The finished jute products,
mainly the jute bags, are then packed in bale pressing machine for consolidation and
compactness of the same before they are dispatched for sale.

In the process of weaving, the warp yarns from the weaver’s beam are drawn through
different parts and accessories (from warp beam to cloth roller) of the loom in such a
way so that it can be divided into two sets/layers/groups while passing through the
mail-eyes of the cambs. By controlling the vertical up and down movements of the
cambs, the warp yarns are separated into two layers to form the triangular shed paving
the way for the weft carrier like shuttle which contains the weft package in the form of
cop to run from one end of the loom to the other to insert the weft yarns during picking
according to the fabric design. The inserted weft yarn is beaten to the fell of the cloth by
the reed of the sley assembly and the weft thread density in a fabric is controlled by the
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secondary take-up motion assembly. In jute mills, all of the conventional shuttle looms
are electrically motor-driven which may be either individual motor or line shaft and over
pick type with the picking assembly lying over the sley line. It requires proper tuning of
different motions and proper setting of the different parts for smooth running of the
loom, and producing almost fault free fabric of desired specifications.

2.5.2.1 Briefidea about different motions of a weaving machine
(shuttle loom)

Different motions of loom

Primary Secondary motions Auxiliary motions

|
| ]

| Let-off | | Take-up |

| | ] | [ |

Shedding | Picking | | Beating | Warp Auto Others,
protector cop such as
motion loader weft
motion fork,
oscillating
backrest,
temple

2.5.3 Developments in jute weaving including shuttle less
weaving

Though the jute industry for several decades are producing jute fabrics by using
conventional ordinary Jute looms as un-comparable to the other textile sectors, which
has grown to a large extent. It has been found that there is a gradual reduction in the
productivity and high labour complement in jute fabric weaving by conventional ordi-
nary jute looms. Moreover, for improved qualities of jute clothes with much equidis-
tant placing of warp and weft can hardly be expected from these ordinary jute looms.
Constant efforts are therefore being made to produce the jute clothes in much better
quality with less defects and also at faster rates and thereby, to achieve higher weaving
productivity at reduced cost of production by adopting the various methods where the
conventional method of weft insertion by shuttle in jute looms appears to be obsolete,
but still many industry is using it, considering high investment for procuring new shut-
tle less looms suitable for jute yarn weaving and moreover good quality jute yarns are
required to really gain the higher productivity of shuttle less jute weaving. So special
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care in jute yarn manufacture is required for obtaining optimum productivity in jute
shuttleless weaving, which now many of the jute mills are using.

These non-conventional methods of weaving, known as shuttleless weaving and
such looms are called the shuttle less looms or shuttle less weaving machines. Shuttle
less weaving may be gripper-based or rapier-based (flexible and rigid rapier) or multi-
phase circular loom type. Water jet or air jet shuttle less looms are not suitable for
stiffer and breakable jute yarns. Many jute mills have started using mainly rapier-
based jute shuttleless looms to produce Jute Hessian of improved quality and decora-
tive variety of jute or jute-cotton union fabrics in terms of better firmness, equidistant
spacing of warp and weft and smooth appearance of fabric surface as compared to
those of equivalent quality traditional jute fabrics woven in ordinary jute looms. There
are following different types of Shuttle less looms as stated below;

Shuttless loom

Monophase Multiphase

Warp way Weft way

Projectile Rapier Fluid jet Solid friction
| : W Air Rapier
S|ng|e Multi Flexible ater
Air
Dual Telescopic
Rigid Flat bed Circular
Weft carrier Rapier

These fabrics reach the market in the form of Jute fabrics or Jute sacking bags of
desired specifications after cutting and stitching as well as after required finishing of
Jute fabrics and bags.

The jute fabrics produced from weaving pass through various machinery in the
finishing department for mechanical and chemical finishing (optional) before dispatch
or sale for following objectives:

i) To remove or mend defects in the grey jute fabric.
ii) To remove the crease or fold in the fabric.
iii) To make the fabric surface glossy and smooth
iv) To improve the appearance and cover of the fabric.
v) To maintain the desired level of moisture in the finished product.
vi) To pack the fabric in roll or bale form according to the requirement of the buyer or end use
requirements.

Therefore, jute weaving to finishing section has high importance, where ultimate
product of the Jute Industry is being generated/produced. So, any fault generated in
weaving remains visible/detectable in the marketable product unless it is very minor
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and repairable at finishing stage. Thus, main aim of this section of jute industry is to
achieve an optimum production of the final jute woven fabrics/products (fabric or bags
from jute-based fabric) with minimum defects. The major activities of this weaving
department is to run the looms (both Ordinary jute looms and shuttle less Jute looms
by proper setting/tuning/maintenance and smooth running of those jute looms, where.
the role of the jute loom weavers and weaving sardars/fitters are considered to be very
important. Therefore weaving is the most labour intensive department. So, efficiency
of this department has a great bearing on conversion cost for fabric. Therefore, even a
fractional improvement in weaving productivity as well as quality results enormous
benefit. Hence, the weaving process is considered as very important area in the process
line of manufacturing Jute fabrics with maximum efficiency and maintaining good/
standard quality particularly for hessian, sacking and carpet backing fabrics. However
for decorative variety of Jute fabrics, along with jute weaving, proper chemical pro-
cessing and finishing are also highly important too.

2.6 Chemical processing of jute

Multi-constituent nature and heterogeneity of Jute Fibres (with number of different
functional groups present) make it difficult to select the sequences and to standardize
the chemical treatment or processing for jute and jute blended or unionized diversified
products. It is virtually impossible to limit the location of a chemical treatment of jute
specifically on its surface or to one particular constituent due to the possible simulta-
neous participation of other constituents of jute in any reaction. Degradation of one or
other multi-encrustants during any chemical processing/modification make the task
more difficult and complex in nature. This is why chemical processing of jute differ
in many respect from cotton. Therefore it becomes essential to develop and standardize
any type of treatment or chemical processing of jute separately for its multi-
constitutent nature, however, keeping in view of its end-uses and functional property
criteria needed. Hence, the methods and recipe of chemical processings for cotton are
not directly applicable to jute.

2.6.1 Desizing

Desizing of jute yarns or fabrics are easier than the same processing for cotton textiles,
as because, usually Tamarind Kernel Powder (TKP) is used as sizing materials on jute
with or without some additives and this TKP is removable by hot water boiling. Hence,
if required, for desizing of jute yarns and fabrics, only water boiling is carried out for
30 min followed by normal washing. However, acid steeping is helpful in swelling the
starch-based sizes besides simultaneous removal of minerals (cations) to brighten the
same. Acid steeping is carried out by immersing the yarns/fabrics in a vessel contain-
ing 2-3 gpl HCI at ambient temperature for 30—60 min. Subsequent to acid steeping,
the fabric is thoroughly washed before taken for scouring.
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2.6.2 Scouring and bleaching

Jute yarns or fabrics are not usually scoured. Even very mild scouring using 4 g/l
sodium carbonate and 1 g/l non-ionic detergent treatment at 80°C for 30 min before
bleaching causes darkening of colour of jute along with some weight and strength
loss. Hence jute materials are directly taken for conventional H,O; bleaching (IJIRA,
1977; Samanta et al., 2007) by 4%—8% (owf) HyO, (50%) at 75—80 °C for 1—2h
with usual additives (2%—2.5% Tri-Sodium phosphate or sodium carbonate as alkali
or 0.5%—0.7% Caustic soda (NaOH) as alkali to get required pH in bleach bath,
6%—10% Sodium meta-silicate as H,O, stabilizer, 0.1%—0.5% non-ionic detergent
or wetting agent maintaining the pH at 10—11 with MLR 1:5 to 1:6 for jute fabric
in jigger and 1:20 for jute yarn in vat. After H,O, bleaching, a hot or cold rinse or
dilute acid steeping (1% aqueous HCI at room temperature for 10—15min) is also
required. Conventional H,O; bleaching is an eco-safe process (Samanta et al., 2007;
Pan et al., 2003; Samanta and Ray, 2000), however, use of sodium-meta silicate
stabilizer increases the BOD and COD load of the effluent and hence it is better if it
can be avoided by any other alternative. For eco-friendly bleaching process of jute
yarns/fabrics it has been suggested in literature(Pan et al., 2003; Samanta and Ray,
2000) to replace 6%—8% sodium silicate or sodium meta-silicate stabilizer by 10gpl
Stabilizer-AWNI (an eco-safe organo-phosphate stabilizer manufactured by Sandoz/
Clariant) or any other organic stabilizer like sodium salt of diethylene triamine penta
acetic acid etc, for HyO; bleaching.

Jute being sensitive to NaOH treatment, simple and much milder scouring of jute
yarns and fabrics are done by either using 1-2 gpl detergent or good emulsifying agent
at boiling temperature or with a solution of 2 gpl soda ash and 1 gpl non-ionic deter-
gent at 70°C or at boiling conditions for 15—30 min (Gulrajani and Gupta, 1992;
BTRA, 1997). Addition of 2-3 gpl emulsified organic solvent-based scouring aid is
always advantageous in obtaining better/uniform scouring (Samanta and Ray, 2000).

In past, an emulsified solvent scouring (IJTRA, 1977) method has also been devel-
oped for jute to completely remove mineral oil or any other jute batching oil together
with other adhering/extraneous impurities, since batching oil of jute, if present in jute,
has a delustering effect and also contributes to additional yellowing on exposure to
light. Besides uniform scouring and complete removal of mineral oil-based jute batch-
ing oil, another important advantage of this process is higher retention of strength of
the fabric. But partly due to costliness of this process and partly due to mill personnel’s
ignorance about handling of the solvent, its commercial exploitation is still limited.

Moreover, for jute blended or unionized fabrics (e.g. jute/cotton union fabric or
jute/viscose blended fabrics etc.), the chemical pre-treatment necessary for cotton
part cannot be applied on blended/unionized fabric, keeping in mind to protect jute.
Also recipe for all-jute fabric is not directly applicable for jute blended or unionized
fabrics. Hence, separate process recipes have been developed for such fabrics. Scour-
ing and bleaching of jute/viscose (60:40) blended fabric has been suggested (Gulrajani
and Gupta, 1992) by treatment with 2% (owf) Na, CO3 and 1gpl non-ionic detergent
heating at 80°C for 30 min followed by usual H,O, bleaching using 4% (owf) H,O,
(50%) at 80°C for 30—60 min, controlling the pH of bleach bath between 8 and 8.5 to
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protect viscose part in blend. Scouring and bleaching of jute/cotton (75:25) unionized
fabric has been suggested (Ghosh and Samanta, 1996) by treatment with 4gpl Na, CO3
and 1 gpl nonionic detergent (heating at 100°C) for 60 min, followed by usual H,O,
bleaching using 4% (owf) H>O, (50%) with usual additives at 90—95°C for 1 h, main-
taining the pH at 10—11.

Previous report (Sengupta and Radhakrishnan, 1972a,b) for softening and bleach-
ing of jute fabric entails to do bleaching first and then to do a dilute (5%) NaOH
pre-treatment. This sequence of process has the drawback of browning/darkening
the surface colour of jute fibre by post-NaOH treatment, over the whiteness achieved
on bleaching. Hence, sequential chemical texturing and bleaching (STB process)
referred above (Gulrajani and Gupta, 1992; BTRA, 1997) is found to give better
balanced properties of bleached jute and jute blended/unionized fabrics. By this
process, the fabric become well shrunk and compact with greater resiliency (along
with high extensibility) and softness.

room temperature bleaching of jute, cotton and jute-cotton union fabric has been
studied and standardized (Pan et al., 2003) achieving whiteness level up to 68—70
unit, using additional 0.75% K,S,0g and 2.5% NaOH (replacing trisodium phosphate)
as compared to conventional 6% H,O; (50%) bleaching for jute fabric keeping same
recipe of other additives as usual, deeping the fabric for 4—6 h at room temperature.
This method of bleaching of jute or jute-cotton union fabrics is cost effective and is
easily adaptable in both large scale and small scale decentralized jute sector. The
most widely used recipe conventional hydrogen peroxide bleaching of jute and
recently developed room temperature hydrogen peroxide and Potassium Per-oxo
di-sulphate combination bleaching of jute are as follows (Table 2.5).

The main drawback of jute or bleached jute yarns and fabrics are its excessive hairy
surface appearance, high fibre shedding and its accelerated photo-yellowing under uv-
light or sunlight, which however is estimated to be higher for bleached jute materials
than that of raw jute yarns and fabrics. Hence, Chemical de-hairing of jute yarns and
fabrics become a prime requirement for production of value added products from jute.

2.6.3 Chemical dehairing and photo-stabilization of jute yarns
and fabrics

Partial Photo stabilized bleaching of jute fabric includes mild acidic oxidation using
2% (owf) oxalic acid pre-treatment followed by treatment with sodium or calcium
hypochlorite (having 5-6 gpl available chlorine) at MLR 1:3 in jigger before final
wash with 2 gpl HCI followed by final H,O, bleaching, as per whiteness required,
known huetex bleaching (IJIRA, 1977). But this process is difficult to control and
results high strength loss of jute fabric.

Later a modified process of chemical dehairing and light fast bleaching process
(CDB-process) for jute fabrics (Bagchi and Som, 1998) was made available for partial
tackling both the problems of photo yellowing as well as removing hairiness of jute
fabric along with its bleaching. This newer process can be viewed as a modification
of old Huetex stabilized bleaching process for jute. In this newer chemical dehairing
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Table 2.5 — Recipe and treatment condition for oxidative bleaching of jute fibre.

Oxidative Oxidative bleaching
bleaching with the combination of
Chemical and treatment condition with H,O, H,0, and K,S,054
Hydrogen peroxide — | 3% 3%
Potassium per-oxo-disulphate — | — 0.75%
Sodium meta-silicate — | 8% 8%
Sodium hydroxide — 1 0.7% 2.5%
EDTA as sequestering agent — | 0.05% 0.05%
Non-ionic wetting agent — | 0.5% 0.5%
(Ultravan JU)
Fibre to liquour ratio — | 1: 15 1:15
PH — | 11 11
Time of treatment — | 2h 2h
Temperature — | 85°C 30°C
Process — | Treatment was Treatment was carried out
carried out in by pad (100% wet
exhaust bath pick-up)- batch process

cum light fast bleaching process, drastic strength loss (as in Huetex process) of jute
fabric can be avoided. This process consist broadly the following steps:
Hypochlorite oxidation (at pH 6.0—6.5) — Extraction of surface lignin — Usual
bleaching with H,O,
The advantages of these newer process are:

(i) Lightfastness rating to sunlight exposure is around grade-III (instead of lightfastness grade-
1, as obtained for conventional bleached jute fabric).
(ii) Higher fastness to light is obtained for jute/cotton union fabrics.
(iii) Smooth dehaired surface in appearance.
(iv) Strength loss and weight loss are within tolerable limit.

However, this process has gained less commercial success for the higher cost
involvement in this multistage sequential treatments, besides the difficulty of controlling
the p" of the first stage of treatment, and hence the non-reproducibility of the results.

There are some reports on earlier developed methods of improving photostability of
jute by different research groups those are based on either reduction treatment with
sodium hydrosulphite/sodium borohydride, commercial UV-absorbers etc (Banerjee
et al.,, 1985; Achwal and Sinkar, 1993), nickel chelates and ligands like diethyl-
dithio-carbamate, dithio-oxamide, azo-benzo-thiazole etc (Abdullah and Miles, 1985)
and hydroxy benzophenone (Farouqui and Hossain, 1990a,b,c,d). All of them had
limited success due to their non-durability, lesser effectiveness in photo-stabilization
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and also for cost ineffectiveness. Standardization of extraction and dyeing for applica-
tion of natural dyes on jute has been reported in nut shell including improvement of
colour fastness etc (Samanta et al., 2004).

Recently a breakthrough work (Samanta et al., 2009) has been reported for
achieving photostability of bleached jute fabric by applying a very low doses of a
simple UV-absorber (benztriazole) following a special reaction condition to make it
substantive to jute (mechanism of reactions have also been postulated and validated
in the referred work) for obtaining comparatively better photo-stabilization of both
bleached or dyed jute fabrics than the earlier processes stated above. It can be applied
either in bleach bath or by usual pad-dry-cure technique in finishing bath subsequent to
bleaching or dyeing, where both the techniques of application of benztriazole on jute
renders good photo-stabilizing effect on bleached jute fabrics and dyed jute fabrics.

2.6.4 Dyeing of jute yarns and fabrics

Jute can be dyed with many classes of dyes, viz.- direct, basic, acid, pre-metalized, vat,
azoic (napthol), reactive and sulphur dye as well as with pigment colours and natural
dyes. However, it is difficult to obtain good light fast dyed jute products for its inherent
photo-yellowing propensity under exposure to UV-light/sunlight. Jute being naturally
varying in colour, posses difficulty in colour matching particularly for light shades.
Moreover, most of the direct dyes and acid dyes have poor wash fastness and rubbing
fastness on jute. Basic dyes show overall poor lightfastness, poorer than any other
classes of dyes. Many azo-based direct dyes, acid dyes and basic dyes have been
banned (Stout, 1985; Bandyopadhyay, 1951) due to their possible release of listed
carcinogen amines, during use or washing etc and hence choices of such dyes and their
colours have been reduced. However, all direct dyes, basic dyes and acid dyes are not
banned and all do not contain objectionable toxic amines. Vat dyes though have all
round good colour fastnesses (except lightfastness as because, even for vat dyes light-
fastness on dyed jute appears to be poorer due to inherent photo-yellowing problem of
jute itself), but those are very costly to apply on jute. Sulphur dyes are available in
limited colours only and thus have shade limitation. Some pre-metalized dyes are
not eco-friendly for presence of objectionable heavy metals. Only, reactive dyes
have overall good colour fast to all agencies except colour fastness to bleaching liquor
and is not that costly, and hence is considered to be best alternative for manufacturing
good quality dyed jute products. However, the dyeing cycle for reactive dyeing is
longer and dyeing production therefore become higher. Dyed jute yarns and fabrics
are used in producing different dyed decorative items and as base fabric for subsequent
printing and finishing. Poor colour fastness and Eco-ban towards certain direct, acid,
basic dyes and azoic colour (so far, total 112 azo-dyes are banned in India) (Gazette)
excludes them for use them in dyeing of exportable jute products. So, presently in
dyeing of jute products, only eco-safe dyes are being used in Indian Jute Industry.
Among all the synthetic dyestuff, almost all reactive dyes, vat dyes as well as most
of the natural dyes (except few) are the best alternatives available as eco-safe dyes
applicable for jute or cotton textiles. For reducing pollution in the dye bath effluent
(waste dye liquor) for dyeing of textiles, certain dyeing auxiliaries/additives are also
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to be avoided. Hence conventional dyeing processes of jute have started to be
reinvestigated by many researchers for development of eco-friendly processes of
bleaching and dyeing of jute materials. Sometimes, the eco-friendliness in dyeing is
unnecessarily over stressed, it is to be kept in mind that almost all reactive dyes and
vat dyes are eco friendly. It is true that all the natural dyes may or may not be
toxicity-free or eco-friendly, hence, they need testing of toxicity or eco-friendliness
by any authentic source or report.

Dyeing of jute has been initially reported scientifically in literature by Patro (Patro,
1971) and later the further development and standardization of dyeing process
variables with different classes of synthetic dyes have been reported by others (Patro,
1971; Farouqui and Hossain, 1990a,b,c,d; Ganguly and Chanda, 1994; Chattapadhyay
et al., 2002; Sinha and Raymallick, 2002; Laga et al., 1997; Lokhande and Dorugade,
1998). In industry, jute fabrics are being dyed with either of the direct dyes, acid dyes
and basic dyes (acid dyes and direct dyes are anionic and basic dyes are cationic in
nature) either at yarn stage (in vat or winch type yarn dyeing machines) or at fabric
stage in jigger, followed by necessary after-treatments with appropriate dye fixing
agents of either cationic (for both acid dyes and direct dyes) or anionic (for basic
dyes) nature for improving wash fastnesses of dyed jute products mainly for local mar-
kets. However, now direct dyes offering higher wash and lightfastness have been
developed by many dye manufacturers that are also being used for export marketable
dyed jute products to achieve required fastness level. However, in cases of stringent
wash, light and rub-fastness requirement for either domestic or exportable dyed jute
products, use of Reactive dyes, Vat dyes or Sulphur dyes are recommended.

2.6.4.1 Application of direct dyes on jute
(a) Principles

The majority of the direct dyes are sulphonated azo components, which ionize in an
aqueous medium, the coloured component or chromophore constitutes the anion.
Direct Dyes are planar and fully water-soluble. Direct dyes are comparatively low
cost dyes and easy to apply. Direct dyes are sensitive to metal ions and therefore
soft water is required. Direct dyes are either acid/salt/alkali sensitive and accordingly
they are classified as I, IT or III (or A, B or C). Hence, in compound shade, for use of
mixture of dyes, same type/class of dyes are only to be used for level shade. However
most of the direct dyes are salt sensitive. Direct dyes are represented chemically as
DSO3Na; when D is the dye-chromophore and they dissociate in water as follows:

DSO;Na — DSO; + Na*t

Direct dyes have usually poor light and wash fastness, except few dyes developed
specially. Hence, after — treatment (post-dyeing-treatment) of direct dyed textiles with
Cationic dye fixing agent, CuSOy, Sodium di-chromate (Na;Cr,O7), Formaldehyde
and Post-treatment with methylol resins or by diazotization etc. is the route to improve
the colour fastness to wash for direct dyes.
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Generally, all these after-treatments improve colour fastness to washing for direct
dyes. However, use of Cu-salt, Cr-Salt and formaldehyde etc. are not eco-friendly.

Many of the direct dyes, containing listed banned amines; are banned in India and in
many countries. Before use of any direct dye, that list of banned dyes must be
consulted to exclude them. The following dye bath recipe and method may be followed
for direct dyeing of jute materials::

(b) Dyeing Recipe (Direct Dyeing):

Direct Dyes — X% (as per shade required), Soda Ash (Na,CO3) — 0.5%—2%
(owf), Common Salt (NaCl) —5%—10% (for light shade) and 10%—30% (for dark
shade), MLR: 1:20 or 1:25 in vat for yarn and 1:5 to 1:6 in jigger for fabric. For dyeing
Pale shades, Lissapol-D or Dispersol — VL or TRO may be added to obtain level shade

(¢) Dyeing Method (Direct Dyeing):

After appropriate preparatory chemical pre-treatment of jute yarns or fabrics, dye
solution and dye bath has to be made ready by adding solubilized dye solution to
the dyeing media (water taken in dye bath) and raising the temperature of dyeing liquor
nearly about 60°C. Then desized and scoured or scoured and bleached jute yarns or
fabrics (prewetted with water and 0.5% wetting agent) are to be immersed (for
yarn) in the dye bath prepared in vat or hank dyeing machine or to be rotated (for fab-
ric) in jigger for 2-3 turns/ends for uniform initial absorption of colour at 60°C. After
giving one or two ends of running the fabric in dye bath having half dye, the rest dye is
to be added for level shade. Common salt as exhausting agent is to be preferably added
in two/three instalments, where the first addition is to be done after first 10—15 min
from commencement of dyeing. After addition of first instalment of salt, gradually
the temperature of dye bath is to be raised to boil (atleast 85—90°C) and the quantity
of salt in the dye bath is to be increased by further addition of it after each 15—20 min
interval; All the salt addition are to be done within next 30—45 min. Then dyeing is to
be continued at boil (at 85—90°C) for another 45—60 min depending on the shade
depth required. For pale/light shade — Dye bath temp. may be kept at 60—70°C. After
the dyeing is over, the dyed material is to be allowed to cool, before draining out the
waste dye liquor followed by normal water washing and or rinsing with hot water to
remove unfixed dyes. Final cold water wash and drying is also essential. A light 1 gpl
detergent wash may also be given, if required.

Continuous rotation or stirring of hank of jute yarns in the dyeing vat or rotation of
fabric from one end to other end in jigger is essential for level shade. For loose jute
fibres (reeds or slivers), to get uniform dyeing, it is better to use perforated cage to
keep the loose fibres loosely stacked there in the cage and dyeing liquor may be circu-
lated to get good results.

(d) After-treatments (After direct dyeing):

Direct Dyed Material is to be treated in a bath containing Cationic Dye Fixing
Agent — 2% (owf.) (say, Sandofix —HCF, HICOFIX — GL, FIXANOL — C etc.),Gla-
cial Acetic Acid — 1—2 mL/L at 70°C, for 30 min, using M.L.R — 1:10 in vat (for
yarn) and 1:5 in jigger (for fabric). After the treatment is completed, light soaping
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with 2gpl soap at 60°C followed by normal water wash and rinsing before final drying
are to be done.

After treatment for direct dyed jute or cotton goods can also be accomplished by
many other cationic chemicals like copper sulphate and formaldehyde (both not
eco-friendly), cationic resins, quaternary amines or any complex forming agent
(enabling to form complexes with direct dyes), however, most of these chemicals
changes the tone of the colour/shade developed on the dyed fabrics. However this is
mentionworthy that the process of dyeing jute with selective direct dyes and their fast-
ness character have been reported in literature by Farouqui and Hossain (1990a,b,c,d).

2.6.4.2 Application of acid dyes on jute
(a) Principles

The term ‘acid dye’ denotes a large group of anionic dyes with relatively low
molecular weights that carry from one to three sulphonic acid groups. Like direct
dyes, they may be chemically represented as DSO3Na and when dissociates in water,
they produce coloured anion (DSO3) and colourless cation (Na™). Chemically acid
dyes belong to various subclass — such as monoazo, nitro, nitroso, diazo, xanthene,
azine, anthraquirone, quinoline etc.

SDC (Society of dyers and colourists, UK) have classified acid dyes into four
groups:

(i) Strongly acidic
(i) Moderately acidic
(ili) Weakly acidic and
(iv) Very weakly acidic or neutral (addition of glauber salt is essential).

However, practically acid dyes are classified on the basis of application method and
wet-fastness properties into three categories as follows:

(i) Levelling acid dyes or equalizing acid (low molecular weight and strongly acidic)
(ii) Milling acid dyes (weakly acidic and higher molecular weight than levelling acid dyes).
(iii) Super milling acid dyes (corporatively high molecular weight and neutral acid dyes).

Moreover, there are some dyes considered to be included in acid dyes, which are the
reaction product of Cr, Co, Ni etc and selected anionic dye chromophore capable of
coordinating to those metals, called 1:1 or 1:2 metal complex dyes.

Acid dyes are also anionic, but non-planar and smaller in size, while direct dyes are
planar and large in size. Acid dyes are highly substantive to silk, wool, and polyamide
etc. Acid dyes have no substantivity to celluloses. But for ligno-cellulosic fibres like
jute, acid dyes have moderate to good substantivity, probably due to presence of
non-plannar and amorphous lignin structure. Jute takes acid dyes probably due to pres-
ence of lignin in jute. The mechanism is still unknown. However, it is reported that
partial removal of lignin affects the acid dye uptake adversely (Ganguly and Chanda,
1994). Also for low doses of removal of hemicelluloses, acid dye uptake reduces, but
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removal of hemicelluloses nearly 70% and above, the acid dye uptake of jute improves
(Ganguly and Chanda, 1994).

Most of the acid dyes show poor wash fastness on jute, even by mild rinsing in cold
water; though some acid dyes are moderately fast. But, metal complex dyes have
excellent wash and lightfastness and therefore is most suitable for jute. Some metal
complex dyes retard photofading of jute under sunlight, by UV quenching action.

Acid dyes are water or weakly acid soluble. Acid dyeing of wool, silk and poly-
amide require retarder for assuring uniform dyeing. Acid dyes are very much pH
sensitive and have good degree of penetration. In alkaline or neutral pH, acid dyes
are absorbed as direct dye because both are similar in nature. Hence, acid dyes to
make it absorbed as acid dyes are usually applied in acidic medium.

(b) Dyeing Recipe (Acid dyeing):

The following dye bath recipe and method may be followed for acid dyeing of jute
materials:

Acid Dyes — X% (as per shade required), Dyeing auxiliaries and additives:
1%—2% Acetic acid (30%). or Formic acid (40%) or 2%—5% Alum, 5%—10% Com-
mon salt, 2%—5% Glauber Salt, MLR: 1:15 or 1:20 in vat for yarn and 1:5 to 1:6 in
jigger for fabric. For dyeing pale shades, to control the pH, acetate or formate buffer is
used to keep pH between 4 and 4.5 by adding 4% Ammonium or Sodium acetate or
formate and 2% Acetic acid (30%) or Formic acid (40%), besides addition of
Lissapol-D or Dispersol — VL or TRO to obtain level shade.

(c) Dyeing Method (Acid dyeing):

The dye bath is to be set initially with hot water (Zero hard water should be used or
0.25%—5% sequestering agent (EDTA) should be used in bath to arrest residual
metallic ions present in water or coming out from jute) at 50°C without dye, but
with addition of 4% ammonium or sodium acetate or formate with 2% acetic acid
(30%) or formic acid (40%) (to maintain the acidic pH) as buffering agent, having
MLR of the bath 1:15—1:20 in vat for yarn or 1:5 or 1:6 in jigger for fabric. After
appropriate preparatory chemical pre-treatment of the textile materials (yarn or fabric),
these are to be pre-wetted with wetting agent solution and should be run in the said
bath without dye for 10—15 min at 50°C. After this, the prepared dye paste (with small
amount of acetic acid) of the acid dyes should be added to the bath at 50°C. Then the
material is to be run for few minutes for initial dye absorption by rotating the yarn hank
or rotating the fabric in jigger for 2-4 ends. Then the temperature of the dye bath is to
be raised to boil (100°C) within 20—30 min continuing the dyeing by stirring or
rotating the yarn hank or rotating the fabric in jigger from one end to other end and
reverse. Almost after half the dyeing time is over, common salt (5%—10% owf) or
glauber salt/(2%—5% owf) and if required additional 2%—5% formic acid (40%) or
acetic acid (30%) or alum are to be added to maintain the pH of dye bath. Dyeing
is to be continued and the material is to be stirred or rotated in the boiling dye bath
for another 30—45 min. Total dyeing time will be about 60—90 min depending on
shade depth. After the dyeing is over, the dyed material after cold water wash and
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hot water wash is to be finally washed with 1 gpl non-ionic detergent/soap solution for
10—15 min before rinsing with water and drying.

(d) After treatment (After acid dyeing):

Acid dyes applied on jute show poor to moderate wash fastness and hence proper
after-treatment to improve the wash fastness of acid dyed jute products is essential.
Like after-treatment after the direct dyeing, the similar process of after-treatment is
to be followed for acid dyed jute to improve its wash fastness as follows:

After-treatment of acid dyed jute yarns or fabrics is to be carried out using 1%—3%
Cationic Dye fixing Agent (Eroal — NW or Mesitol — NHS etc) in acid medium. Also
after-treatment of acid dyed jute products can also be carried out with formic acid or
tannic acid, but they change the shade to some extent.

2.6.4.3 Application of basic dyes on jute
(a) Principles

Basic dyes are cationic in nature. Basic dyes are low cost and offers brilliant shades
having high colour value and are considered best among the brightest dyes available,
but it shows poor to medium lightfastness. Chemically basic dyes have diphenyl
(tri-phenyl methone, Azine, Triazin, Xanthene, Oxazine type of chromophore with a
cationic charge residing in either main chromophore structure or the cationic charge
residing at a distance (pendant to the chromophore) from the main conjugated chromo-
phore structure. The later being called as modified basic dyes and are more light fast
than the former type (ordinary basic dyes).

Basic dyes have good solubility in water, show excellent exhaustion, offer unlim-
ited range of shades but render poor lightfastness. Many basic dyes are destroyed by
chlorine, so, chlorine free water must be used in dyeing with basic dyes. For high
substantivity to acrylic or wool fibres, it needs suitable retarder for uniform dyeing.
For jute application of retarder is not essential but is optional. Presence of metal
ion, changes shade of the basic dyes, so EDTA should be used to chelate the metal
present in water or in jute itself.

A study on the optimum dyeing conditions for dyeing jute with basic dyes has been
reported in literature by Farouqui and Hossain (1990a,b,c,d).

(b) Dyeing Recipe (Basic dyeing):

The following dye bath recipe and method may be followed for basic dyeing of jute
materials:

Basic Dye/Modified Basic Dye — X % (depending on shade depth required), Wet-
ting agent — 0.5%, EDTA (Sequesterent) — 0.25%—5% (depending on the hardness of
water), Acetic acid (30%) — 5% and/or Alum — 5% (for jute) to maintain pH — 4—4.5
(if required it can be adjusted by use of acetic acid and sodium acetate buffer),Glauber
Salt/Common salt— 4%—6% (for jute), Retarder (optional) — 1.5%—3%, M.L.R.—1:
15—1:20 in vat for yarns and 1:5—1:6 in jigger for fabrics; Dyeing temperature —Initial
at 50°C and final at 100°C and Dyeing time —60-90 min for jute.
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(¢) Dyeing Method (Basic dyeing):

The dye bath is to be set initially with hot water (Zero hard water should be used or
0.25%—5% sequestering agent (EDTA) should be used in bath to arrest residual
metallic ions present in water or coming out from jute) at 50°C without dye, but
with addition of 2% acetic acid (30%) or formic acid (40%) (to maintain the acidic
pH) as buffering agent, having MLR of the bath 1:15—1:20 in vat for yarn or 1:5 or
1:6 in jigger for fabric. After appropriate preparatory chemical pre-treatment of the
jute yarns or fabrics, these are to be pre-wetted with 0.5% wetting agent solution
and should be run in the said bath without dye for 5 min at 50°C. After this, the
prepared dye paste (with 2% acetic acid and/or alum) of the basic dyes should be added
and stirred well to the above said chemical bath at 50°C. Then the material is to be
entered and run in the dye bath for few minutes for initial dye absorption by rotating
the yarn hank or rotating the fabric in jigger for 2-4 ends. Then the temperature of
dye-bath is to be raised up to 90—100°C with continuing dyeing with stirring or
rotating the materials in vat (for yarn) or jigger (for fabric). Total dyeing time will
be around 60—90 min, hence the material is to be run in vat or in jigger for
60—90 min with two stage addition of Glamber Salt and retarder (optional), if any.
After obtaining the correct shade and completion of dyeing, the material is to be cooled
to nearly 50—60°C. After the dyeing is over, the dyed material after cold water wash
and hot water wash is to be finally washed with 1 gpl nonionic detergent/soap solution
for 10—15 min before rinsing with water and drying.

(d) After-Treatments (After Basic dyeing):

Basic dyes applied on jute show poor to moderate wash fastness and also poor light-
fastness and hence proper after-treatment to improve the wash and lightfastness of
basic dyed jute products is essential. Like after-treatment after the direct dyeing or
acid dyeing, a similar type of after-treatment with different type of dye fixing agent
and UV-absorber is to be followed for basic dyed jute to improve its wash and light-
fastness. After-treatment of basic dyed jute yarns or fabrics can be accomplished using
1%—3% of suitable anionic dye fixing agent for improving wash fastness. For
improving the lightfastness of dyed jute fabrics dyed with either direct or acid or basic
dyes, a further after-treatment with 1% hot aqueous solution of benztriazole (as UV
absorber) in acidic medium has to be carried out either by exhaust method or by
pad-dry method (Samanta et al., 2009).

2.6.4.4 Application of reactive dyes on jute
(a) Principles:

Based on the application temperature, reactive dyes are classified into two groups.
One is termed as “Cold Brand Reactive Dye” as it is applied at normal ambient
temperature (30°C) and the other is termed as “Hot Brand Reactive Dye” as it is
applied at a temperature of 80—85°C. Cold and hot brand reactive dyes are marketed
in India by different reputed companies including Atic Industries Ltd., Gujrat under the
trade name of ‘Procion-M’ and ‘Procion-H’ respectively. In addition to the above two
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brands, “High Exhaustion Reactive Dye” is also popular in the market under the trade
name of ‘Procion-HE’. The application process of these ‘Procion-HE’ dye is similar to
that ‘Procion-H’ dye. Procion-‘M’ and H, both are reactive dyes containing
chlorotriazine-based reactive group. But there are some cold brand reactive dyes
having vinyl-sulphone reactive groups under the brand name of ‘Remazol dyes’.
Recently, fluoro-triazine-based reactive dyes are also gaining popularity for high
exhaustion. Cibacron-S/SW reactive dyes from CIBA (Now changed to Huntsman)
are also claimed to have higher lightfastness and are specially suitable for cotton
and jute products. It is observed that though jute can be dyed with any of the M, H
and HE brand of reactive dyes, some dichloro triazine dyes show relatively poor light-
fastness on jute, while better overall fastness properties of bi-functional HE or ME
brand reactive dyes on jute is also observed. Hence, HE brand dyes should be preferred
for obtaining an eco-acceptable fastshade on jute. however, experienced dyers feels
that jute can be better dyed with all round good colour fastness properties using HE
brand reactive dyes following almost similar conditions applicable for cotton dyeing,
but an increase in soda/soda ash to a limited extent favours deep shade dyeing of jute
with HE brand reactive dyes. In case of fabric dyeing using silicate pad-batch process,
either one has to reduce amount of silicate or has to avoid this process for eco-
friendliness. For reducing unfixed dyes in effulent, concentration of salt and urea
are to be re-optimized, low salt dyeing process for jute is to be stressed.

At the time of application of reactive dye on jute, it also reacts with water and gets
hydrolyzed. Hydrolyzed reactive dye then looses its potentiality to react with the fibre
and is considered as wastage. At the time of reactive dye application, in order to mini-
mize the unavoidable reaction of the dye with water, the dye is first exhausted into the
fibre as much as practicable using salt and then the preferable reaction between the dye
and the fibre is brought about, by the addition of soda-ash. At the end of dyeing, in
order to remove the loosely held dyes or hydrolyzed dyes from the fibre surface, the
reactive dyed jute goods are to be thoroughly washed by soaping at 60°C or at boil
and this process is extremely essential. Soaping after reactive dyeing is essential for
removal of unfixed and hydrolyzed reactive dyes loosely remains on the fibre surface
for obtaining good wash and rubbing fastness performances. Thus, soaping improves
the wash and rubbing fastness of the reactive dyed goods.

Effect of different pretreatment including bleaching, on reactive dyeing of jute has
been reported by Chattapadhaya et al. (2002). Also Sinha and Raymallick (2002) have
reported a comparative study on reactive dyeing of jute and cotton with different types
of reactive dyes.

The yarn hank/fabrics to be dyed should be free from starch, residual peroxide and
alkali. The said jute yarn hanks/fabrics should be faintly acidic to neutral before taken
it for dyeing. For the above reason, wherever necessary, jute yarn the hank should be
treated with 0.5—1 mL/l of acetic acid solution, prior to their introduction in the dye
bath. Prior treatment with dilute acetic acid solution would avoid the premature reac-
tion of reactive dye in the dye bath.

(b) Dyeing recipe and method [Dyeing with cold brand (Procion M) reactive dye]
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Table 2.6 Dyeing bath recipe according to shade depth % for cold brand reactive dyes.

Depth of shade SN

i.e. dye % on Common Salt MLR MLR MLR
weight of fibre-material g/L 1:15 1:20 1:30
Upto 0.5% 25 5 3 2
0.51%—2% 35 5 4 2
2.01%—4% 45 10 8 4
Above 4% 55 15 10 5

The total concentration of common salt and soda ash to be added vary with the
depth of shade and fibre material to liquor ratio for reactive dyeing. The specified
concentration of common salt and soda ash are given in gpl and are based on the total
volumes of dye liquor. Depth of shade indicates weight of the dye to be used for
colouration in percentage, on weight of fibre-material:

The following dye bath recipe (Table 2.6) and method may be followed for cold
brand and hot brand reactive dyeing of jute materials:

For better understanding, the sequential steps involved in dyeing, using Procion-M
type “Cold Brand Reactive Dye”, can be schematically shown in a generalized manner
as follows in Fig. 2.5.

The recipe and conditions of exhaust process of dyeing of jute with HE brand reac-
tive dye is to start the dyeing at 50°C, using required amount of common salt
(30—70 g/l up to 0.5%—4% shade) in three instalments covering 30 min simulta-
neously raising a temperature up to 80-85° (dyeing temperature) and the dyeing
should continue at this temperature for 1.5 h adding required quantity of soda ash
(10—20 g/L) in two equal instalments at 15 min interval in the first 30 min of 1.5 h.
After the dyeing is over, the dyed material is to be soap washed using 2 g/L. soap
solution at boil for 15 min followed by normal wash.

In case of colouration with Procion H or HE brand reactive dye, the concentration of
common salt and soda ash to be used for different depth of shade are given below,
considering the fibre-material to liquor ratio to be considered for such application is
1:20: Requirement of salt and soda-ash for dyeing jute or cotton textiles with Procion
H or HE dyes are as follows as given in Table 2.7.

The generalized schematic diagram of the sequential steps involved for colouration
of jute using Procion H or HE brand reactive dyes are as follows as given below in
Figs. 2.6 and 2.7.

2.6.4.5 Application of vat dyes on jute
(a) Principles

Vat dyes are water insoluble dyes and need special reduction process to solubilize
before absorption on fibre interior. After solubilized vat dyes absorbed in the fibre
these dyes are to be made insolubilized by oxidation either in air or by using oxidizing
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Table 2.7 Dyeing bath recipe according to shade depth % for hot brand reactive dyes.

Salt Soda ash

Depth of shade i.e. dye on weight of fibre-materials (g/L) (g/L)
Upto 0.5% 30 10
0.51%—1% 45 15
1.01%—2% 60 15
2.01%—4% 70 20
Above 4% 90 20
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Figure 2.6 Dyeing cycle and method [for dyeing with Hot brand reactive dye (Procion — H or HE)].
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agent at suitable treatment conditions. Vat dyes ultimately remained inside the fibre
structure as insolubilized form and therefore show very good all round colour fastness.

Vatdyes are costliest dyes, but considering its all round good colour fastness properties
and good shade build up properties, the cost is worthy for high valued goods. Vat dyes and
its application method is eco-safe and need no modification except to take care of not using
excess of alkali which may raise the pH of the effluent and presence of unfixed dyes in the
effluent may increase the effluent load including colour of the effluent.

(b) Dyeing Recipe (Three stage dyeing process for dyeing with vat dyes)

The normal Step by Step vat dyeing recipe applicable for jute is given below in
Table 2.8.

Table 2.8 Step by step vat dyeing recipe applicable for both cotton and jute.

(a) Normal vatting recipe for reduction and solubilization of vat dyes (for 1 g of vat dye the
following will be the recipe; hence, for higher amount of dye the recipe is to be
re-calculated proportionately)

Dye (to be pasted with wetting -lg
agent) -0.5—1.0 mL.
Non-ionic wetting agent or -1.5—3 g (preferably 2 g)
TRO (10%) - 2—3 g (preferably 2 g)
Caustic soda (solid) - - 50—100 cc (preferably 80 cc)
Sodium hydrosulphite - 60°C
(hydrose) - 15—20 min
Water
Temperature
Time

(b) Dye-bath recipe
Solubilized vat dye (leuco-vat) - As per shade %

solution - 2—15 gpl (depending on the type of vat dyeing
Caustic soda methods i.e. IN, IK, IW and IN special)
Hydrose glauber salt (for IK -2—9 gpl (- do -)
and IW process only) - 5—30 gpl
Dispersing agent and/or - 0.5 -1gpl
Levelling agent - As required to maintain MLR
Water dyeing temperature - 50—60°C for IN process, 45—50°C for IW process,
Time 20—25°C for IK process and 70—80°C for IN special
process
-1h

(c) Recipe for oxidation (if not oxidized in air for longer time air exposure)

Oxidizing agent - 12 gpl sodium dichromate at 40°C for 10—15 min or
Additives in oxidation bath 3 mL/L H,0, (50%) at 50—60°C for 20—30 min
2.5—10 mL/L acetic acid
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Vat dyes are marketed under the trade names of Indanthrene, Novatic, Cibanon etc.
They are available in different particle sizes, i.e. powder, finely dispersed powder,
colloisol or FD grains.

The traditional dyeing procedure and condition using above recipe for vat dyeing of
jute is to keep an initial temperature of dye-bath at 25—50°C (as per dye type and
dyeing method of vat dyeing to be followed i.e. IN, IK, IW and IN special process)
and then to add the solubilized vat dyes and required quantity of caustic soda and
hydrose (as per shade %) with or without glaubar salt (to be added for IK and TW
process only) in two instalments simultaneously raising the temperature if required,
to achieve higher dyeing temperature i.e. 70—80°C or so for IN special process or
to continue dyeing at this temperature for 1 hour. After dyeing is over, the dyed goods
are to be oxidized using above recipe followed by 1-2 gpl nonionic soap wash at boil
for 15 min followed by normal wash and drying. Thus, vat dye application to jute or
cotton is an eco-friendly process, if proper control on alkali concentration and amount
of unfixed dyes can be properly maintained to reduce effluent load.

For adopting fully eco-friendly method of vat dyeing, it need to reduce the load of
hydrose for reducing water pollutant load and avoiding sulphur contamination, using
alternative eco friendly reducing system containing mixture of citric acid and liquid
jaggery (Laga et al., 1997).

Vat dyes are often applied in standing bath particularly for dyeing of cotton or jute
yarns. In many cases, the exhaustion of vat dye bath is not complete even after addition
of salt. Hence, such dye baths for vat dyeing are worked continuously by replenishing
the required amount of additional dye solution and other chemicals in the same dye
bath for fresh dyeing of another lot of material as good amount of dyestaff and other
chemicals are still left in the spent dye bath which can be utilized for next batch of
dyeing, keeping the dye bath standing for lot to lot dyeing. This standing bath tech-
nique requires less addition of dyes and chemicals than a fresh bath and is therefore
economical and more productive too.

No separate after-treatment as such is required after vat dyeing (Vatting— dyeing
— oxidation), except exhaustive soap washing to remove unfixed and loosely held vat
dyes that remains on the fibre surface to obtain good rub-fastness results.

2.6.4.6 Application of sulphur dyes on jute
(a) Principles

Like vat dyes, sulphur dyes are also water insoluble dyes, which need special reduction
process to make it solubilized before absorption to the fibres during dyeing. After dyeing,
it needs to be oxidized to its insoluble form for its entrapment inside the fibre in insoluble
form. Some particular shades are very popular with sulphur dyes like sulphur black.

However sulphur dyes offer limited shade range. Sulphur blacks are fast to light, but
sulphur yellows lack fastness to light, sulphur browns, olives and oranges are not very
fast to light. For most of the sulphur dyes, the colour fastness to chlorine containing
bleaching agents is very poor. Sulphur dyes are economical and are not that costly
like vat dyes. Sulphur black is widely used in industry to obtain JET Black colour.



Processing of jute fibres and its applications 91

(b) Dyeing Recipe (for Dyeing with Sulphur Dyes)

The conventional I recipe and conditions of sulphur dyeing for jute may be similar
to that of application of sulphur dyes to cotton, which is shown below in Table 2.9:

The conventional dyeing procedure and condition using above recipe for sulphur
dyeing of jute is to keep an initial temperature of dye-bath at 50—60°C and then to
add the solubilized sulphur dyes and required quantity of glaubar salt (in all shades
of sulphur dyes salt is not required, as it may alter the original shades) to be added
in two instalments simultaneously raising the temperature to 90°C and to continue
dyeing at this temperature for 1 hour. After dyeing is over, the dyed goods are to be
oxidized using above recipe followed by 1-2 gpl nonionic soap wash at boil for
15 min followed by normal wash.

(c) After-Treatments (After Sulphur dyeing)

The fastness to light and washing can be improved simultaneously for sulphur dyed
goods by after treating the same with a mixture of potassium dichromate (for
improving wash fastness) and copper sulphate (for improving lightfastness) in
presence of acetic acid at 60 °C for 30 min However, in the present context of environ-
mental awareness, uses of copper sulphate and potassium dichromate are not consid-
ered suitable, as copper and chromium heavy metal contamination are objectionable
for eco-friendly textiles beyond a certain limit.

Table 2.9 Conventional recipe and conditions of sulphur dyeing for jute substrate.

Reduction and Recipe for
solubilization of sulphur oxidation after
dye Recipe for dye-bath preparation | dyeing
Nonionic wetting agent Nonionic wetting agent —2.5 gpl 1-2 gpl hydrogen
—0.5 gpl Peroxide (30%)
Sulphur dye - x% Soda ash —2.5 gpl And soda ash as
required.
OR
Sodium sulphide flakes - x% | Glucose - 2.5 gpl 1-4 gpl sodium
dichromate
Soda ash - x/2% Sodium sulphide flakes- 5 gpl And 1—4 gpl acetic

acid (80%)

(Heating if required to keep at | Glauber salt - 7.5 gpl (to be added | At 60—80°C for
70°C for 20 min) later at 60°C) 15 min

Solubilized dye solution - as
required
MLR - 1:20 in vat for yarn and
1:5 in jigger for fabric
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Sulphur dyes possess great affinity for basic dyes and act as mordant for them.
Hence, sulphur dyed goods are topped or after treated with basic dyes to get brilliant
shades of desirable tones etc. However the topped shades possess the lightfastness
grades of the basic dyes, which are sometimes low or unsatisfactory.

Sulphur dyed goods often show two major problems i.e. Bronziness in shades and
Tendering of cloth after storing. To reduce or partially prevent these two problems,
sulphur-dyed goods need suitable after-treatments. Bronziness caused due to excessive
unfixed dyes and sulphur deposition, can be easily removed by either treating the dyed
goods in boiling soap solution or in strong sodium sulphide solution at boil. Free
sulphur generated from sulphur dye may be converted slowly to sulphuric acid on stor-
age of sulphur dyed goods, which degrades or tenders the cotton or jute substrate by
hydrolysis of cellulose. The sulphur dyed goods therefore need to be after-treated with
dichromate, thus pre-oxidizing free and chemically active sulphur and removing the
oxidized products by rinsing and washing well before storing. It is also desirable to
give a mild alkali finish on the sulphur dyed goods without rinsing and washing in
order to minimize any mineral acids as it is formed.

Sulphur dye effluent from traditional dyeing system contains sulphides, residual
organics, unfixed dyes etc. and generate H,S to increase effluent load and results high
COD value of effluent. Hence, for adopting fully eco-friendly method of sulphur dyeing,
it need to reduce the load of sodium sulphide for reducing water pollutant load in dyeing
effluent and more preferably sodium sulphide has to be avoided to avoid sulphur contam-
ination, using alternative eco friendly reducing systems. For eco-friendly dyeing bleached
jute with sulphur dyes, Laga et al. (1997) have suggested to use 0.04% citric acid hydro-
lyzed liquid jaggery (using 2.5 times on the weight of the dye) for 2% shade instead of
sodium sulphide, for reduction of sulphur dye, as an eco-safe and pollution free reducing
system. This reducing agent is equally suitable for sulphur dye printing on jute. While,
another report has suggested (Lokhande and Dorugade, 1998) to use glucose — NaOH
system as reducing agent for sulphur dyeing or printing of jute (using 3 times that of
the weight of the dyestuff used for 2%—4% shade).

2.6.4.7 Application of natural dyes/colours on jute
(a) Principle

Production of synthetic dyes is dependent on petrochemical source and some of the
synthetic dyes contain toxic/carcinogenic amines and are not eco-friendly. Contrary to
this, most of the natural dyes (with few exceptions) are usually based on vegetable/an-
imal/mineral origin, renewable, biodegradable, and eco friendly (Gulrajani and Gupta,
1992; Samanta et al., 2003). Most of them are usually non-toxic/non-carcinogen and
non-allergic. However the practical drawbacks of natural dyes are its non-
reproducibility, non-uniform shades, poor to moderate colour fastness (not in all cases)
and non-availability of standard application methods (Samanta et al., 2003). There are
many reports available in literature on scientific studies related to application of natural
dyes on silk, wool and even on cotton, while reports on application of natural dyes on
jute and standardization of dyeing process variables for application of different natural
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dyes on jute are rather scanty (Gulrajani and Gupta, 1992; Samanta et al., 2003, 2006,
2007, 2008c,d; Samanta and Agarwal, 2008; Samanta and Agarwal, 2009a,b,c).

Natural dyed textile goods have a special niche market particularly in export market
as eco-friendly textile products and hence are its importance. Many small scale export
houses for cotton, silk and woolen textiles are regularly using natural dyes for
manufacturing their speciality eco-friendly textile products. For exportable decorative
jute furnishings, convertible jute diversified decorative products, use of natural dyes is
recently gaining high impetus for creating newer strata of market potential in niche
market for value added eco-friendly jute products.

Most of the natural dyes have no substantivity on textile fibres without the use of a
mordant compound. The majority of natural dyes need a mordanting chemical (pref-
erably metal salt or suitably co-ordinating complex forming agents) to create an affin-
ity between the fibre and the dye or the pigment molecules of natural dyes. These
metallic salts as mordant form metal complexes with the fibres and the dyes. After
mordanting metallic salts on the fibres, the metal salts anchoring to the fibres, attracts
the dye/organic pigment molecules to be anchored to the fibres and finally creates the
bridging link between the dye molecules and the fibre by forming co-ordinating
complexes, e.g. aluminium sulphate or other metallic mordants anchored to any fibre,
chemically combine with certain mordantable functional groups present in the natural
dyes and bound by co-ordinated/covalent bonds or hydrogen bonds and other interac-
tional forces as shown below:

Thus, for proper fixation of natural dyes on any textile fibre, mordanting is essential
in most of the cases. The said mordanting can be accomplished either before dyeing
(Pre-Mordanting), or during dyeing (Simultaneous Mordanting) or after dyeing
(Post-Mordanting).

Unlike cotton, jute has some extent of affinity for some of the natural dyes, due to
presence of a little extent of free carboxylic acid group in jute. So, mordanting is essen-
tial in cotton for creating affinity for natural dyes, which may be sometimes optional
for jute in some cases. However, mordanting (pre-simultaneous or post) usually
deepens surface colour strength and also strengthens colour fastness properties, in
case of pre-or simultaneous mordanting. While, post-mordanting also may improve
colour fastness, but may change the tone of colour.

(b) Extraction of dye liquor from natural dyes

The natural dyes sourced from either flowers, stem or wood, roots, bark, animals or
minerals need to be extracted in any fluid medium so that it can be applied suitably on
textiles. Natural dyes of different origin has to be extracted using aqueous media
(Gulrajani and Gupta, 1992; Samanta et al., 2003, 2006, 2007, 2008c,d; Samanta
and Agarwal, 2008; Samanta and Agarwal, 2009a,b,c; Samanta, 2014) with or without
addition of acid/alkali/alcohol or using supercritical fluid extraction or alcoholic/
organic solvent and finally need to be to filtered, evaporate and to dry (Samanta and
Agarwal, 2009a,b,c). Nowadays, there has been commercially viable industrial
methods available for extracting colour components/purified colour substances from
natural dyes for their ready and easy applications on textiles.
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As per few research reports (Samanta et al., 2006, 2007; Samanta et al., 2008d;
Samanta, 2014), the optimized conditions of aqueous extraction of few selective
natural dyes applicable for jute are as follows:

*  MLR-1:20 at 80°C for 90 min for extraction of Red sandal wood in aqueous medium

e MLR-1:10 at 100°C for 30 min for extraction of Jackfruit wood in aqueous medium

e MLR-1:20 at 80°C for 45 min for extraction of mariegold in aqueous medium

*  MLR-1:20 at 90°C for 45 min for extraction of manjistha in aqueous medium

e MLR-1:20 at 100°C for 120 min for extraction of babool bark in aqueous medium

e MLR-1:20 at 100°C for 120 min for extraction of sappan (Red) wood in aqueous medium

(¢) Mordanting

For fixation of natural dyes, mordanting is essential in most of the cases. Among
different techniques of mordanting, pre-mordanting has been found to be disadvanta-
geous for jute fabrics. Moreover instead of single moradanting, a selective double mor-
danting has been found to give better dyeability and dyeing performances in jute
fabrics. It is reported (Samanta et al., 2007, 2008c,d; Samanta and Agarwal, 2008;
Samanta and Agarwal, 2009a,b,c; Samanta, 2014) that either single mordanting
with 20% Al,SO, or preferably double pre-mordanting using 20% harda (myrobolan)
as first mordant followed by 20% Al;SO4 or 20% FeSOy4 as second mordant on 3%
H,0; bleached jute fabric renders maximum colour yield for red sandal wood, jack-
fruit wood and their compatible mixtures with other natural dyes, when applied on
bleached jute fabrics The mechnism of complex formation and fixation of natural
dyes with mordant to selected fibre is shown in Fig. 2.7.

The methods of such double mordanting of jute fabric is as follows:

Myrobolan (Harda) powder (as natural mordanting assistants) need to be presoaked
(12 h) to obtain aqueous myrobolan gel, which is to be diluted to a desired concn.(20%
w/w) and finally is to be filtered before application on bleached jute fabrics by exhaust
method using MLR- 1:20, temperature- 80°C and time — 30 min, before final drying in
air without washing, to make it ready for either second mordanting and/or dyeing with
natural dyes. For further chemical mordanting, the unmordanted or first mordanted jute
fabrics fabric is to be further treated with aqueous solution of 20% (w/w) selective
chemical mordant (20% Al,SO4 or 20% FeSO,4) by exhaust method using MLR- 1:
20, temperature- 80°Cand time — 30 min, before final drying in air without washing,
to make it ready for subsequent dyeing with natural dyes.

(d) Method of dyeing with natural dyes

Exhaust method of dyeing jute are almost similar to that applicable for dyeing the
same with synthetic dyes except additional steps of extraction of dye from source and
metallic or other pre-mordanting of fabric substrate. However, it only differs in three
ways i.e. (i) necessitating additional process of mordanting, (ii) necessitating addi-
tional process of extraction of dye liquor from natural dye sources and (iii) shade
application % for natural dyes are expressed on the basis of percentages of solid dry
dye-source material of natural dyes taken for extraction and/or dyeing.

As per few research reports (Samanta et al., 2006, 2007; 2008c,d; Samanta and
Agarwal, 2008; Samanta and Agarwal, 2009a,b,c; Samanta, 2014), the optimized
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Table 2.10 Optimized conditions of dyeing with selective natural dyes for suitably double pre-
mordanted bleached jute fabrics.

Dyeing conditions

Sodium

Name of natural Temp, Time, Salt, | Carbonate
dyes °C mins MLR | pH g/L. g/LL

Red sandal wood 80 60 1:20 4.5—10 | 10 As required
Jackfruit wood 100 60 1:20 11 10 —
Manjistha 100 60 1:50 45 10 —
Mariegold 100 60 1:50 2.5 10 —

Babool 100 60 1:50 45 10 —

Sappan wood 100 60 1:50 4.5 10 —

conditions for exhaust process of dyeing with selective natural dyes on suitably/selec-
tively double pre-mordanted bleached jute fabric using above mentioned extracts of
natural dyes are as follows as given below in Table 2.10:

In each case, after the dyeing is over, the dyed samples are to be repeatedly washed
with hot and cold water and then to be dried in air. Finally, the dyed samples are to be
subjected to soaping with 2gpl soap solution at 60 °C for 15 min, followed by repeated
water wash and drying under sun.

(e) Improvement of colour fastness by application of cationic dye-fixing agents and UV-
absorbers

Jute fabric samples dyed with selective natural dye extracts (40%—80% extract on
the basis of weight of solid and dry dye-source material), are to be padded (using two
bowl lab. padding mangle) with an aqueous solution of 2% Cetrimide or 2% CTAB
(Cetyl-trimethyl ammonium bromide) or 2% Sandofix-HCF for improvement of
wash fastness (Samanta et al., 2007, 2008c,d; Samanta and Agarwal, 2008; Samanta
and Agarwal, 2009a,b,c).

For improvement of lightfastness (Samanta et al., 2009, 2007, 2008c,d; Samanta
and Agarwal, 2008; Samanta and Agarwal, 2009a,b,c), the selective natural dyed
jute fabrics are to be padded with 1% benztriazole (pre-dissolved in hot water at
60°C) separately in presence of 0.5% NaOH maintaining 100% wet pick up in the fab-
ric by 2 dip-2nip process followed by drying cum heat treatment at 100°C for 15 min
using laboratory hot air stenter.

2.6.4.8 Developments in dyeing of jute

The major problem in dyeing of jute is to obtain good light fast dyes for its inherent
photo-yellowing propensity. Jute being naturally varying in colour, it posses difficulty
in colour matching particularly for light shades.
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These two problems i.e. poor lightfastness and difficulty in colour matching for
lighter shades have been studied by some research groups, from which the following
outcome are worth mentioning:

(a) Improving colour-fastness properties of different classes of dyes applied on 2% H,0,
bleached jute fabrics by selection of appropriate direct and other class of dyes with a shade
card along with fastness results for jute fabric are available (Shade, 1990) from IJIRA. Only
60% of the total synthetic dyestuff available can be applied judiciously to jute to achieve
desired level of colour fastness on jute.

Different dyeing process variables/factors for optimization/standardizing different colour
parameters/tolerances, human perceptance and instrumental judgement of acceptability
level of colour uniformity/non-uniformity has been studied by a research Group of IJT (pres-
ently DJFT, University of Calcutta) and they have prepared the standard database for appli-
cation of direct dyes and other class of dyes on jute for effective colour matching (Samanta
and Das, 1992).

(c) Some energy saving dyeing and Simultaneous dyeing and finishing processes developed are

as follows:

(i) Combined scouring and dyeing of jute with acid, basic and direct dyes having advan-
tages of savings in process time, heat energy and water consumption.

(i) Combined bleaching and direct dye application in single bath process consists bleach-
ing of jute fabric using 1 vol. HyO, for 1 h at 90°C at pH 10 with usual additives fol-
lowed by dyeing in the same bath, bringing down the temperature of bath to 70°C to
add 2 gpl sodium hydrosulphite and after 5 min to add 2% (owf) direct dye and 10 gpl
sodium sulphate to continue dyeing for 1 h at 90°C before final washing. The colour
yield obtained is at par with that obtained in conventional two step bleaching and
dyeing method to obtain better wash fastness results. Single bath bleaching and dyeing
of jute with direct dyes having advantages of savings in process time, steam, electrical
energy and water consumption

(iii) Cold pad batch method of bleaching and dyeing of jute having the advantages of
(1) higher productivity than conventional batch dyeing, (ii) optimum use of dyeing
equipment, and (iii) energy saving (as no heating is required) and saving in water con-
sumption. Hence, this process is very much suitable for decentralized sector.

(iv) Single bath bleaching and dyeing of jute fabric using sodium chlorite bleaching and 1:2
metal complex dye in combination with intermediate addition of 5 gpl sodium bisul-
phite has been also reported, rendering satisfactory results.

(v) Studies on the effects of pre-treatment on jute fabric with 6%—18% caustic soda solu-
tion (with varying level of tension or in slack conditions) on dyeing behaviour using
direct, basic and reactive dyes reveals that caustic pre-treatment under slack conditions
increases both direct and reactive dye uptake and decreases basic dye up-take along
with some inevitable weight losses.

(b

~

However, all the above said processes are applicable for selective dyes only and
these methods are not commonly applicable for all types of dyes.

Due to identified toxicity of 22 selective amines releasable from some azo-dyes,
there is eco-ban for certain direct dyes, acid dyes, basic dyes and azoic colour (hence,
so far, total 112 such dyes are banned in India and many other countries) which
excludes them for use in textile or jute dyeing. So, for producing eco-friendly textile
products, only eco-safe dyes are to be used excluding those banned dyes. Among all
synthetic dyestuff, almost all the reactive dyes, vat dyes as well as most of the natural
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dyes (except a few) are eco-safe dyes, which may be safely used for jute or any other
cellulosic textiles. For reducing pollution load in the disposable dyebath effluent
(waste dye liquor), certain dyeing auxiliaries/additives are also to be avoided or to
be reduced. Hence, conventional dyeing processes of jute have been reinvestigated
by many researchers for development of eco-friendly processes of dyeing of jute.
The present trend of searching eco-friendly dyeing process of jute encouraged many
researchers to study different dyeing variables and to standardize or to develop suitable
methods for dyeing jute with selective eco-safe natural dyes (though all natural prod-
ucts or natural dyes may not be eco-safe).

2.6.5 Pigment printing of jute

Jute fabrics can be printed with all dyes suitable for dyeing jute. However, jute fabrics
are usually printed by pigment colours in direct style using kerosene or white spirit or
mineral turpentine oil (MTO)-based emulsion thickener and Fixer-CCL (melamine
formaldehyde resin) for improving rubfastness. Kerosene or MTO gives off bad smell,
causes air-pollution and affects the aroma of the contents of such printed bags. Use of
Fixer—CCL or this type of formaldehyde containing resins as fixer/property improver
in pigment printing, is not eco-friendly for its releasable formaldehyde content.

Pigments may be an organic or inorganic chemical, most of them are insoluble in
water, have no affinity for textile substrates. Pigment colour is fixed or held on the fibre
surface by a polymeric film of binder, anchored to the fabric surface, by either self-
cross-linking of binder or external cross-linking between binder and fibre.

The binder plays an important role in pigment printing which binds the pigment
colour by self-cross-linking or external cross-linking with fibres in some cases. Binder
also determines the brightness of the prints and its colour fastness properties. During
the curing process, the binder gets cross-linked (either self or external) in presence of
an acidic catalyst like diammonium phosphate (DAP). DAP liberates phosphoric acid
at curing temperature which gives desired pH liberating acid or proton for cross-
linking reaction.

Kerosene oil in water emulsion is used as thickener which gives the desired viscos-
ity for print paste on subsequent drying, both the kerosene oil and water evaporates
leaving behind a clear binder film. Urea is used additionally as a hygroscopic agent.
As Kerosine oil-based thickener leaves behind an undesirable odour and this is a
petroleum-based oil, substitute of kerosene oil-based emulsion thickener is felt neces-
sary. Replacing kerosene oil-based thickener by polyacrylic acid-based synthetic
thickener has been started commercially.

However, for printing attractive/decorative and fancy designs in jute fabrics, the
hairs on the surface of jute fabric are to be removed well, fabric is to be closely woven
with uniform and finer yarns and ultimately newer and abstract design development is
essential for more and more customer’s acceptance. Hence, IJT has recently created a
print design library suitable for fancy printing designs on jute fabrics, the service of
which may be catered to the users/industry/small-scale-entrepreneurs on request.
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2.6.6 Chemical finishing and allied processes for jute
2.6.6.1 Softening of jute-based fabrics

A noticeable extent of improvement in softness, feel (handle) and drapability of jute-
based fabrics achieved by a treatment with a dilute aqueous solution of sodium hydrox-
ide at room temperature or at an elevated temperature followed by cationic softener or
polyethylene emulsion treatment. Conventional HO; bleached jute fabric treated with
5% NaOH at room temperature for 1 hour followed by treatment with 3% polyethylene
emulsion by pad-dry technique results drape coefficient to become 53 from 92 (that of
control bleached jute fabric). But NaOH treatment after bleaching impairs the white-
ness of bleached jute to some extent. Hence, sequential chemical texturing (by NaOH)
and H,O, bleaching (STB Process) developed (Ghosh et al., 1994; Samanta and
Ghosh, 1996), followed by necessary finish with commercial softener or crease resis-
tant agent etc. may be much better in such cases. Among the softeners, cata—softener is
most economical but it causes yellowing on bleached jute and changes tone for dyed
jute fabrics. Hence, present trend in industry is to apply 1%—2% amino-silicone soft-
ener or poly-oxo-ethylene emulsion on bleached jute fabric by pad-dry technique.
Amino-silicone or other organo-modified silicone softener reduces the stiffness,
bending rigidity and co-efficient of friction as well as it improves the resiliency, drape
and handle property of jute fabric to a much desirable direction. However, amino-
silicone softener treatment, if cured, sometimes develops rigidity for cross-linking
and impairs the wash fastness of direct dyed jute materials after curing, perhaps due
to desorption (coming out) of direct dyes at curing temperature. Amino-silicones do
not improve resistance to fibre shedding. The organo-modified amino silicone soft-
eners are not being widely used for jute for some drawbacks as mentioned and also
it is costlier than cata-softeners and poly-oxo-ethylene emulsion softeners 2% poly-
oxo-ethylene softener treatments renders jute a better softening action than any other
single softener at comparable doses, if the same is applied on partially oxidized (by
1%—2% K;S,0g pre-treatment) or 5%—10% NaOH pre-treated and conventional
H,0,; bleached jute fabric.

For bio-chemical softening of jute fabric by enzyme treatment has suggested the
application of mixed enzyme (cellulase, xylanase and pectinase in combination of
35, 96,135 unit per ml respectively) using 4% (owf) enzyme concentration at 55°C
for 2h at pH 4.8—5.0 after pre-treating the jute fabric with 5% or 18% NaOH solution,
or after conventional H,O, bleaching (Samanta et al., 2005).

Though enzyme treatment before bleaching resulted in marginally improved white-
ness, but if enzyme treatment is carried out after bleaching, a better bio-polishing/sur-
face smoothening effect is obtained, as an additional advantage, despite a marginal
decrease in whiteness index due to possible back staining effect.

2.6.6.2 Finishing for improved abrasion resistance and fibre
shedding

To improve the resistance to the fibre shedding and abrasion on jute fabric, a few
selective resins, elastomers, cellulose gum or acrylic co-polymer can be used. Reported
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(Sengupta and Radhakrishnan, 1972a,b) application doses of different chemicals to
reduce fibre shedding of jute fabric are 5% butadiene acrylonitrile, or 5% polyacrylate
emulsion, or 0.2% carboxymethyl cellulose etc. Among the above, butadiene acrylo-
nitrile gives satisfactory results to reduce fibre shedding and to improve abrasion resis-
tance. Carboxymethyl cellulose also improves both fibre shedding and abrasion
resistance, but its makes the fabric stiffer. Chemical dehairing and light fast bleaching
(CDB-Process) developed by IJIRA is another alternative for reducing hairs on jute
fabric (IJIRA, 1977). Moreover, 2%—8% acrylic copolymer emulsion (e.g.
Ahuracyl-PVN) without or with suitable resin treatment on differently bleached jute
or jute/cotton union fabrics improves abrasion resistance and anti-fibre shedding
property.

Abrasion resistance and fibre shedding are two separate properties closely inter-
related. Both these properties can also be improved on jute fabrics by application
of 8% polyvinyl alcohol (PVA) or by 8% application of 1:1 (w/w) mixture of
PVA (NalOy4 treated) and polyethylene glycol (PEG 400) in presence of Aly(SOy4)3
as catalyst employing a pad-dry-cure technique. In the only PV A treatment, abrasion
resistance cycle become 71 from 41 that for untreated fabric and fibre shedding
become Smg from 24mg, with wrinkle recovery angle as 155° from 136°. In case
of application of mixture of PVA and PEG (1:1), it shows fibre shedding to be
10.2, abrasion resistance cycle to be 63, with wrinkle recovery angle as high as
258° from corresponding parameters of untreated fabric (Ghosh and Das, 2000;
Bagchi and Som, 1999).

2.6.6.3 Finishing to improve crease resistant property

Like cotton, crease-resistant property of jute fabric is also poor. Hence, processes have
also been developed to improve crease resistant property by many researchers. A
typical recipe for ordinary crease resistant finish application on jute fabric is to apply
DMDHEU- resin-8%, MgCl , catalyst —2%, Polyethylene emulsion (softener)-1%,
Silicone-emulsion or Polyoxyethylene emulsion (softener) —1% following application
process of Padding [at 100% expression] — Drying [100°C for 10min.] — Curing at
[130°C for 5 min] — washing [with 1gpl detergent at 50°C for 15 min] — Normal
water washing — Final Drying [at 100°C for 10—15min.].

The Above said crease resistant finishing has formaldehyde release problem due to
use of Di-Methylol Dihydroxy Ethylene Urea (DMDHEU) or similar methylol-based
cross-linking resin (Som et al., 1987a,b). A newer method for application of low form-
aldehyde content resin (N-methylol acrylamide or acrylamide formaldehyde resin) on
jute fabric has been reported employing simultaneous free radical polymerization and
acidic poly condensation under dual catalyst (MgCl, and K;S,0g) system in control
doses on jute fabric (Ghosh et al., 1997), on Jute/Viscose (60:40) blended fabric
(Ghosh et al., 1994) and on Jute/Cotton union (75:25) fabric (Samanta and Ghosh,
1996) to obtain a better balanced textile related properties in each case.

An exclusively separate approach developed (Chattopadhyay et al., 2001) in resin
finishing of jute fabric is to pre-treat the jute fabric by 4% (owf) mixed enzyme (cellu-
lase, xylanase and pectinase) before 8% DMDHEU resin treatment to obtain 25%
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increase in crease recovery angle and also for pre-reduction of stiffness in the fabric
owing to be generated due to resin treatment.

Recent developments (Ghosh et al., 1995) in formaldehyde free crease resistant fin-
ishing of jute fabric by using Citric Acid as Cross-linking agent as formaldehyde free
cross-linking agent under sodium di hydrogen phosphate catalyst system has been
established for producing ester cross-linkages in jute fabric by pad-dry-cure process
using citric acid as a formaldehyde free cross-linking agent, in presence of NazPOy4/
NaH;POy catalyst which has produced a moderate to good crease resistance property
as well as enhancement in rot-resistance and some resistance to photo-yellowing along
with higher tenacity retention and better lightfastness property for basic dyes, if dyed
fabric is used.

2.6.6.4 Finishing to improve rot resistant property

Earlier developed rot resistant finish of jute fabric (Samanta, 1995) employing copper
salts and soda, copper napathanate (0.5%copper) or copper pentachlorophenate or cop-
per-8-hydroxy quinoline, tributyl tinoxide etc. are not eco friendly and copper
develops dark colour. Most of them are not durable type. Recent developments for
imparting durable rot resistancy of jute has been reported by different researchers
employing phenol/formaldehyde compound on oxidized jute (Ghosh and Dutta,
1988); and employing citric acid cross-linking treatment on jute (Ghosh et al., 1995).

However, considering the fact that jute is being used as soil saver and other types of
geo-technical applications in moist/humid conditions under soil, coating of jute fabric
with ordinary bitumen or with emulsified mixture of bitumen and water repellant com-
pounds including some hydrophobic polymers and/or wax emulsion etc. are much
economical and commonly acceptable to the user industry.

Use of Citric acid and PEG combination (Samanta and Bagchi, 2012) has been
reported to be an economical rot resistant Finish of Jute Fabric though Citric acid
and chitosan combination (Samanta and Bagchi, 2013) is also reported to be equally
good and eco friendly rot resistant finish for jute fabrics.

2.6.6.5 Finishing to improve water repellant property

Conventional methods (Samanta, 1995) of application of water repellant finish using
10%—20% (owf) stearato chromic chloride complex at pH-4.0 or wax emulsion and
aluminium stearate separately or in combination had main drawback of their non-
durability.

In the context of jute to be used as technical textiles for weather resistant tent fabric,
water proof and stain repellant floor mat and soft luggages etc., its demand for water
repellant finish is rated to be high. For durable water repellancy, 2%—6% (owf) textile-
water repellant grade commercial dimethyl silicone emulsion mixed with hydrogen-
methyl silicone (60:40) with in built catalyst, having viscosity about 12,500 cps (at
25°C) has been recommended for application on jute fabric by pad-dry-cure technique
(Samanta, 1995). However, silicone emulsion is costly and has lower storage stability.
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It is reported in literature (Bagchi and Som, 1999; Basu and Mitra, 1993) that the
efficacy of commercial fluoro-silicones (Fluoroguards) as water repellant agent for jute
fabrics and developed a recipe comprising 1% Fluoro-silicones with 10% DMDHEU
resin to be applied by pad-dry —cure technique to obtain water repellency rating as
high as 90 with crease recovery angle of 256 degrees.

2.6.6.6 Finishing to improve fire retardant property

Treatment with borax and boric acid (7:3 ratio) with or without phosphate compounds
for fire retardant finish of cellulosic fabrics is common (Samanta, 1995), but most of
them are non-durable in nature and less effective. For mining and military applications,
a treatment has been reported in literature using 25% aqueous solution of mixture of
borax and boric acid (7:3) to obtain a flame retardancy on jute fabric (Bhuian, 1986;
Samanta et al., 2011) to a level to get limited oxygen index value of 35 from LOI value
of 20 of untreated jute fabric, but is not durable one. A semidurable flame retardant
finish on jute fabric has been reported earlier by applying organo phosphates with
or without urea or any other such fire retardant compounds along with N-methylol
resin (melamin formaldehyde) i.e. phosphorous nitrogen system applicable for jute-
based ligno-cellulosics to produce acceptable fire retardant effect (Bhuian, 1986;
Samanta et al., 2011). There is a recent past report (Samanta et al., 2015) for achieving
semi-duarable fire retardant finish on Jute Fabric using 15% Ammonium sulphamate
and 15% Urea with a commercial binder [5% Acrylic binder (Arco fix) +3% ceralube
combination] to achieve LOI around 36 to 38.

Another recipe for five wash cycle durable fire retardant finish of jute fabric has
been reported with application of 0.01% of nano ZnO with 10% PMS or PHAMS (poly
hydroxyl amino methyl silicone or its potassium salt) binder (Samanta et al., 2017c)
achieving LOI value of 35.

Fully ecofriendly and wash duarable fire retardant finish has been developed
recently by applying 20% Stannate and 20% Boric acid (Samanta and Bagchi,
2017) by pad dry cure technique to achieve LOI value of 34 with some loss of strength
around 14%—15%.

More detailed information on Flame retardant finishing of Natural fibres are avail-
able in Chapter 10, Volume—2 of this handbook for further reference.

2.6.6.7 Simultaneous dyeing and finishing in single bath

Simultaneous dyeing and Finishing Process has also been adopted for jute-based fab-
rics, which is an energy saving approach (Samanta, 1995; Bagchi et al., 1990; Samanta
et al., 2008e), by developing suitable process for simultaneous single bath dyeing and
resin finishing process for jute fabric using different dyes. But these processes are
applicable only for selective class of dyes, matching with the condition (acidic pH)
of resin finishing.

Simultaneous Dyeing and Fire-Retardant Finishing of Jute Fabric Using an Acid
Dye (Samanta and Bhattacharya, 2015a,b). Simultaneous Dyeing and Rot Resistant
cum Crease Resistant Finishing of Jute Fabric Using Citric Acid and Poly Ethylene
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Glycol (Samanta and Bhattacharya, 2015a,b) as well as Simultaneous Dyeing and
Fragrance Finishing using beta Cyclodextrin, citric acid and acidic catalyst system
(Samanta et al., 2016) have been reported recently for improving asthetics and corre-
sponding functional properties of jute fabrics.

2.6.6.8 Enzyme assisted bio-chemical finishes

Bio-polishing of cotton, as an eco-friendly bio-chemical finish of cotton by the action of
cellulase enzyme to improve its aesthetic appeal, feel, softness and lustre is commonly
known to every finisher. For similar finishing of Jute fabrics, types of enzymes (Mixture
of cellulase and pectinase and xylanase is specifically to be used for bio polishing of Jute
Fabrics considering its multiconstituent nature), bio-polishing techniques/methods and
necessary conditions for jute fabric and for jute/cotton fabric (Samanta et al., 2005)
has been reported, where it is found that a H,O, bleaching pre-treatment or alkali
(5%—10% NaOH) pre-treatment enhances enzyme activity on jute fabric.

2.6.6.9 Multi-functional finishes for jute fabric

Recently customer’s demand is oriented towards development of multi functional
finishes, i.e. the fabric has to be crease resistant in one hand and to be resilient on other
hand or a fabric is to be water repellant cum weather resistant in one hand and stain
resistant in other hand with preferably rot resistant property too. Finishing of jute fabric
by 10% acrylic acid (Ghosh and Das, 1998) in presence of dual catalyst (NazPO4and
K5S,0g) system producing good crease resistant property (it become 238 degrees from
143 degrees that of untreated fabric) as well as anti-yellowing property (lightfastness
rating become 3 instead of 1 for untreated fabric) with less hairiness and less fibre
shedding (it become 9.4 mg from 34.6 for untreated fabric) is an endeavour to meet
the need of multifunctional finishes.

Water repellent as well as soil resistant finish (Bagchi and Som, 1999; Samanta,
1995) can be imparted on jute fabric by a formulation developed (Roy, 1967) based
on (a) aluminium sulphate, stearic acid, paraffin wax and alkyl amine etc. and by using
glycerol mono stearate-based formulation with softener cum emulsion stabilizer.

Moreover, rot resistance and crease resistance finish of jute fabric can be achieved
simultaneously by use of citric acid and PEG combination (Samanta and Bagchi,
2012).

2.7 Eco-friendly processing of jute

A critical examination for Eco-friendly processing of Jute including different chemical
processing of jute and jute-based textiles with some suggestions are also made wher-
ever possible.
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2.7.1 Use of non-toxic (hydrocarbon free) batching oil for jute

Conventional Jute Batching Oil (JBO), a mineral oil fraction (gas oil fraction having
IBP — 230—285°C and FBP — 350—370°C) usually contain certain polynuclear
hydrocarbons (pyrene, chrysene, benzopyrene etc.) responds showing UV absorbance
beyond a limit in UV-VIS Spectrophotometry at 280—400 nm, which are considered
to be toxic hydrocarbon present in JBO. JBO also sometimes contains varying amount
of sulphur (0.12%—3%). If some halogenated volatile organics are present as contami-
nation in JBO, it is also objectionable. Also Nonyl phenol-based emulsifier/surfactant,
used in preparing JBO emulsion are reported to be toxic. So, it is recommended to
use a safe batching oil, i.e. toxic hydrocarbon free batching oil for jute. Such oils
may be some vegetable oils. But all vegetable oils do not match the viscosity required
and hence do not serve this purpose also considering cost economy and to provide stan-
dard pre-spinning and spinning process performance (Fibre droppings and fibre breaks
are more). Alternatively sulphonated castor oil with small amount of silicone emulsion
as suitable additive is said to give better performance than only sulphonated castor oil
and hence can be used. However, IJIRA (Indian Jute Industries Research Association),
India has also developed a better substitute recommending the technology for use of a
particular grade of modified rice-bran oil (a vegetable oil) instead of conventional JBO.

2.7.2 Eco friendly softening of jute

Among chemical softeners, most popularly used softener for jute-based textile are
cationic softener. But most of the catasoftener are not eco-friendly either for less bio-
degrability or for generating high COD in effluent. So, softening of jute-based textiles
is to be done using 5%—10% NaOH pre-treatment. But high alkali increases pH of
effluent water and is not desirable. Also acetic acid used for neutralization is a high
COD compound, which should be replaced by formic acid or oxalic acid having lower
COD value. Another safe alternative is enzymatic softening of jute. Different report in
literature includes use of Mixture of Cellulase and Xylanase or mixture of Cellulase,
Xylanase and pectinase are found more fruitful for jute instead of only cellulase enzyme
at a temperature of 45—50°C for 1 hour, as a pre-treatment before usual hydrogen
peroxide bleaching, resulting enhanced brightness and softness of jute fibres after
bleaching.

2.7.3 Eco-friendly desizing of jute

Tamarind Kernel Powder (TKP) is the usual size for jute yarns. Moreover different size
additives are also required including antiseptic/antimildew agents such as penta-
chlorophenol or copper sulphate, both of which are not eco-safe. Sodium silico fluo-
ride can be used as ecosafe antiseptic agent. Also high starch content increases
suspended solids in effluent after desizing. Therefore, alternative size may be hot water
soluble grade polyvinyl alcohol type synthetic size replacing part of TKP, desizing of
which is also easier and eco-safe. Considering higher strength of coarser jute yarn even
one can think of not to use sizing at all for jute warp for weaving sacking and hessian
clothes.
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2.7.4 Eco friendly scouring of jute

Usually scouring of jute is avoided, as it darkens the brown colour of jute and also
absorbency of raw jute fibre is considerably high, which do not require scouring.
But considering the dirt, dust and acquired impurities including batching oil added
in spinning of jute yarn, it sometimes needs scouring.

Ordinarily, scouring of jute yarn or fabric can be done by treating the material with
1—4 g/L. sodium carbonate (approx. 2% owg effectively) and 1 g/L. non-ionic deter-
gent (Lissapol-N) at 50—60°C for 30 min followed by normal wash. This scouring
process is a clean process and need no modification to make it eco-friendly.

However, jute yarns or fabric may be safely cleaned using 0.5%—1% HCL at room
temperature for 5—15 min at a material: liquor ratio 1:20. Thus, brighter jute can be
obtained by this dilute HCL pre-treatment avoiding alkali scouring before bleaching.
However, complete de-oiling is difficult by this method.

2.7.5 Eco friendly bleaching of jute

Jute can be bleached with any one of the bleaching agents like potassium permanga-
nate, sodium hypochlorite, bleaching powder, sodium chlorite, hydrogen peroxide, hy-
pochlorite followed by peroxide, peracetic acid etc. Amongst all, a safe alternative for
eco-friendly bleaching of jute is hydrogen peroxide bleaching of jute with some care.

Use of sodium silicate or sodium metasilicate in hydrogen peroxide bleaching as
stabilizer causes the higher (alkaline) pH of effluent, and during neutralization (equal-
ization) of effluent treatment, silicate precipitates and cause scale formation in effluent
treatment plant damaging it and the drainage system. Therefore, alternative safe
hydrogen peroxide bleaching of jute can be done by using organic stabilizer like
sodium salt of diethylene triamine penta acetic acid i.e. Stabilizer — AWNI or
Stabilizer — SIFA.

2.7.6 Eco friendly dyeing of jute

The major constituents of jute being cellulose, hemicellulose and lignin, it can be dyed
with any one of the direct, acid, basic, azoic, reactive, sulphur, vat and natural dyes.
Direct and acid dyes on jute show poor wash fastness and basic dyes on jute so
poor lightfastness, besides their problem related to possibility of release of carcino-
genic amines banned. However, all direct dyes and acid dyes are not banned and all
do not contain objectionable toxic amines. 112 (40 benzidine based and 72 more
dyes based on 22 listed amines) azo-dyes are banned globally including India.
However, the eco-ban towards certain direct, acid, basic dyes and azoic colour
components (objectionable coupling amines) as well as their overall poor dye fastness
on jute fabrics, excludes them for further use particularly in export goods, So, alterna-
tive eco-safe dyes one can think are reactive, sulphur and vat dyes as well as natural
dyes applicable for jute. Jute therefore can be safely dyed with these dyes with
some modifications in their application procedure. For sulphur dyeing, one has to
avoid sodium sulphide to make the application process eco-friendly. For reducing total
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dissolved solids in effluent of dye houses, one has to use less salts and one has to
achieve more fixation of dyestuff (achieving less unfixed dye and colour in effluent)
following short liquor ratio particularly for reactive and vat dyeing. For vat dyeing,
less alkali is to be preferred. For natural dyes, if mordanting is necessary, one has to
avoid copper and chromium salts. One has to also avoid unsafe azo-dyes and has to
find alternative eco-safe dyes for obtaining desired shades choosing from reactive,
sulphur, vat and natural dyes with care.

2.7.7 Eco friendly printing of jute

Pigment printing is very popular for jute and other textiles. Some methylolated resin
compounds (such as melamine formaldehyde in the trade name of Fixer CCL or fixing
agent — 2F etc). are used as pigment fixing agent to improve rubfastness properties.
These agents releases formaldehyde during use of the pigment printed fabrics. More-
over, objectionable absorbable organic halogens (AOX) and heavy metals are present
as impurities in pigments from the production process. One can use formaldehyde
scavenger i.e. urea as additive when methylolated type of fixing agent are used. Other-
wise one has to avoid completely the use of such formaldehyde containing com-
pounds. Kerosene used for preparation of emulsion thickener is to be avoided for
avoiding air pollution and health hazards. Alternative thickener is polyacrylic acid
or its esters based synthetic emulsions, but they give a bit duller shade.

Printing of jute with sulphur dyes using glucose — NaOH system as reducing agent
(optimized concentration being 3 times of the amount of dye) with other condition
remaining same is reported in recent literature as an eco-safe process. Also liquid —
jaggery treated with 0.4% citric acid, producing sufficient amount of reducing glucose,
may be used in sulphur dye printing.

2.7.8 Eco friendly chemical finishing of jute

Jute fabrics are normally treated with salts of metals such as copper, chromium, iron,
antimony, cobalt used separately or in selected combination for improving its rot resis-
tance/weather resistance etc. Very common rot resisting agents for jute are copper nap-
thanate, copper panta-chlorophenete and lauryl pentachlorophenate, etc. which are not
eco-safe. So, safe rot resisting chemicals for jute may be hydroxy quinolate or safe
querternary ammonium type of compounds.

For softening of jute, among chemical softener, use of cationic chemicals softeners
become popular. This is not completely eco-safe and not easily biodegradable. So,
5%—10% NaOH treatment or mixed enzyme treatment may be the alternatives.

For flame retardancy of jute brattice cloth used in coal mines,use of THPC (Tetrakis
hydroxy-methylated phosphonium chloride) or THPOH-based fire retardant agents are
not eco-safe. THPC and THPOH, both have formaldehyde release problem. Antimony
oxy-chloride are also halogenated FR agent, and are not eco-safe. So, durable eco-safe
FR agent may be use of tin (sodium stannate) and boron (boric acid)-based
compounds.
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Use of DMDHEU (Dimethylol Dihydroxy Ethylene Urea) type methylolated cyclic
urea resins are to be avoided for rendering crease resistant finish on jute-based fabrics,
as they have formaldehyde release problem beyond the stipulated limit. One alterna-
tive is to use N—N-Dimethylol acrylamide resin as a low formaldehyde releasing agent
for cross-linking Jute and Cotton textiles. But higher % application (more than 8%) is
to be avoided. As a more safe alternative, citric acid-based formaldehyde free cross-
linking agent may be used on jute fabric.

2.7.9 Use of alternative chemicals having low COD/BOD values
for eco-friendliness of processes and products of jute

The followings are the partial lists of some common chemicals used in chemical pro-
cessing of jute which are either eco-unsafe or have high COD/BOD values. Some of
the suggested alternative chemicals having eco-safe properties or atleast having
lower COD/BOD values, can be used for eco-safe processes or to reduce water pollu-
tion load in the effluent,increasing the eco-friendliness of the processes or product of
jute.

2.8 Diversified end uses of jute as technical textiles

Traditional processing of Jute and its common uses etc is available in first edition of
Handbook of natural fibres, vol-1, chapter —2 for Bast Fibres: Jute (Roy and Lutfar,
2012). The growing disinclination to use artificial fibres and increasing preference
for natural fibres may revive the importance of jute in its technical uses as Diversified
Jute Products. The jute products other than traditional ones, preferably having higher
value-addition, can be defined as diversified jute products. Besides some technical
property parametric adavantages, Jute fibre has got tremendous merit for its eco-
compatibility, vegetation support, easy and bulk availability, negative health hazard,
soil friendliness and ability to add of nutrients to the soil after degradation which
are the major plus points for jute fibre in addition to technical merits for its different
end uses in technical textiles. Moreover, heaviness (weight/unit cost) and appreciable
thickness, required draping quality, ability to withstand initial stresses of road con-
struction, stiff body preventing differential settlement on soil, high permittivity and
transmitivity, irregular surface morphology preventing lateral and rotational slides,
high water absorption performing well in filtration and drainage and soil consolidation
(caking) functions, resistance towards abrasion, fatigue and fracture for jute-based
properly designed fabrics indicate its positive prospect for its uses in technical textiles,
which have not been explored earlier. The development of different diversified jute
products using jute alone or in combination with other fibres has been initiated. The
different popular weaving-based jute products are jute shopping bags, decorative fab-
rics, jute wall hangings, etc. Similarly there Jute felts and rugs from Jute non-wovens
or from jute braided materials are also being popular as home textiles. Jute Floor cov-
erings may be both woven and nonwoven jute fabrics, besides carpet backing etc.
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Figure 2.8 Different techniques of manufacture of technical textiles from jute.

These merits of jute fibres, not explored earlier so scientifically, if can be properly
utilized may produce inexpensive technical textiles for specific end uses as different
areas of technical textiles. Raw and clean Jute Fibres from India and Bangladesh are
now being exported to different countries for initially making jute-based nonwoven
sheet for utilizing it to make jute-based composites for manufacture of door panel
and different parts of automotive car to make it partially biodegradable. Jute fibre
which is abundantly available in West Bengal, Assam and Andhra Pradesh In India
and also in different parts of Bangladesh will be boosting economy of farmers to
jute industry provided the outlook is modified in the perspective of global preference
of natural bast fibres for making composites and geotextiles. Therefore, a concerted
efforts need to be made to explore design and production of marketable non-
traditional jute products (for both domestic and foreign markets) as technical textiles,
Fig. 2.8 shows a chart given below for its different manufacturing techniques of jute-
based technical textiles.

Besides major uses of coarser and low priced jute in packaging areas, as Indian
second important natural fibre after cotton, the physic chemical improvement of jute
fibres/fabrics after necessary pre- and post-finishing treatment has emerged jute as
an important natural textile fibres to be better suited for other technical textile applica-
tions improving value of jute fibres in market, creating benefit to farmers from the price
appreciation of good quality jute fibres. This enlarging areas of application of jute will
definitely enhance the price/value of raw jute cultivation to the farmers encouraging
them for good quality jute cultivation and production.

Thus, besides traditional uses of jute in packaging textiles, its category-wise uses un-
der different Technical textiles areas are: (i) Packaging textiles (Pack-tech), (ii) Geo-
textiles (Geo-tech), (iii) Agricultural textiles (Agro-tech), (iv) Build and structural
textiles (Build-textiles), (v) Automobile-textiles (Mobil-tech), (vi) Protective textiles
(Pro-tech), and (vii) Home textiles (Home-tech), i e. in seven such categories out of
the 12 different categories of technical textiles. Category wise, such diversified
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end-uses of jute as technical textiles are given below with specific property advantages
of jute fibres suiting such technical textile applications in Tables 2.11—2.16.

Suitably woven jute fabric can be conveniently coated [4] with different elastomers
to have products, such as hospital sheeting (mackintosh), double texture rubberized
fabric for luggage, flexible hood for automobiles, chemical resistant sheet for industrial
house and many others. High strength and low extensibility, good thermal stability,
irregular surface morphology of the jute fibre appears to be advantageous for produc-
ing such items.

Table 2.11 Jute packaging textiles.

Property advantages

Specific end-uses

Non-slip nature, stack stability, high strength
and modulus, low extensibility, good
dimensional stability, good moisture
absorption and air permeability,
favourable hook resistance and cut
resistance, low cost and easy availability,
agro-renewability, ecofriendly nature and
biodegradability.

Besides conventional jute bags for
packaging agricultural and industrial
commodities, non-traditional jute bags
includes postal bags, tea-bags, shopping
bags, waste disposal bags, portfolios,
carry bags, school bags, vegetable bags,
collapsible/folded bags, multipurpose
low-volume jute bags and soft luggages
and eco-friendly food grade jute bags
satisfying 1JO-98/01 specifications.

Table 2.12 Jute geo-textiles.

Property advantages

Specific end-uses

High strength and modulus, good
dimensional stability and ability to
withstand initial stresses of road
construction, heaviness and appreciable
thickness, good draping quality, stiff body
preventing differential settlement on soil,
high permittivity and transmitivity,
irregular surface morphology preventing
lateral and rotational slides, high water
absorption performing well in filtration
and drainage and soil consolidation
(caking) functions, soil friendliness and
addition of nutrients to the soil after
degradation, eco-compatibility, vegetation
support, easy availability, low cost and
agro-renewability.

Jute geo-textiles (JGT) finds its application
in surface soil erosion control in slopes
and plains, stability of embankments,
strengthening of sub-grade soils in roads,
protection of banks of rivers and
waterways, sub-surface drainage, soft
soil consolidation etc. Thus, JGT
withstands stresses in the constructional
phases, prevents intermixing of different
soil layers, acting as separator, performs
filtration function and also controls
lateral dispersion, subsidence and slides.
JGT performs five basic functions such
as separation, filtration and drainage,
initial reinforcement, control of surface
soil detachment and vegetation or
biotechnical support.
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Table 2.13 Jute agro-textiles.

Property advantages

Specific end-uses

High strength and good dimensional
stability, good draping quality, easy
dissipation of kinetic energy of raindrops,
good absorption of moisture and
attenuation of wind effects, improvement
of micro-climatic conditions
(viz.temperature and moisture),
enhancement of organic matter levels and
nutrient to the soil, irregular surface
morphology preventing lateral and
rotational slides, high air and water
permittivity and transmittivity, vegetation
and bio-technical support, eco-
compatibility and soil friendliness, easy
availability, low cost and agro-
renewability.

Jute fabrics are now being used as
agricultural textiles for sun screens, plant
nets, wind shield, harvesting nets, field-
nets for protecting crop from birds, weed
protection, mulching on seed bed, soil
conservation, development of forests in
semi-arid zones, nursery pots and nets
etc.

Table 2.14 Jute home textiles.

Property advantages

Specific end-uses

Unique natural colour, special surface
texture, hand crafted look, heaviness and
smart in appearance, high strength and
modulus, moderate to good draping, good
moisture absorption, good bleachibility,
good dyeability and printability with
different class of dyes, low cost and easy
availability, agro-renewability, and eco-
friendlyness.

Natural colour/bleached, dyed,printed, and
finished jute or jute/cotton unionized
decorative and furnishing fabrics, wall
hangings, wall decoratives, floor
coverings, floor mattings, soft-luggages,
aprons, hats, gloves, filecovers,
footwear, tablemats, fashion accessories
like laces, patchwork and braidings, gift
boxes, and miscellaneous handicraft
items from jute fibres, yarns and fabrics.
Eco friendly jute decorative cloth and
tarpaulins made out of jute or its blends.

Table 2.15 Jute protective textiles.

Property advantages

Specific end-uses

Resistance to weather and microbial attack is
moderate and to some extent better than
cotton due to presence of lignin.Good
thermal stability and diverse chemical
functionality attributes easy chemical
modification on jute for protective textile
finishing.

Bleached and/or dyed jute or jute/cotton
union fabrics finished for fire-protection,
rot-resistance, water repellancy,
resistance to photo-yellowing, resistance
to fibre shedding, abrasion and resistant
to staining etc. are used in relevant need.
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Table 2.16 Jute based build-textiles and mobil-textiles (jute-based thermoplastic and thermoset

rigid and flexible composites).

Property advantages

Specific end-uses

High strength, modulus and stiffness, (these
parameters per unit cost are more
predominantly high), heaviness (weight/
unit cost is high), irregular surface
morphology, moderate internal surface
areas and aspect ratio (even good in
elementary cell level), low specific heat
and low thermal conductivity, relatively
higher thermal stability and dimensional
stability (prominent aromaticity and cross-
linked structure of lignin provides highly
rigid, isotropic, more thermally stable,
non-crystalline matrix with high binding
capacity through unsaturation and
phenolic —OH functionality, besides
highly accessible —COOH, and —OH
functionality of hemicellulose and usual
—OH functionality of cellulose), good
resin
Binding capacity (though higher moisture
proneness posses some problems if jute is
not predried at 170°C) and amenable to
suitable chemical modifications to suit
better compatibility with resin or
thermoplastic matrix.

Thermoset jute rigid composites
Rigid jute-polyester resin (thermoset)
composite can be used as door and
window frame for low cost house,
corrugated sheet for false roof, garden
canopy, garden fence, and furniture.
Many product of this category are
coming up to cater the need of railways
and automobiles for the purpose of
flooring and roofing to replace wood and
plywood. Jute nonwovens and resinated
felt are introduced commercially in
automotive for building doors, B-pillar,
A-pillar headliner, package tray,
underlay carpet material, air deflector
etc.
Thermoplastic jute rigid composites
Jute waste and recycled polyolefin
composites for garden canopy/fence,
street lamps etc., Jute-PP or MAPP
thermo- plastic composites sheets
moulded for door panels of cars.
Admixed jute fibre with natural resin/
adhesive like shellacs soya-resin and
modified starch etc. bio-components
may be produced for such applications.
Flexible composites: Laminated/Coated
flexible jute composite:
Jute fabric may be coated with suitable
polymer/elastomer to develop products
such as coated tarpaulins,conveyer belt,/
weather resistant cover, awnings,
canopy, architectural textiles, breathable
aprons, mackintosh, hospital sheetings,
double texture rubberized fabrics,
flexible hood for automobiles etc.

Jute fabric can also be lined with aluminium foil following established technique.
Tea bag produced out of such jute fabric-aluminium foil laminate appears to have
potential for replacement of conventionally used relatively expensive tea bag made
from Kraft paper aluminium foil laminate.

Suitable woven unmodified/modified jute and/or jute-cotton and jute-polyester
union fabrics may be coated with any one or a suitable blend of any two or more of
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chlorinated polyethylene, chloro-sulphonated polyethylene, polyacrylates, natural
rubber, ethylene-octene copolymer, aluminium foil laminate, metalized polyester
etc. to develop products such as (i) coated tarpaulins, (ii) food carrying conveyer
belt, (iii) awnings, canopy, (iv) compact coated textiles, (v) architectural textiles and
(vi) cost effective breathable protective aprons for pesticide application (vi) bulk pack-
aging material for any crops, tea and other dry food/agricultural commodities/products.

Coated jute products with Natural rubber latex or other materials may also be used
as flexible composite materials to produce test fabrics, automobile hood/cover, canopy
and tarpaulin for multipurpose uses.

In case of jute home textiles and jute diversified products, more important are its
colour, surface texture, look, softness/drape and aesthetics along with its appealing
or exclusive designs of the products than its functional performances. While for jute
technical textiles like jute protective textiles the functional properties and perfor-
mances are more important than aesthetics.

For appealing look and aesthetics of jute home textiles and diversified products and
specific functional performances of jute protective textiles, jute fibres/yarns and fabrics
may require specific chemical treatments/finishes to improve certain property param-
eter(s) as well.

2.9 Conclusions and future trends

Jute or similar nature of fibres like mesta (Hibbiscus cannabinus), as a low cost, agro-
renewable natural and biodegradable bast fibre, are abundantly grown in India,
Bangladesh, Nepal, Nigeria and Kenya etc, are though majorly used as packaging tex-
tiles, but its uses as diversified technical textiles areas are growing day by day after
sufficient R&D intervention to design nad manufacture of Jute Woven, non-woven,
braids and composites materials. Even, Manufacture of paper from Jute or Jute
Stick, manufacture of activated charcoal from burnt jute, preparation of nanocrystals
of cellulose from jute are newer areas of interest for further exploration of its commer-
cialization, besides other important technical textiles of jute including Jute geotextiles,
Jute agro-textiles, Jute-based build and mobil textiles, Jute home textiles etc besides its
old and ancient uses as Jute packaging textiles.

Potential application of jute fibres/yarns/fabrics or its composites either woven or
nonwoven or any other textile structure for its use as different technical textiles much
depends on its inherent potential properties and product designs to satisfy all the end
use requirement. Some of the properties of jute-based products may be improved/incor-
porated by proper chemical finishing and chemical modification or even by coating or
laminating etc for making it suitable for better performing technical textiles.

One of the most effective potential outcomes in recent year, is development of
jute-based substitute of mastic asphalt by designing and manufacturing Bituminized
Jute Paving Fabric, with polymerized special grade a bitumen coated multi-layered
composite of jute woven and nonwoven fabric composites, which serve as an overlay
as a jute-based substitute of mastic asphalt providing required reinforcement to the
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road construction and enhancing thereby the life expectancy of the roads of different
traffic volumes.

Design and manufacture of Jute-based agrotextile products has also facilitated a
bioengineering measure for soil and water conservation and fertility enhancement of
the Barren & Baid Lands, which are though less tried commercially and need to
explore much in future.

Specially designed and developed Jute fabric reinforced bio-degradable geo mem-
brane or medical disposable bags and wipes can be effectively used for pond and canal
lining, municipal solid waste Management, hospital waste management, etc. Respec-
tively. Jute fabric based combined/multi-layered Tar Felt can also be used for potential
applications in civil engineering for roof treatment in particular. Use of Jute based com-
posites for awning, false ceiling board, cover wall of railway coaches and even door
panel for cars etc are of high importance now a days for diversification of jute products.
So as a natural agro-renewable bast fibre, the potential of jute for all possible diversified
areas are needed to be explored by suitable R&D and commercialization approaches.

2.10 Sources of further information and knowledge on
jute

The following general materials for more detailed knowledge on Jute fibres and its pro-
cessing and newer product designing may be consulted for further reading, besides the
specific references cited at the end.
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3.1 Introduction to silk and silk industry

Silks belong to a group of high molecular weight organic polymers characterized by
repetitive hydrophobic and hydrophilic peptide sequences (Altman et al., 2003). Silks
are fibrous protein polymers that are spun into fibres by some arthropods such as
silkworms, spiders, scorpions, mites and fleas (Altman et al., 2003; Craig, 1997).
There are thousands of silk-spinning insects and spiders, yet only a few have been
investigated in detail. Silks differ in composition, structure and properties depending
on their specific source and function (Altman et al., 2003; Craig et al., 1999; Sheu
et al., 2004). They are naturally produced by spiders or insects, such as Nephila clav-
ipes and Bombyx mori, respectively (Becker et al., 2003; Bell et al., 2002). Silkworm
fibres are classified as domestic silk and wild silk. Wild silks are produced by caterpil-
lars other than the mulberry silkworm and they differ from the domesticated varieties
in colour, size and texture. The cocoons gathered in the wild usually have been
damaged by the emerging moth before the cocoons are gathered, so the silk thread
that makes up the cocoon has been torn into shorter lengths. Domestic silkworm
like ‘Bombyx mori’ are commercially reared and the pupae are killed by dipping
them in boiling water before the adult moths emerge allowing the whole cocoon to
be unravelled as one continuous thread. There are other commercially exploited silk
worms other than ‘Bombyx mori’ which can be used to rear the silk which are known
as non-mulberry silkworms like Antheraea mylitta (tasar), Phylisamia ricini (eri) and
Antheraea assama (muga). Silks are also produced by spiders and insects which secret
glycine-rich silks characterized by their unique synthesis and processing features, as
well as strength and extensibility.

The silk filament contains 72%—81% fibroin, 19%—28% sericin, 0.8%—1.0% fat
and wax and 1.0%—1.4% colouring matter and ash of the total weight. The silkworm
extrudes the liquid fibre from the two excretory canals of sericteries which unite in the
spinneret in its head, each of them termed as brin. The two brins cemented together in
the spinneret by sericin become a single continuous fibre called the bave or filament.
The seric bave is thus made by the union of two brins held together by sericin (Paolo
Carboni, 1952). Fibroin is a valuable protein along with sericin, sericin acts as a glue to
fix fibroin fibre together in a cocoon. Sericin and fibroin protein is useful because of its
properties and has been found to possess various biological functions.

Handbook of Natural Fibres. https:/doi.org/10.1016/B978-0-12-818782-1.00003-1
Copyright © 2020 Elsevier Ltd. All rights reserved.
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Molecular weight of the sericin ranges from 10 to 310kDa and fibroin ranges from
300 to 450kDa (Tanaka et al., 1999; Zhou et al., 2000), but silk produced by spiders is
mechanically superior to any insect silk. However, spider silk differ in many aspects
from those produced by mulberry silkworms. The fibroin is a protein dominated in
composition by the amino acids glycine, alanine and serine, which form antiparallel
B sheets in the spun fibres (Asakura and Kaplan, 1994; He et al., 1999; Asakura
et al., 2002). But only the silk of moth caterpillars has been used widely for textile
manufacture and other applications. The main differences between spider and
mulberry silkworm silks is that dragline spider silks are mechanically superior, but
the better water resistance and availability characters makes the silkworm silks more
prominent. The choice of silk for a particular application must therefore include careful
consideration of the desired properties.

Genetically, silks are characterized by a combination of highly repetitive primary
sequences that lead to significance in secondary structure, which provides unique
mechanical properties. Because of these impressive properties, combined with their
biocompatibility and relative environmental stability, silks have been used as an
important set of material options in the fields of controlled release, biomaterials, in
addition to their uses as textile materials (Juming Yao and Tetsuo Asakura, 2004).

The structure of silk is shown in Fig. 3.1. Silk of Bombyx mori is composed of the
proteins fibroin and sericin, matters such as fats, wax, sand pigments and minerals.
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Figure 3.1 Structure of silk.
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Table 3.1 Amino acid composition of Fibroin and Sericin.

Amino acids Fibroin Sericin Amino acids Fibroin Sericin
Glycine 42.8 8.8 Glutamic acid 1.7 10.1
Alanine 324 4.0 Serine 14.7 30.1
Leucine 0.7 0.9 Threonine 1.2 8.5
Isoleucine 0.9 0.6 Phenylalanine 1.2 0.6
Valine 3.0 3.1 Tyrosine 11.8 4.9
Arginine 0.9 4.2 Proline 0.6 0.5
Histidine 0.3 1.4 Methionine 0.2 0.1
Lysine 0.5 5.5 Tryptophan 0.5 0.5
Aspartic acid 1.9 16.8 Cystine 0.1 0.3
Values are given as gram of amino acid per 100 g of protein (Tanaka K et al., 1999).

Fibroin in the Bombyx mori comprises a high content of the amino acids glycine and
alanine, 42.8 and 32.4g, respectively as shown in Table 3.1. The key amino acids in
sericin are serine (30.1g), threonine (8.5g), aspartic acid (16.8g) and glutamic acid
(10.1g).

Table 3.1 shows that there are different proportions of amino acid residues in
fibroin. Fibroin has high proportion of alanine, glycine, and serine. A small amount
of cystine residues give a very small amount of sulphur in the fibre. Fibroin contains
only a small amount of amino acid side chains. The amounts of acid and alkali that can
be absorbed by silk are relatively lower than those absorbed by wool (ca 0.2 equiva-
lents per kg of silk). The isoelectric point of silk fibre is around pH 5. There is a low
proportion of amino acid residue with large side chain. In silk hydrogen bonding is
important in fibroin. X-ray structure analysis of the crystalline domain of fibroin shows
that the peptide chains pack in fully extended forms (Apichart Sonthisombat and Peter,
2004) (Fig. 3.2).

RHC CHR RHC
c=0 H-N c=0
H-N " c=0 N-H
CHR RHC_ " CHR
0=C N-H 0=C
CN-H 0=C N-H
RHC CHR RHC
c=0 H-N c=0
HN “c=0 H-N

Figure 3.2 Crystal structure of the poly peptide bond in the silk fibroin (Guljarni, 1992).
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3.2 Types of silk and their importance

Silk is mainly divided into two types they are

*  Mulberry silk (Bombyx mori) also called cultivated silk and
* Non-mulberry silk.

3.2.1 Mulberry

Mulberry silk is also known as cultivated silk and Bombyx silk, but mulberry silk is the
most commonly used term. It is also sometimes referred to it by its type which is
thrown or reeled silk (Mahadevappa et al., 2001). Fig. 3.3 shows the mulberry
worm and the cocoons.

The bulk of the commercial silk produced in the world comes from mulberry silk.
Mulberry silk comes from the silkworm, Bombyx mori which solely feeds on the leaves
of mulberry plant. These silkworms are completely domesticated and reared indoors.
In India, the major mulberry silk producing states are Karnataka, Andhra Pradesh,
West Bengal, Tamil Nadu and Jammu Kashmir which together accounts for 92% of
country’s total mulberry raw silk production (Mahadevappa et al., 2001). World raw
silk production is shown in Table 3.2.

3.2.1.1 Types of mulberry silk

Bombyx mori, the domesticated silk worm, has been reared for over 2000 years.
During this long history many mutations have occurred. The mutants have been further
classified with each other resulting in a combination of various genes producing a large
number of silk worm races. The silk worm races are classified on the basis of their

1. Place of origin
2. Voltinism and
3. Moulting

MULBéR\{

Figure 3.3 Mulberry silk worm and cocoons.
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Table 3.2 Global raw silk production (in metric Tonnes).

# Countries 2013 2014 2015 2016 2017
1 | Bangladesh | 43 44.5 44 44 41
2 | Brazil 550 560 600 650 600
3 | Bulgaria 8.5 8 8 9 10
4 | China 1,30,000 1,46,000 1,70,000 1,58,400 1,42,000
5 | Colombia 0.6 0.5 0.5 - -
6 | Egypt 0.7 0.8 0.8 1.2 1.1
7 | India 26,480 28,708 28,523 30,348 31,906
8 | Indonesia 16 10 8 4 25
9 | Iran 123 110 120 125 120
10 | Japan 30 30 30 32 20
11 | North 300 320 350 365 365
Korea
12 | South 1.6 1.2 1 1 1
Korea
13 | Philippines | 1 1.1 1.2 1.82 1.5
14 | Syria 0.7 0.5 0.3 0.25 0.25
15 | Thailand 680 692 698 712 680
16 | Tunisia 4 4 3 2 2
17 | Turkey 25 32 30 32 30
18 | Uzbekistan | 980 1100 1200 1256 1200
19 | Vietnam 475 420 450 523 520
20 | Madagascar | 18 15 5 6 7
Total 159,737.10 | 178,057.62 | 202,072.83 | 192,512.27 | 177,507.35

3.2.2 Place of origin
3.2.2.1 Indian races

These races are aboriginal in India and south East Asia. The larval stage is longer and
they are robust against high temperature and humidity. The size of the cocoon and
larvae is small. In many cases, the cocoon is spindle shaped and the cocoon colour
is green, yellow or white. The cocoon shell is thin with less shell percentage. They
are mainly multivoltine.

3.2.2.2 Japanese races

These races are aboriginal in Japan. The larvae are robust. The cocoon is in peanut
shape. The sizes of the larvae do not correspond with the long larval duration. The
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cocoon colour is usually white but few are also green or yellow in colour. The ratio of
double cocoons is more. The quality of the silk filament is inferior and it is thick and
short. They are univoltine or bivoltine.

3.2.2.3 Chinese races

These races are aboriginal in China. The larvae are robust against high temperature but
weak against high humidity. The larvae are plain and active. They voraciously eat
mulberry leaves and grow quickly. The cocoon shape is, in many cases, elliptical
spherical and spindle shaped in few cases. The cocoon colour is white, golden yellow,
green, red or beige. The cocoon filament is fine and reelability is good. They are
univoltine, bivoltine and multivoltine.

3.2.2.4 European races

These races are aboriginal in Europe and Central Asia. Larval duration is long and they
actively eat mulberry leaves. Larvae are weak against high temperature and high hu-
midity. The cocoon size is big with a little constriction. The cocoon reelability is good.

3.2.3 Voltinism

According to voltinism, silkworms are classified into (a) Univoltines, (b) Bivoltines
and (c) Multi- or polyvoltines.

3.2.3.1 Univoltines

These races have only one generation in a year. The larvae body size is large. The
cocoon weight, shell weight, shell ratio and cocoon filament weight are high. The
cocoon filament quality is good.

3.2.3.2 Bivoltines

These races have two generations in a year; the silk worms are more uniform and
strong. The cocoon weight, cocoon shell weight, shell ratio and cocoon filament
weight are less compared to univoltines. Larvae are robust compared to univoltines.

3.2.3.3 Multivoltines

The life cycle is short. They have many generations in a year. Larvae are robust and
can withstand high temperature. The cocoons size is small. The cocoon weight, shell
ratio and cocoon filament weight are less than bivoltines. Cocoon filament is fine.

3.2.3.4 Moulting

Based on moulting, silkworms are classified into (a) trimoulters, (b) tetra-moulters,
(c) pentamoulters, rarely bimoulters and hexamoulters. Tetramoulters are mainly
reared for commercial purposes.



Silk — production and future trends 127

Thai silk is only one of the mulberry silk worm (Bombyx mori) silks but it differs
somewhat in appearance, and is yellower in colour. The filament is coarser and has
more silk gum (e.g. up to 37%) than normal mulberry silk (e.g. 20%—25%) (Zhou
et al., 2000; Dhavalikar, 1962). These characteristics cause Thai silk to have its own
style after weaving. Thai silk products are mainly produced by domestic industries
in the northern and north east part of Thailand.

3.2.4 Non-mulberry

A large number of species (400—500) are used in the production of non-mulberry silks,
but only about 80 have been commercially exploited in Asia and Africa, chiefly in
tribal communities. The major varieties of non-mulberry silk are described below
(Jolly et al., 1979).

3.2.4.1 Tasar

Tasar silk popularly known as ‘Dasali Pattu’ is a wild silk reeled from Tasar cocoons.
Tasar (Tussah) is copperish colour, coarse silk mainly used for furnishings and inte-
riors. It is less lustrous than mulberry silk, but has its own feel and appeal. Tasar
silk is generated by the silkworm, Antheraea mylitta which mainly thrive on the
food plants asna (Terminalia tomentosa) and arjun (Terminalia arjuna). The rearing
is conducted in nature on the trees in the open areas. In India, tasar silk is mainly pro-
duced in the states of Bihar, Jharkhand, Chhattisgarh and Orissa, besides Maharashtra,
West Bengal and Andhra Pradesh. Tasar culture is the main stay for many a tribal
community in India (Jolly et al., 1979). Fig. 3.4 shows the tasar worm and the cocoons.

3.2.4.2 Oak tasar

It is a finer variety of tasar generated by the silkworm, Antheraea proyeli J, in India
which feeds on natural food plants of oak, found in abundance in the sub-Himalayan
belt of India, covering the states of Manipur, Himachal Pradesh, Uttar Pradesh, Assam,
Meghalaya, and Jammu and Kashmir. China is the major producer of oak tasar in the
world and this comes from another silkworm which is known as Antheraea pernyi.

Figure 3.4 Tasar silk worm and cocoons.
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3.2.4.3 Eri

Eri silk is known as ‘Ahimsa Silk’. Also known as Endi or Errandi, Eri is a multivol-
tine silk spun from open-ended cocoons, unlike other varieties of silk. Eri silk is the
product of the domesticated silkworm, Philosamia ricini which, mainly thrive on
food plants Castor and Tapioca, Kessera, Papaya etc. Eri cocoon is open-mouthed;
the filament is discontinuous and thus can be used only for spinning. Like tasar, the
cocoon varies in colour, size and softness. The soft cocoons are better for mechanical
spinning and slightly hard and bigger cocoons for hand spinning (Sonwalker, 1969).
The picture of the worm and the cocoons is presented in Fig. 3.5.

Eri silk is having the unique dual characteristics of the softness of silk as the warmth
of the wool and holds a lot of promise as commercial venture. Ericulture is a household
activity practiced mainly for protein rich pupae, a delicacy for the tribal. Resultantly,
the eri cocoons are open-mouthed and are spun. The silk is used indigenously for
preparation of chaddars (wraps) for own use by these tribals. In India, this culture is
practiced mainly in the north-eastern states and Assam. It is also found in Bihar,
West Bengal and Orissa (Dhavalikar, 1962).

The Eri silk production in India is 1483 MTs (metric tons) per annum mainly with
90% from Northeast states. It provides gainful employment to the people with emphasis
on women folk in rural areas where poverty and unemployment is concentrated.

3.2.4.4 Muga

This golden yellow coloured silk is prerogative of India and the pride of Assam state. It
is obtained from semi-domesticated multivoltine silkworm, Antheraea assamensis.
These silkworms feed on the aromatic leaves of Som and Soalu plants and are reared
on trees similar to that of tasar. Muga culture is specific to the state of Assam and an
integral tradition and culture of that state. The Muga silk and high value product is
used in products like sarees, mekhalas, chaddars, etc. Fig. 3.6 shows the Muga silk
worm and the cocoons.

Figure 3.5 Eri silk worm and cocoons.



Silk — production and future trends 129

Figure 3.6 Muga silk worm and cocoons.

3.2.4.5 Anaphe silk

This silk of southern and central Africa is produced by silkworms of the genus
Anaphe: A. moloneyi druce, A. Panda Boisduval, A. reticulate walker, A. carteri
walsingham, A. venta butler and A. infracta walsingham. They spin cocoons in com-
munes, all enclosed by a thin layer of silk. The tribal people collect them from the
forest and spin the fluff into a raw silk that is soft and fairly lustrous. The silk obtained
from A. infracta is known locally as ‘book’, and those from A. moloneyi as ‘tissnian-
tsamia’ and ‘koko’. The fabric is elastic and stronger than that of mulberry silk. Ana-
phe silk is used in velvet and plush.

3.2.4.6 Fagara silk

Fagar is obtained from the giant silk moth Atfacus atlas L and a few other related
species or races inhabiting the Indo-Australian biographic region, China and the
Sudan. They spin light-brown cocoons nearly 6 cm long with peduncles of varying
lengths (2—10 cm).

3.2.4.7 Coan silk

The larvae of Pachypasa otus D, from the Mediterranean biographic region (southern
Italy, Greece, Romania, Turkey, etc.), feed primarily on trees such as pine, ash,
cypress, juniper and oak. They spin white cocoons measuring about 8.9 x 7.6 cm.
In ancient times this silk was used to make the crimson-dyed apparel worn by the
dignitaries of Rome; however, commercial production came to an end long ago
because of the limited output and the emergence of superior varieties of silk.

3.2.4.8 Mussel silk

Where the non-mulberry silks previously described are of insect origin, mussel silk is
obtained from a bivalve, Pinna squamosa, found in the shallow waters along the Italian
and Dalmatian shores of the Adriatic. The strong brown filament or byssus is combed
and then spun into a silk popularly known as ‘fish wool’. Its production is largely
confined to Taranto, Italy.
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3.2.4.9 Spider silk

Spider silk is another non-insect variety. It is soft and fine, but also strong and elastic.
The commercial production of this silk comes from certain madgascan species,
including Nephila madagascariensis, Miranda aurentia and Eperia. As the spinning
tubes (spinerules) are in the fourth and fifth abdominal part to a frame, from which
the accumulated fibre is reeled out four or five times a month.

Because of the high cost of production, spider silk is not used in the textile industry;
however, durability, resistance to extremes of temperature and humidity make it indis-
pensable for cross hairs in optical instruments (Jolly et al., 1979).

3.3 Silk industry

There are many steps involved in silk manufacturing

e Cultivation of Cocoons (Sericulture)
* Reeling Operations.
¢ Production of Silk Yarns and fabrics.

3.3.1 Sericulture

Sericulture is the cultivation of cocoons for their filaments. The best raw silk is
obtained from the species of moth called Bombyx mori. Breeding of silkworm occurs
once in a year but under scientific conditions, they may be hatched three times a year.
The female moth lays around 350 to 400 eggs and the moths die soon after. As they are
subject to hereditary infection, the eggs from infected moths are destroyed which
results into production of fine silk. Larvae of about 3 mm are hatched from the
eggs. For about 20—30 days, they are carefully nurtured and are fed five times a
day on chopped mulberry leaves. In the meantime, the larvae change their skin for
four times and are formed into caterpillar of about 9 cm long. Now they are ready
to spin cocoon for which racks, clusters of twigs or straw are provided.

3.3.1.1 Artificial feeding of silkworm larvae

One of the alternatives for improving larval feeding is enrichment of mulberry leaves
with different supplementary nutrients such as vitamins. Although the Mulberry
(Morus sp.) leaf is considered as the traditional food for silkworm, but now a day’s
many attempts has been made to establish artificial diet. The practical application of
artificial diets in sericulture which has enabled to save an enormous deal of labour
for the rearing and the rearing young healthy larvae has rapidly expanded. It has
been reported that after continued research, the substances involved in three step
feeding behaviour of Bombyx mori silkworm which are found in mulberry leaves as
attracting factor (Citral), biting factor (B-sitosterol, morin or isoquercitrin) and swal-
lowing factor (cellulose powder) and supplementary factors (potassium diphosphate,
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sucrose, inositol and silicasol) in agar-agar jelly pure form were prepared (Hamamura,
1959). In addition to the fresh leaf alcohol, the fresh leaf aldehyde also attracted
Bombyx mori silkworm (Wannabe, 1958).

Yamada and Kato (1966) worked on chlorogeninc acid, found in water soluble part
of mulberry leaves and Hamamura et al. (1966) worked on the role of polyphenolic
acid in growth of silkworm. According to Arai and Ito2, amino acid present in the
mulberry leaves protein was analyzed and mixture of the same was included in the
artificial diet in place of soybean powder.

Recently, two kinds of artificial diets have been used to simplify the process for the
manufacturing of the prepared diets from the dried diets. One is the ‘Pellet diet’, is
produced by using a twin-spindle extruder and can be fed to the silkworms by soaking
with a suitable amount of water just before use. Another one is namely “Yuneri diet’
can be fed to the silkworms by mixing with hot water at around 80°C without steaming
(Hiroshi and Hiro-aki, 1994).

The caterpillar have small openings under their jaws called spinnerets through
which they secret a protein like substance. This substance solidifies when it comes
in contact with air and the filament thus formed is spun around the silkworm in the
figure resembling the digit 8. In 3 days the cocoon gets completed which is about a
peanut shell’s size. The filament is held together by sericin or silk gum. The life of
the worm is ended by the process of ‘stoving’ or ‘stifling’” in which the cocoons are
heated. Some of the cocoons are preserved so that the pupa or chrysalis inside them
develops into moths for further breeding.

3.3.2 Reeling Operations

The raw silk is unwound from cocoons and is collected into skeins in the factories
known as filature. Here the cocoons are sorted based on their colour, size, shape
and texture. Then they are immersed in hot and cold water to soften the sericin so
that filament could be unwound into one continuous thread. The whole of the sericin
is not removed at this stage as it protects the delicate filament in further operations.
‘Reeling’ is the process of unwinding the filament from the cocoon. Three to 10
filaments are together reeled for producing the desired diameter of raw silk thread.

3.3.2.1 Production of silk yarns

The reeled silk is formed into silk yarn or silk thread through the process called
‘Throwing’. The spinning process of other natural fibres is corresponds to it. The
raw silk skeins are sorted according to their colour, size, and quantity and washed
in warm water with soap or oil for softening the sericin. After drying the skeins,
they are placed on reels from where the silk is wound on bobbins. During winding,
the silk strands are given desired amount of twist. The strands may be doubled and
then given twist in similar or opposite directions. To get equal diameter throughout
the length, the yarn is run through rollers. Many kinds of silk yarns are manufactured
by giving different amount of twists. Still remaining sericin is removed from silk yarn
by the process of ‘Degumming’ in which the yarn is washed with soap and water for
bringing out its natural shine and the soft feel.
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3.4 Post-cocoon technology

3.4.1 Stages in silk filament production
3.4.1.1 Cocoon sorting

Cocoon sorting is a process of sorting out defective cocoons from a lot of good
cocoons. The process also includes segregating cocoons according to their size. The
defective cocoons can be classified as:

(a) Double cocoons

(b) Pierced cocoons

(¢) Urinated cocoons

(d) Flimsy cocoons

(e) Pointed or constricted cocoons
(f) Mould attacked cocoons

(g) Immature cocoons

The process of sorting according to the size is carried with a special equipment
known as riddling machine. The segregation of uniform sized cocoons is extremely
important since size has influence on cooking and reeling properties.

3.4.1.2 Cocoon stifling

The main purpose of stifling is to kill the pupa inside the cocoon so as to avoid its
emergence as a moth and thereby preserving the continuity of the filament. In addition,
this operation enables the cocoons to get dried so that the cocoon can be stored for a
long period. Cocoon stifling is generally done by the following methods:

(a) Sun drying: In this method the pupa is killed by prolonged exposure (2—3 days depending
upon the intensity of sun light) of freshly harvested cocoons to hot sun. The disadvantage of
this process is that, continuous exposure to sun hardens the cocoon shell and thereby affects
the reelability.

(b) Steam stifling: In this process the pupa in the cocoon is killed by exposing the fresh cocoons
to the action of steam for a short time of about 25 min. The process can be done by either
basket steaming or chamber steaming.

(¢) Hot air drying: The best way to kill pupa is to use hot air. This method is highly useful for
good quality cocoons such as bivoltine varieties and facilitates complete driage of cocoons
and easy storing.

Other methods of killing the pupa include the use of infrared rays, cold air killing,
use of poisonous gases, etc.

3.4.1.3 Cocoon cooking

The object of cocoon cooking is to soften the sericin so that the cocoon shell is loos-
ened enabling the filament unwind smoothly during reeling. Different methods of
cooking are adapted such as open pan cooking, three-pan cooking, pressurized cook-
ing, conveyor cooking, etc.



Silk — production and future trends 133

3.5 Silk reeling technology

Silk reeling is the process by which a number of cocoon baves are reeled together to
produce a single thread. This is achieved by unwinding filaments collectively from a
group of cooked cocoons at one end in a warm water bath and winding the resultant
thread onto a fast moving reel. Raw silk reeling may be classified by direct reeling
method on a standard sized reel, indirect method of reeling on small reels, and the trans-
fer of reeled silk from small reels onto standard sized reels on a re-reeling machine. The
last technique is primarily applied in modern silk reeling processes. Reeling of mulberry
cocoons is much more organized in the industry as compared to non-mulberry silk reel-
ing (Sonwalker, 1993). Seri-culturally advanced countries like China have adapted very
sophisticated reeling processes with fully automatic reeling machines.

3.5.1 Types of silk reeling machines
3.5.1.1 Country charka

This is a traditional type of reeling machine with crude way of unwinding the filaments
from the cocoons. The silk produced from this machine mainly is utilized in the hand-
loom sectors wherein the cost factor of the raw material has to be kept low to enable the
rate of the finished product saleable. In addition, the establishment of charka unit does
not need any big investment or special skill. This enables charka silk to be sold at a
minimum price which is very much wanted by the handloom industry. Also, inferior
quality multivoltine and defective cocoons available at lower prices can be reeled more
economically on charka than on cottage basin or multi-end basins.

The charka reeling system is an Italian version or floating system of reeling. This
version of reeling will improve the reelability of inferior and defective cocoons without
considering the quality of silk. Charka (Fig. 3.7), which is a simple device, consists of
a large cooking cum reeling pan where boiling water is kept. The cocoons are cooked
in it and filaments collected in a bunch after brushing are passed through a hole on an
ordinary thread guide device. Later, the thread is crossed with another co-thread for

Figure 3.7. Country charka.
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forming a chambon-type croissure in order to agglutinate the filaments and remove the
water from body of the thread. Then it is passed through a distributor before it is wound
on to a large wooden reel. Four threads are maintained in this device. One person ro-
tates the reel by hand and another person sitting near the cooking pan manipulates the
cocoon cooking and reeling.

Charka silk is generally coarse and suffers from many defects since no improved
devices such as button/slub catcher and standard croissure system in reeling are
used. Charka silk is not re-reeled. Production of silk per charka per day is about a
kilogram with coarse denier.

3.5.1.2 Cottage basin

This reeling device (Fig. 3.8) is an improved version over charka and it is designed on
the principle of Japanese multi-end reeling machine. Here, cocoon cooking is done
separately in a boiling water basin and reeling is done in a hot water basin. Each basin
has six ends and each thread is first passed through a button to clean the slubs, waste,
etc. Later on, it is independently passed through a travellette-type croissure, which is
more efficient than that in charka. After the croissure, the thread passes through a
traverse guide and finally on to a small reel.

Since re-reeling is done to prepare standard sized hanks from small reels, the quality
of silk produced on this machine is superior to charka silk. Production of silk per day per
basin is about 800 g. Superior quality cocoons like bivoltine can be reeled on this device.

3.5.1.3 Multi-end basin

This reeling device is a further improved version over the cottage basin and it is power
driven. In multi-end basins, there are some additional attachments such as Jetteboute
which picks up the filaments to increase the efficiency of feeding. The distribution
system is further improved and individual brake motion for each reel is also provided
so that the overall working efficiency of the basin is enhanced. Normally each basin
consists of 10 ends.

| iﬂ“ i

Figure 3.8. Cottage basin.
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Figure 3.9 Multi-end silk reeling machine.

In principle, the multi-end reeling machine (Fig. 3.9) is supposed to be a modern
reeling device and it is possible to use superior quality cocoons like bivoltines on these
machines with better performance. Raw silk production per day per basin is varying
from 600 to 800 g in the above machines and quality of silk is superior compared to
that of cottage basin/domestic basin.

3.5.1.4 Automatic reeling

The automatic reeling technique has as its components pressurized cocoon boiling
machine, automatic cocoon feeder and a mechanical brushing unit. In addition, it is
equipped with automatic denier control device, wherein human error in maintaining
the uniformity of denier is avoided to a large extent and thereby ensuring minimum
size deviation. Automatic reeling is the improved version over the multi-end reeling
method designed and extensively used in Japan for reeling univoltine and bivoltine
cocoons. It is a Japanese version or sunken system, which is suitable for better quality
cocoons in producing quality raw silk.

In automatic reeling machine (Fig. 3.10), the collective cocoon filaments are
initially drawn through Jetteboute, slub catcher or button on to the top croissure pulley,
guide pulley, indicator device, lower croissure pulley, croissure guide pulley, tension
pulley, brake lever and finally on to the reel, through the ring attached to the traveller
bar. Automatic reeling technique is generally suitable only for bivoltine cocoons and is
not commercially viable for multivoltine hybrid cocoons (Sonwalker and Krishnas-
wami, 1980).
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L

Figure 3.10. Automatic silk reeling machine.

3.6 Silk fabric manufacture

Silk seems to have played an important role in the development of loom and weaving
technology. Traces of primitive looms and woven fabrics are found in excavations in
Egypt, China, India and Peru, but these tribal two-bar bamboo devices including later
improved shaft looms — horizontal and vertical — were suitable only for plain or
simple patterned coarse weaving or for carpets, tapestry or floor coverings. The silk
weavers of China innovated the use of heddle and draw loom, a revolutionary devel-
opment over traditional primitive loom. India invented a foot treadle for silk weaving,
a technical innovation over the ancient loom (Datta and Nanavaty, 2005).

Specialization is necessary for the silk weaving to achieve the required standards of
fabrics commercially. Because of the high denier variation in the yarn, it would be
better to mix up using box looms.

1. Use of dobby is the minimum requirement in silk weaving.

2. Use of under pick looms for silk weaving provides gentle weaving conditions and permit
mixing up of weft by the use of box mechanism.

3. The distance between reed and the backrest is suggested.

4. Abrasion free surface on race board, smooth shuttle surface, rubber covered and porcelain
eyes set in heald wires should be used.

In order to manufacture quality fabric and with widths that are acceptable in the
international markets, it is desirable that looms for silk weaving are standardized. A
standard silk loom should be of under pick type with box mechanism with metallic
reed, dobby or jacquard, highly polished rotating type back rest with warp and weft
motions. Shuttle looms can be efficient to weave silk fabrics. Quality warp and weft
meets the requirements of high speed machine. The number of knots, cleanness and
cohesion are also important.
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In recent years, silk weaving has seen drastic changes both in the use of sophisti-
cated looms and weaving technology. Today silk fabrics are being successfully woven
on most modern shuttleless looms such as Rapier and Air jet with electronic Jaquard
and Dobby attachments for producing intricate designs. Despite such developed
weaving technology, sophisticated silk brocades and other intricate silks can be
produced only on traditional hand looms which even today are operated by master
weavers in China, India and other ancient silk weaving countries.

3.6.1 Stages in the silk fabric manufacture

The flow chart representing the stages in the manufacture of silk fabric is shown in
Fig. 3.11.

Raw silk

Twisting

Steaming

Doubling

l Degumming & dyeing |

+ ¥
| Drawing-in & denting l Pirn winding
¥

Loom finished or grey fabric |

[

Figure 3.11 Process flow chart for silk fabric manufacture.
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3.6.1.1 Soaking of silk

The raw silk hanks meant for weaving are first subjected to soaking process before
taking it up for further processing. The main objects of soaking are

1. To soften and slacken the gum.
2. To lubricate the thread and make it more pliable.

The materials used for soaking are soap, oil, water and sometimes salt. Soap is used
to soften; oil is to lubricate the thread. Water used for soaking should be neutral and
soft. Borax is the popular solvent used for the purpose of soaking.

Conditions: Duration — 12—14 h.

Temperature is around 40°C

The following recipe is recommended for soaking:

Soap: 3%

Oil: 4%

Water: 1: 9.

Borax: Very small quantity.

3.6.1.2 Winding

Winding is the process of putting the raw silk in the form of hanks on to the bobbins.
Hard gum spots, loose ends, defective knots are removed in the winding operation.
Double flanged bobbins are used in winding machine. It consists of 50—100 bobbin
units. Winding should be carried out at 65% 4+ 2% RH. Production per day per
drum is nearly 100—150 g.

3.6.1.3 Doubling

Doubling is the process whereby two or more threads from the winding bobbins placed
paralleled and wound on to bobbins in order to facilitate twisting together of these
yarns. Doubling reduces the irregularities in the yarn improve the strength by over-
coming the weak spots.

The doubling machine is more or less like winding machine. Winding bobbins are
placed on the creel and the yarn from these bobbins are passed through an individual
thread stop motion device, tensioner and thread guide and on to the double flanged
bobbin which is mounted horizontally. The doubling tension should be in the range
of 0.2—0.3 g/denier. Cover factor of fabric is better for doubled yarns. Doubling takes
place in 2, 3, 4 ply or more. Machine capacity is 50—100 bobbins and double sided.
Production capacity is 2—4 times that of winding machine.

3.6.1.4 Twisting

Silk is rarely used directly for weaving. It undergoes the process of twisting and the
twisting depends upon the type of fabric being produced. The twisting machines
used for silk are uptwisters. The doubling bobbins are placed on spindles vertically
which are rotating at very high speeds of about 8000 to 10,000 rpm. The twist applied
to the thread depends upon the relation between the speed of rotation of the spindle and
the winding speed of the take up roller.
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TPM — Spindle speed (RPM)
~ Front roller speed (MPM)

Twisting affects the brilliancy of a thread. As the twist increases, the lustre of the
thread decreases and the thread becomes opaque.

Twisting machine has normally two or three rows of spindles in order to save the
spacing. Silk twisting machines are normally double sided. Twist in the silk yarn
depends upon the end use of the fabric. Yarns like crepes and georgettes require
high rate of twisting. The production of twisting machine/spindle/day is about
25—30 g for 2 ply (20/22 d) yarns.

Types of twisted yarn:

Poil: A silk yarn formed by twisting raw silk. The twist may be very slight or exceed 3000/
mtr.

Tram: A silk yarn formed by doubling two or more silk threads and then twisting them
slightly, generally to 80 to 150 TPM.

Crepe: Silk yarn made by doubling several raw silk threads and twisting them to very high
levels in the range of 2000—4000 TPM.

Organzine: A silk yarn formed by doubling two or more yarn and twisting them in the oppo-
site direction to that of the twist of the individual ends.

Grenadine: A silk thread formed by doubling two or more ends of poil, and then twisting
them in a direction opposite to that of the individual poil ends. Grenadine is 3—4 times
more tightly twisted.

Cordonnet: A thick silk thread obtained by doubling and throwing several tram ends in the
direction opposite to the twist of the individual tram ends.

Steaming: The twisted yarn has to be subjected to steaming in an autoclave. The steaming
process serves to fix the twist given to a thread. The steam makes the thread more ductile. The
duration of steaming depends on the depth of the layers of thread on the bobbins and the twist
level of the thread. Ten minutes is usually sufficient for organzines while more highly twisted
crepes require considerably more time around 2 h.

3.6.1.5 Warping

Warping is the process of collecting individual ends from the creel and transfer on to a
beam. Depending on the density of warp ends and the width of the fabric, the number
of ends required for the fabric is divided and accordingly the number of sections
required for the given sort is decided.

Three different methods of warping i.e. Sectional, Beam and Ball warping are in prac-
tice. But sectional warping is more preferred for silk warp because of fine denier and
higher number of ends required. Ball warping is in vogue in hand loom weaving sector.

3.6.1.6 Pirn winding

Pirn winding is necessary to prepare weft yarn. Generally the pirns used for power
loom are larger and the yarn content will also be more. Pirn winding machine may
be automatic or non-automatic. The handloom pirns are smaller size and thus hand
operated charkha is used for preparing the pirns.
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3.7 Spun silk production

In all the selectors of the silk industry mainly silk worm rearing, reeling, twisting and
weaving certain amount of waste is generated. Different types of material wastes are
generated during the production of silk goods. An average of (Sonwalker, 1993)
35% of silk waste on the weight of raw silk reeling is being produced in the reeling
industry both from mulberry and non-mulberry sector.

3.7.1 Stages in spun silk manufacture
3.7.1.1 Classification of waste

During the process of mulberry silk reeling the different qualities of mulberry silk
obtained as bye-products are (Sonwalker, 1993)

1. Waste from cocoons: Floss, Spelaia (Italian), discarded cocoons, pierced cocoons, double,
stained cocoons, etc.

2. Reeling waste: Cooker’s waste, reelers waste, Basin reuse or boiling off waste.

3. Thread waste: Re-reeling, winding or throwster’s waste, weaving waste (Hard waste).

The silk waste is normally collected by the trading agencies from silk filatures and
supplied to spun silk manufacturing units. A spun silk mill can be broadly divided into
five main divisions, namely,

Degumming

Dressing and combing
Preparatory

Spinning

Finishing

e

3.7.1.2 Degumming of waste silk

The purpose is to eliminate sericin to prepare the fibres for subsequent mechanical
process. There are two methods.

1. Soap and soda boil method
2. Enzymatic degumming

Soap and soda boil method
It involves treating different qualities of waste silk with slightly alkaline soap solution
at boil for about 1 h. The liquor is heated by steam coils from the bottom. The material
is worked either manually or mechanically in the vat where liquor ratio is about 1:30,
25% soda is prepared and the material is worked for 45 min and the liquor is
discharged out. A second boil is given with 25% of soap solution and washed twice
in the same vat.

The degummed material is hydro extracted in order to squeeze out water. After
squeezing, the material is dried in open air during summer and heated in closed cham-
bers during winter.
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3.7.1.3 Dressing or combing

Degummed waste is processed in the ‘opening’ machine; I order to transform the
material from a tangled mass of fibre into a ribbon in which the filaments will be
more or less parallel. This is done on a machine known as opener. The opener has
two feeding rollers of small diameter armed with small metallic points and another
drum with larger diameter. The material is fed to the roller on a belt and passed by
them to the teeth of the rotating drum. The fibres deposited on the drum are more or
less parallel and removed when it reaches certain weight.

The drum of the combing frame or circular dressing frame has a diameter of 1.7 m
and turns slowly. The combing mechanism consists of two rollers, studded with
metallic points as wide as the drum, but of much smaller diameter, one at each side
of the lower part of the drum and turning in opposite directions, so that the material
is combed first in one direction and then in the other.

3.7.1.4 Preparatory

After the dressing process, the first preparatory state is the cleaning of slivers. They are
inspected by transparency on a glass panel, defects being corrected and remaining
foreign matter removed by hand.

Spreader

The spreader first simply couples the slivers, and then gradually draws out the ribbon
until it is of regular size. The degree of stretching by the spreader is from is 1:6 to 1:12
(draft) according to the quality of the material. The ribbon is gathered on the surface of
a large drum and then proceeds to a whole series of drawing operations.

Drafting principle

Material is fed into a back set of rollers and delivered from the front set of rollers. Rate
of delivery always is faster than the rate of feed. Suppose front roller delivery (surface
speed) is 10 times the surface speed of back rollers, then the draft would be 10. If the
fibres are fine and long, the drafting is easier and hence higher drafts can be employed
as compared to short and coarse fibres.

Drawing

This series of preparatory drawing operation takes the ribbon or sliver through six
different drawing machines in each of which, it is submitted to extension, varying
from 1:6 to 1:10.

Roving

Here, the preparatory stages are concluded with a final extension of about 1:8. The
completed yarn or roving, which the final operation has also been given a slight twist,
is now ready to be spun on the ring spindle machine.
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Twist

As the drafted material from roving stage becomes finer and finer, there will be few
number of fibres in the cross-section and also the fibres are parallelized. In order to
bind the fibres to give sufficient amount of strength to the material, twist is necessary.
Twist in the yarn increases the strength to a certain extent. So, for selecting the appro-
priate amount of twist for a particular material, there are twist constants,

TPI = Twist factor X+ Count

Spindle speed (RPM)
Front roller delivery in inches

Also, TPI =

Production/spindle for 8 h. (g)

F.R.D in inches x 60 x 8 x 453.6
36 x 840 x Cotton English count

3.7.1.5 Spinning

Ring Frame: The ring spindle has a spindle surrounded by a teel wheel which rotates a
small metal ring attached to it. The spindle rotates at a speed of about 6000—7000 rpm.
The yarn is drafted to an extent of 1:15 or 1:30 (drafting) as it passes through the small
ring (traveller), which is also rotating swiftly.

Principle of Spinning:
In ring spinning, all three operations i.e. drafting, twisting and winding take place
simultaneously.
Drafting — Takes place by means of a set of rollers which are called drafting rollers.
Twisting — Takes place due to the difference in speed of spindle or traveller and the
front roller delivery.
Winding — Takes place due to the traveller which slightly lags behind the spindle
speed, as there is a yarn drag.

3.7.1.6 Finishing
Doubling

Two are more threads will be combined to make weaving thread or sewing thread
respectively. After doubling, the second twist is given on the throwing machine, the
number of turns varying with the desired property of the thread.

Gassing

The twisted yarn is next passed on to the cleaning and gassing frame in which the yarn
is made to pass through a burning gas flame in great friction which is obtained by the
yarn being wound round a number of runners, both before and after the flame, thus
making the yarn repeatedly pass through the flame. The thread will be passed at a
speed of 500—600 mpm. The friction given by the runners further helps to eliminate
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any weak portion in the thread and also neps and other impurities and the flame helps
to burn away the loose hairy protruding fibres and small neps and imparts a gloss to the
silk. The adhering burnt particles are removed from the thread by passing the singed
thread between rotating steel rollers, the process being termed as cleaning. These
gassing and cleaning operations are performed by a single machine.

Reeling

The gassed yarn is then reeled on reeling frames (straight reel or cross reel) to transfer
it into hank form. The hanks are then dressed and folded and packed in bundles which
are then press packed in bundles and into bales ready for the market. The usual count
(Metric) of the yarn spun in Indian spun silk mills are 60s, 140s and 210s (two fold).

3.8 Future trends in natural silk production

Silk is considered as one of the finest natural fibres in the world. This beautiful fibre
exhibits excellent properties such as enormous tensile strength, extensibility combined
with very good comfort and dyeing behaviour. The fibre cannot be ignored in the
global context as it is the only natural fibre available in continuous filament form. It
is synonymous with luxury, beauty, sensuality and elegance. Its qualities are unrivalled
by any other fibre. It is light but strong, smooth, soft and versatile and as a natural fibre
it ‘breathes’ and is more comfortable to the skin. Silk, which used to be perceived as a
luxury fibre worn only by the rich, but in the early 1990s silk became ‘democratized’
with the rising popularity of machine washable sandwashed silks.

Silk accounts for less than 1% of the world fibre market by volume but its impor-
tance in value terms is several times greater. Exports of silk goods from major silk
producing countries like China have exceeded more than US$3 billion in recent years.
The United States has been a major importer of silk from China and India. India being
the second largest producer of silk has a major potential in improving its production
capacity. Product Development and Diversification for exclusive silk goods has
been a pressing need of the Indian Silk Industry. In the emerging silk scenario where
India is consolidating its position as the second largest silk producer in terms of quality
as well as quantity, diversification of products to address market needs is critically
important. Indian silk industry has certain inherent strength that need to be projected
in the right perspective and at the same time harnessed effectively. Export market base
needs to be widened and the range of products has to be broad based. At the same time
quality products should meet the customer’s expectations.

The domestic market for silk is quite substantial. Product diversification into casual
wear and alternate end uses and focus on bringing the growing upper middle-income
group in addition to the high-income group into the fold of silk products would lead to
greater value addition in domestic silk production.

Growing market awareness has been evidenced in the recent years for the
non-mulberry or so called ‘Vanya’ silk products especially Tasar and Eri silk in the
domestic markets of China and India. Product development and diversification in
Tasar, Eri and Muga has been almost a virgin area in India. Importance of new designs,
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motifs and products has of late been recognized in Vanya sector and thrust is being
given to product development, which will not only contribute in diversification of
the product but also enlarge the market share. Nevertheless Mulberry silk which con-
stitutes the bulk of the silk production in India and China is also being targeted for a
higher clientele and product range.

The future of silk through 21st century seems quite bright. Though consumption is
likely to rise despite its high prices, the question mark is whether the silk production
will keep pace with the shooting demand. Japan is foremost in silk consumption;
Chinese enjoying high standard of living are also boosting demand for silk within the
country and almost 85% of rising silk production in India is consumed within the coun-
try and has to import more than 5000 MT every year to meet shortfall in demand. The
ecology factor is pushing demand for silk in Europe and the United States.

3.9 Sources of further information and advice

Recommended text books are mentioned in the references. The periodicals such as
Indian Silk, Indian Journal of Sericulture, Sericolgia can be referred for information
on Indian sericulture, silk technology and other related topics. Text book on Handbook
of Natural Fibres Ist Edition published by Woodhead Publishing (2012) can be referred
for various aspects of silk and other natural fibres. Occasional articles are found in
Journal of Applied Polymer Science, Journal of Textile Institute, Textile Research
Journal and Indian Journal of Fibre and Textile Research, Journal of Natural Fibres
(Taylor and Francis Group). Additional information on seri-cultural aspects of silk,
silk fabric manufacture, dyeing, printing and processing aspects are available online
on www.indiansilk.kar.nic.in, www.fao.org.
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The use of flax and hemp for
textile applications
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4.1 Introduction

The dominance of natural fibres in the textile industry came to an end at the beginning
of the 20th century, in the 1920s. By the end of the 1990s only about 50% of world
textile production originated from natural raw materials. In the 1960 and 1970s, a
time of fascination with chemical fibres, the advantages of natural fibres were deni-
grated. Today, we can observe a reversed trend: the importance of natural fibres is
being recognized once again and modern man-made fibres emulate the properties of
natural ones. Due to properties connected with their microstructures, natural fibres
meet the high requirements for everyday comfort and leisure apparel. Nowadays, a
balance of coexistence and competition between natural and man-made fibres is
maintained.

The largest sector of the global apparel market is casual leisurewear. The sportswear
sector is growing the fastest; its global apparel expenditure increased from 7% in 1996
to 13% by 2010 (Muzyczek, 2000).

Quality is among the most important attributes in selecting a garment for purchase;
nine out of ten consumers say that knowing the quality of a garment is one of the most
important considerations. It is worth mentioning that consumers worldwide closely asso-
ciate quality with content. Like US consumers, the majority of global consumers (52%)
regarded natural fibres as being of higher quality than synthetic ones (Ulrich, 2007).

Natural fibres cannot be replaced by synthetic fibres due to their intrinsic biodegrad-
able and wear comfort properties. Renewed enthusiasm for natural fibres is likely to
increase their presence in the marketplace. It is predicted that natural fibres will mostly
be used in the production of underwear and other apparel worn close to the body,
especially for higher level products, while man-made fibres will find different applica-
tions. Blends will be of particular importance, including so-called composites, and new
fabric and apparel designs, such as multi-layer fabrics. These will have man-made
outer layers, while natural fibres will make up the inner layers, which are in contact
with the skin. This will hide some unfavourable features of man-made fibres while
fully utilizing the advantages of natural fibres.

Among the most important advantages of natural fibres are

* air permeability,
* hygroscopicity,
¢ no emission of harmful substances,

Handbook of Natural Fibres. https://doi.org/10.1016/B978-0-12-818782-1.00004-3
Copyright © 2020 Elsevier Ltd. All rights reserved.


https://doi.org/10.1016/B978-0-12-818782-1.00004-3

148 Handbook of Natural Fibres

* no allergenic effect (except wool),

* o electrostatic charge accumulation (except wool),
* biodegradability,

* renewability,

* in some cases, medicinal properties.

Cotton, wool, flax and silk are the main natural fibres used in the clothing industry.
Cotton holds the main share; approximately 80%, while the remaining 20% encom-
passes fibres such as jute, wool, flax, silk, ramie, hemp, sisal and kenaf. But the poten-
tial for further growth in cotton production is limited.

Climate change is one of the major concerns of 21st century. Tremendous efforts
are being made to tackle the climate change issue of the globe. Many stakeholders
are therefore optimistic about the market for fibres from crops such as flax and hemp.

In contrast to the refined, lightweight sophistication of man-made products, there is
new emphasis on natural fibres because as is known, flax and hemp fibres are green by
nature. But, as a 100% renewable raw material, these sustainable fibres are also
perfectly recyclable, biodegradable and compostable.

4.2 Types of flax used for textile applications

Flax, which is one of nature’s strongest vegetable fibres, was also one of the first to be
extracted, spun and woven into textiles. Linen fabrics are valued both by designers and
users for their smoothness, silky gloss, durability, comfort, and easily recognizable,
specific appearance that denotes their natural origins. The secret of the happy and
enduring alliance is linen’s great capacity to absorb — a hollow fibre, it holds dyes
wonderfully, a perfect affinity to inspire designers. Even after a long pre-washing,
flax fibres remain sturdy and are unrivalled in softness and suppleness.

Using the proper fibre, suitable for final use of the textile product, as well as using
selected technological process determines properties of the ready-made product.

4.2.1 A review of the types of flax used in the production
of textiles

Industrial processing of fibres, especially for textiles, demands homogeneous and high
quality raw material. The expectations regarding flax and hemp quality depend on the
final destination of the fibres.

At the INF&MP the quality parameters were elaborated for the following raw
materials:

* Long flax for hackled yarns.

* Short flax for carded yarns.

*  Wool-like homomorphic flax for blended yarns.
» Cotton-like flax for blended yarns

* Green decorticated flax.
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4.2.1.1 Long flax fibre for hackled yarns

Scutched long flax is subjected to a hackling process. During this process the fibre is
divided into long hackled and short — machine noils (Table 4.1).

Hackled long flax is for traditional flax and is a wet or dry spinning system for yarn
production. The wet spinning system with boiling is used in producing thinner worsted
yarns, while the dry spinning system yields yarns of higher linear density. For
example, the Linificio company offers linen and hemp yarns. These raw yarns are
the classical wet long and short staple linen, semi-wet long or mixed with tows linen,
bleached or natural, available from 3.5 to 90 Nm.

4.2.1.2 Short flax for carded yarns

Short flax, scutching noils and matted tow are processed in carding wet (including
boiled and bleached roving) and dry spinning systems. The linear density of carded
yarn results from the grade and spinning system applied (Table 4.2).

Flax homomorphic wool-like fibre for blended yarns.

The main raw material for producing flax homomorphic wool-like fibre is flax
dew-retted homomorphic fibre, which is obtained from processing dew-retted straw.

Short flax dew-retted noils can be substituted for the above; these are obtained
through mechanical hackling of long flax dew-retted fibre.

Flax wool-like fibre should meet the following quality parameters:

» average length of fibres should be about 60—90 mm,

* linear density maximum should be 2.3 tex,

* impurities content should be no more than 0.4%,

* maximum length of fibresfibres should be 130 mm, with a long-fibre content not higher than
5%,

» average thickness of fibres should be 40—50 pm.

Table 4.1 Parameters of flax scutched and hackled fibres.

Raw material Length (mm) Thinness (tex)
Flax long scutched 300—1400 4.0—6.0
Flax hackled scutched 350—700 1.4-33

Heller, K., The team of INF&MP, 2010. Non-food Crops-To-Industry Schemes in EU27, Progress Report of Project Crops2
Industry.

Table 4.2 Parameters of flax tow.

Raw material Length (mm) Thinness (tex)
Scutched tow 80—140 3.5-5.5
Matted tow 140—250 4.5—6.5

Heller, K., The team of INF&MP, 2010. Non-food Crops-To-Industry Schemes in EU27, Progress Report of Project Crops2
Industry.
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4.2.1.3 Flax cotton-like fibre for blended yarns

The types of fibre mentioned above should be mechanically or chemically processed to
meet the technological requirements of cotton-like fibre. When manufacturing cotton-
ized fibre from flax fibre, the homogeneity and quality of the product in terms of its
length, linear density and impurities content, are important.

So-called cottonization can be conducted by chemical means, by enzymatic
methods, by using ultrasound, or by the steam explosion method.

4.2.1.4 Green decorticated fibre

Raw material obtained from the following sources can be used to produce decorticated
fibre:

» oil flax, the straw of which contains low quality fibre;
» fibrous flax plantations, which produce fibre unsuitable for processing into yarn, namely:
— heavily weeded plantations,
— seed plantations,
— plantations infected with diseases,
— plantations yielding short and insufficiently retted straw.

Because of its length (over 15 cm) and chemical composition, green decorticated
fibre is a good material for producing long fibrous pulp, which is used for
manufacturing high quality paper and as fillers in composite materials.

4.2.2 The technical properties of flax fibres

Moisture absorption is very high. Flax fibre, like cotton, is mainly a lignocellulosic
polymer, but its structure is more crystalline, making it stronger, crisper and stiffer
to handle, and more easily wrinkled. It absorbs and releases water quickly, making
linen comfortable to wear in hot weather.

Linen swells considerably when wet and is very absorbent. At a relative humidity of
65%, moisture absorption is around 8%—10%. At 100% relative humidity, absorption
is approximately 20% but the fabric does not feel moist. Due to the fibres’ constant
humidity, the electrostatic charge is very low. This principle was confirmed by
research results from the INF&MP (Figs. 4.1 and 4.2). (Zimniewska et al., 2004a,
2004b).

Heat retention is low. Linen conducts heat well. Pectin present in the fibres creates a
smooth surface, and strong cohesion between the ligaments within a bundle, without
capturing any air bubbles. This results in the low heat retention and ‘cool’ feel that are
very much characteristics of linen. If the fabric density is low, the air permeability is
also very low. For these reasons, linen is used predominately for summer clothing,
because it assists with the regulation of body heat. Linen has the lowest stretchability
and elasticity of all spinnable textile raw materials: 1.5%—3% stretch at break.
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Figure 4.1 Hygroscopicity of linen, polyester and blended fabrics in different humidity

conditions; 1. at 65% relative humidity of air, 2. at 100% relative humidity of air (Polish
Standard PN-80/P-04635) (Zimniewska et al., 2004a).

This makes the processing of flax more difficult, but is an advantage when
manufacturing belts, straps, cords and threads. Other characteristics include:

Tensile strength. Dry: approximately 27—73 cN/tex with long flax. Approximately 18—35
cN/tex with tow yarns. Wet: approximately 130%—140% of tear test dry. During the produc-
tion of linen yarns and threads, advantage is taken of the high tensile strength of flax fibres.
Compared to cotton, flax fibres have a high crystalline proportion, and their resistance to

chaffing is low.

Resistance to creasing: very low, therefore prone to wrinkling. Due to the low elasticity of
linen (fabrics do not deform), its resistance to creasing is also very low (in dry and wet
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conditions). This can be reduced through processing, finishing and blending with other types
of fibres.

Temperature/ironing: max. 120°C. Linen can be washed, even at elevated temperatures.
Linen aids restful sleep. Research has shown that people sleeping on linen bedding had a
high immunoglobulin-o. level and, because of this, they were sound sleepers and their
immune systems were stronger. (Kozlowski and Manys, 1999)

Linen sheets are the epitome of coolness and, due to the fabric’s temperature-
regulating properties, nothing matches the way they feel. Linen breathes, just like
skin. It feels as light as a feather on the body. In hot weather, it absorbs moisture
and excessive heat; in cool weather it retains body heat. Linen is healthy, and it is a
perfect pampering product (Bowerman, 2005). It is anti-static, anallergic, and can
help to soften and preserve the skin due to its natural pH balance.

The smoothness of linen fibres, together with the small hollows in their structure,
ensures that products made of linen are highly resistant to soiling and are bacteriostatic.

The sheen of linen depends on the type of applied retting and the extracting method.
Dew and water-retted flax has a pleasantly mild and natural sheen because the majority
of its fat and wax contents are retained during processing.

Products made of flax fibre offer efficient protection from ultraviolet (UV) radia-
tion, due to the lignin content of its chemical composition. It is therefore especially
suitable for creating summer collections of clothes worn in warm climates.

4.2.3 The processing (spinning, weaving, knitting, etc.) of flax
and hemp fibres for textiles

The linen and hemp manufacturing process is complicated and requires great skill at
each stage of production.

Hemp and flax textile processing technologies are very similar, because the textile
properties of hemp are very close to those of flax. Without a deoxyribonucleic acid
(DNA) check, even the most experienced textile expert cannot tell the difference
between flax fabric and hemp fabric. The scheme of production from fibre to fabric
is presented below:

4.2.3.1 Fibre processing
The steps involved in fibre processing are

* softening/lubricating,

* hackling/carding/drawing,
* spinning,

* weaving,

* finishing/dyeing/bleaching.

Recent developments in finishing include softwash and aero finishes for a relaxed
look. New easy-care finishes cut down creasability, making the fabric fully washable
and tumble-dry friendly (Irish Linen Guild, 2010).
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4.2.3.2 Linen

Linen is manufactured as open-end and ring, single and twisted, wet and dry spun
boiled, bleached and dyed yarns on cones, bobbins and hanks, for knitting and
weaving applications, from flax and flax-rich blends.

4.2.3.3 Hemp
The most important advantages of hemp are: (Muzyczek and Kozlowski, 2004)

* high hygroscopicity and fast moisture transport;

* high heat absorption, allowing for adaptation in changing environmental conditions (The
porous nature of hemp allows the fabric to breathe making it cool in warm weather. The
same principal applies to cooler weather. Air trapped in the fibres is naturally warmed by
the body keeping you warm in the garment);

* its strength does not collect electrostatic charges, which is especially important when work-
ing with electronic devices;

 ability to protect against UV radiation (due to lignin content). Fabrics with at least 50% hemp
content block the sun’s UV rays more effectively than other fabrics;

» very high adsorbability to toxic gases, which is an advantage in household textiles;

e it is more mildew resistant than cotton, it is also naturally resistant to mould;

* is porous and absorbs well therefore when dyed it retains its vibrant colour;

* hemp fibre is strong and will hold its shape, stretching less than other natural fibre. This keeps
the garment from stretching out or distorting with use.

Hemp is, however, characterized by a number of unfavourable features for spin-
ning, such as

* thickness and low uniformity,
e stiffness,
* low elongation.

These features decrease the speed of spinning and make it more difficult. Points on
Spinning and weaving.

Hemp, like flax, will produce a finer yarn when wet spun, although hemp can be
both dry and wet spun. Linen spinning machinery can sometimes be adapted for
hemp. Today, high-speed, computer-controlled looms are operated under the watchful
eye of an experienced weaver, giving the industry an ideal mix of automation and skill.

A hackled hemp fibre of reasonable quality has a decitex count of approximately 40,
compared to 25 for flax.

Hemp yarn is currently produced in various weights, for example from 2.6 to 54
Nm. Fabric is available in a range of weights, with 270—540 gsm. Hemp fabric blends
with wool, cotton, silk or synthetics are also being produced (Riddlestone et al., 1996).

4.2.3.4 Cottonization of hemp fibres

Using specially developed machines and an array of degumming technologies,
Chinese scientists have successfully reduced the lignin content in hemp fibres from
8% to 10% to as little as 0.2%. As a result, it is possible to cottonize hemp fibre
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into fine, soft and workable textile fibres for cotton and wool systems, and for blending
with man-made fibres.

This technology is now being used in China’s first commercial-scale hemp process-
ing mill, in Xishuangbanna, Yunnan Province, which has the capacity to process
50,000 tonnes of hemp fibres a year. The fibres manufactured in Xishuangbanna are
mainly used in cotton-hemp blends (Zhang, 2008).

4.2.3.5 Hemp viscose fibre

Chinese scientists have also successfully made viscose fibres (both filament yarn and
staple fibres) from hemp core hurd (shive). Hemp rayon staple is ideal for cotton tex-
tiles. Hemp viscose fibre has excellent antibacterial properties, just like natural hemp.
This has been established in the laboratory of the Japanese company Asahi Kasei
(Zhang, 2008).

4.2.3.6 Knitting

In the past few years, European linen has made inroads into the knitting sector. Pure
linen, and minimum 50% linen mixes, abounds in the full gamut of styles, from casual
to city chic. Linen yarn intended for knitting has a lower twist than that intended for
weaving purposes. Knits are essential items in fashion today for both men and women.
Linen has carved out a significant market share, thanks to the efforts of flax spinners,
who produce smooth, fine yarn to meet the technical requirements of industrial
machinery. Circular and flatbed knitting produce high-end jerseys with a distinctive
handle and sheen. Their fluid drape gives the measure of their crease-resistance.

Like wovens, linen knits have all of the natural qualities of the fibre, plus they do
not wrinkle. Thanks to their easy-care qualities, they are ideal for travelling.

Flat or circular knits play up openworks, 3D effects or Jacquards for light materials
worn next to the skin. For example, the Petit Bateau Company (France) uses linen
knits, offering a collection of tops, T-shirts, tank tops and nightshirts in 100% linen,
also for children.

Similarly, lacemakers have rediscovered linen yarns, which can be used in creating
underwear.

4.2.4 Textile fibres for reasonable blends

Textiles nowadays are often made from blended yarns (with synthetic or other natural
yarns such as cotton, cashmere, viscose, silk, polyester, elastan and acrylic) to improve
wear comfort or appearance of the end product (gloss, elasticity, linen-silk, linen-
leather, linen jersey and coated, technical or quilted linens).

Innovative proposals for blends include linen/crépe silk, linen/silk, linen/lurex,
linen/bamboo, and linen/Tencel, developed in cooperation with Lenzing AG and
Hungaro Len Ktf (Kft, 2010; Kati, 2002). Blended yarns are produced on traditional
ring spinning systems, and are wet spun

* raw,
* pre-bleached on rove,
* pre-boiled on rove.
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The Modal or Tencel blended yarns, in comparison with 100% linen, are softer to
the touch, shinier, and have fewer thickness irregularities and neps. The elongation of
100% linen yarn is less than 2%, but blends have a higher elongation, and so a better
weaving performance is expected.

* Linen yarns are used as plain colours and are resin-treated.
* Linen fabrics can be resin or metallic coated, printed, or dyed.

4.3 Applications and examples

Textile applications of linen are shown in Fig. 4.3, while Fig. 4.4 shows world
consumption by geographical region. The main consumers of textile linen products
are the United States and west European countries.

According to information provided by CECLlinen textile consumption in Europe
is <1% of textile fibres consumed worldwide (http://www.mastersoflinen).

Technical
Upholstery uses
fabrics 12%
9%
Interior
textiles
18% Clothing

61%

Figure 4.3 Textile linen area of application (http://www.mastersoflinen).
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China; 7,9%
Egypt; 0,8%
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Figure 4.4 World linen consumption in 2007 (http:/www.mastersoflinen).
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4.3.1 Textile products end uses containing flax and hemp

Fine and regular long flax fibres can be spun into yarns for linen textiles. More than
60% of linen goes to clothing manufacturers, who value its exceptional coolness in
hot weather. The legendary linen suit is a symbol of breezy summer elegance.

Because linen is natural, healthy, fresh and protective, it plays a leading role in the
fashion scene, both traditional and modern. Since clothing trends are mainly based on
comfort, leisure and relaxation, linen plays a decisive part today. Linen lets skin breathe
freely and quickly absorbs perspiration. Bedclothes made of pure linen provide the best
sleeping comfort, and have healthy and curative properties. Linen has also taken on a
leading role in the knitwear sector, thanks to new technology (Kozlowski et al., 2009).

Linen fabric maintains a strong traditional niche among high quality household
textiles, including bed linen, furnishing fabrics and interior decoration accessories.
Linen also has a wide variety of applications in interiors, from upholstery fabrics to
curtains. Its natural qualities make it suitable for wall coverings: linen does not slacken
whatever the humidity or temperature of the room. Its colours are fast to sun or artifi-
cial light. Linen is resistant to shocks and scratches. Because it is natural, it does not
catch dust. A linen wall covering provides good thermal and sound insulation (Athane,
2009) and is safer in fire conditions than man-made fibres.

Shorter flax fibres produce heavier yarns, which are suitable for kitchen towels,
sails, tents and canvas. Because linen fabric is soft, does not lint, can be washed at
high temperatures, and has a great capacity for absorbing moisture, it is a suitable
fabric for bathrooms and table linen. Linen’s softness increases with time and use.

Traditional hemp textiles were too coarse for apparel, but improved techniques
allow the creation of lighter and softer textures, and thus enhance utility. Hemp makes
an excellent furnishing fabric, especially for drapes. It is also used as ‘bottom weights’
in clothing, including jeans and sportswear, either in the form of 100% hemp fabric or
blended with cotton, wool, flax or synthetics.

The CRAILAR process for enzymatic degumming of hemp, developed by Natu-
rally Advanced Technologies Inc. (Canada) in collaboration with the National
Research Council of Canada, involves the processing of bast fibres such as flax and
hemp using a proprietary enzyme wash. This gives them an organic cotton-like texture,
while retaining durability and strength (Jones, 2009).

Different grades of flax and hemp tow and short fibres are released during the
scutching and hackling processes. Some are better suited to staple fibre spinning
and rope making, for nonwovens and fibre composites, and in non-wood speciality
paper pulp production.

Lower fibre grades are used as reinforcement and filler in thermoplastic composites
and thermoset resins, which are employed in automotive interior substrates, furniture
and other consumer products. There is also research underway to replace graphene in
industrial batteries with hemp filaments (http://hempalliance.org.a).

Textiles are widely preferred for anything that moves: less weight requires less
energy!

True to the philosophy of “take steel out, put textile in”, the textile material
combines many positive properties in one: it does not rust, it lasts longer, is lighter
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and requires less maintenance — say Ingeborg Neumann, President of the German
Textile and Fashion Industry (Aishwarya Anand et al., 2018).

4.3.2 A brief overview of the financial and economic value of
hemp fibres

Hemp fabrics are similar in appearance, handle and other properties to flax, and there
would be little to be gained in producing hemp unless it had some advantageous
unique selling point (Riddlestone et al., 1996).

Historically, hemp fabrics have been used as lugsails, sacks, ropes and canvas,
because hemp swells more in water than linen. Indeed, in certain respects, hemp has
some disadvantages when compared to flax. A reasonable quality hackled hemp fibre
has a decitex count of approximately 40 compared to 25 in the case of flax. Its spinning
limit (fineness) would seem to be lower, about 12 Nm compared to 35 Nm or more for
flax, though extremely fine hemp yarn at 30 Nm is apparently produced in China
(Daenekindt, 2004). Bearing in mind hemp’s similarity to flax and its likely lower
spinning limit, it would seem that hemp would only be successful if it was cheaper;
say in the $7—10/kg range (for long fibre). If sold at the same price as flax, the market
for hemp would be small.

It is not possible to estimate the size of the potential hemp market except to say that
it seems large, being somewhere, depending on price, between cotton’s 50% of total
world fibre consumption and flax’s 3% (UK Cannabis Internet Activist (UKCIA),
2010). It is possible to grow hemp organically, which is difficult with flax, and this
could help hemp gain a place in the small but growing market for eco-friendly
products.

Approximately 30 countries in Europe, Asia, and North and South America
currently (2018) permit farmers to grow hemp. Leading global hemp producers include
Europe, China, South Korea, Russia, the United States and Canada. Some countries
never outlawed production; other countries banned production for certain periods in
the past and later lifted these restrictions. According to the Food and Agriculture
Organization (FAO) of the United Nations data, Europe is the world’s single largest
hemp producing market. The EU has an active hemp market, with production in
most member nations. Production is centred in France, the Netherlands, Lithuania,
and Romania. Many EU countries lifted their bans on hemp production in the 1990s
and, until recently, also subsidized the production of “flax and hemp” under the
EU’s Common Agricultural Policy. Other non-EU European countries with reported
hemp production include Russia, Ukraine, and Switzerland. The FAO data also report
hemp production in Chile, Colombia, China, Iran, Japan, South and North Korea,
Pakistan, Russia, Syria, and Turkey. Other countries with active hemp grower and/
or consumer markets not included in FAO’s annual compilation are New Zealand,
India, Egypt, South Africa, Thailand, Malawi, and Uruguay (Johnson, 2018).

On the other hand, it might well be possible for the textile industry to produce a
satisfactory, even if limited, range of good quality hemp fabrics at reasonable prices.
This would give flax spinners, particularly wet spinners, the advantage of being able to
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produce a range of yarns based on a different fibre and aimed at a different market,
which in turn should provide greater security.

China is currently the prime producer of hemp textiles and related products, as well
as a major supplier to the United States, and other countries are now manufacturing
them to a lesser extent. The United States remains the largest global importer of
hemp products, which includes textiles from China, food and seed from Canada and
industrials from Europe.

A small but growing market for hemp fabrics and garments is developing in
Germany, the United Kingdom, Canada, United States and Australia. Demand is
met by imports mainly from Hungary and China. The main selling points are novelty
and hemp’s environmental credentials. Garments currently available are a little heavy
for their purpose and overpriced; these issues will need to be resolved if larger markets
are tackled.

In December 2018, the federal Farm Bill in the United States removed hemp from
the list of federally controlled substances, effectively making hemp legal to grow like
any other agricultural crop.

"This is a monumental bill for hemp farming and gives hemp farmers access to
banking, crop insurance and federal grants”, said Lauren Stansbury, communications
director for Vote Hemp, a national lobbying organization for hemp producers.

That open the industry, which produces therapeutic cannabidiol (CBD), fabrics,
ropes to a wave of investment (Romero, 2018).

Just as iron ore is a primary product, and steel is a secondary product, seed and CBD
outputs are strictly primary — while in hemp only the fibre is secondary.

Over the long run hemp fibre will become the most relevant part of the hemp plant,
and the most valuable of its outputs.

However fibre will respond to changing market needs as a secondary “feedstock”
product for many years because of the huge gap between the existing supply and
demand in the marketplace.

Growing demand will cause growing supply — not lower prices. Of course, this
does not mean that fibre prices will never go down. It is just that a supply/demand equi-
librium won’t happen for at least the next 20 years.

The fibre market will grow substantially over that time — bringing scale opportu-
nities and financial success to the innovators. Whether from the perspective of a
farmer, a large-scale decorticator, or a major end user of fibre, the hemp plant’s fibre
will end up being the long-term, dependable and most profitable output of the hemp
industry.

As primary commodities, hemp seed and CBD outputs react swiftly to the reality of
the world’s quick changing market dynamics, driven by inevitable and often unpredict-
able pricing fluctuations (Ziner, 2019).

Meanwhile, in 2017 the total sales for the US Hemp Industry were US$820 million
among others for hemp-Derived CBD products - US$190 million and consumer
textiles — US$105 million. The hemp industry was bolstered by explosive growth
in the hemp-derived CBD category that grew from a market category that did not exist
5 years ago to $190 mm in sales in 2017 (State of Hemp, 2017).
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One estimate put the US CBD market at $2.3—$23 billion by the 2020s, enabled by
the 2018 farm bill.

When the price of seed or CBD retreats, the fibre will always be there to stabilize the
opportunity for the farmer. Even before the price of CBD falls in the future, farmers
should look into the unique opportunity of growing hemp for fibre (Ziner, 2019).

Hemp fabric prices are currently high, in the range of £4—7/meter (150 cm width)
wholesale (ex-works). Hemp will not be able to break into mass markets unless the
price is lower than an equivalent linen fabric, at the same time as addressing quality
control.

4.3.3 Statistics of flax production, including locations and
production tonnages

In 2018, the world production of all fibres rose to approximately 111 million tons, a
1-year increase of four million tons, and a rise over the past decade of 35 million tons.

Of the world total, natural fibres accounted for 32 million tons of production during
2018, an increase of less than two million tons in 10 years. The share of natural fibres
in world fibre production fell from 41% in 2008 to less than 30% in 2018.

Among the natural fibres, cotton production accounted for 26 million tons in 2018,
hemp fibre and tow — 70,000 tons. Production of Jute, Kenaf and allied fibres fell to
less than three million tons because of poor weather in the Ganges River Delta of India
and Bangladesh (DNFI Steering Committee Meeting, 2019).

The farm value of natural fibre production in 2019 was around US$ 51 billion. A
reasonable estimate of total employment in natural fibre industries, including family
labour, hired labour and employment in industries providing services to agriculture,
and including both full time year round employment and part time or seasonal employ-
ment is around 60 million households or 290 million people, or about 4% of the
world’s population (DNFI Steering Committee Meeting, 2019; Townsend and Sette,
2016).

Global flax fibres and tow production quantity (tons) in the years 1961—2017 is
show in Fig. 4.5 and in recent 7 years in Table 4.3 (T and http://www.factf)

In the last period of about 50 years, the production of flax fibres and tow is stable
and did not exceed one million tons, except for the short period between 2002 and
2006, when China showed a huge demand for this raw material.

Top 10 countries in the world, flax fibres and tow production quantity (tons) in 2017
are presented in Table 4.4.

Five major countries producing flax fibres and tow in 2017 are show also in Fig. 4.6
(T and http://www.factf)

In 2017, as this table and Fig. 4.6 indicate, France producing 578,645 tonnes flax
fibres and tow, making it the world’s biggest producer followed by Belgium, Belarus
and Russia.
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Figure 4.5 Global flax fibres and tow production quantity (tons) in the years 1961—2017 (T and
http://www.factf).

Table 4.3 Global flax fibres and tow production quantity (tons)
in recent 7 years (T and http://www.factf).

Year Value

2017 780,554
2016 815,435
2015 749,418
2014 765,674
2013 678,214
2012 715,739
2011 486,634
2010 604,197

Table 4.4 Top 10 countries in the world, flax fibres and tow production quantity (tons) in 2017
(T and http://www factf).

Country Rank Value as number
World 780,554
France 1 578,645
Belgium 2 69,341
Belarus 3 42,327
Russia 4 38,795
United Kingom 5 12,452
China 6 12,140
Netherlands 7 10,224
Egypt 8 8123
Chile 9 3139
Argentina 10 2609
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Figure 4.6 Five major countries producing flax fibres and tow in 2017 (T and http://www.factf).

4.4 Future trends and conclusions

To meet the demands of a new industrial market, fibre flax must preserve its image as a
high quality natural product, grown traditionally. Industrial flax, however, must meet
the challenges of excessively rigorous agricultural constraints and risks related to its
cultivation and retting.

Pure, classic linen will always have a place in the fashion world (Fig. 4.7), but the
development of new blends and finishes has expanded the market for linen fabrics.

Synthetic fibre blends can give good crease recovery, while blends with microfibers
such as Tencel result in new textures. Linen/silk and linen/mohair are luxurious natural

o
Figure 4.7 Linen collection from INF&MP.
Source: From the archive of INF&MP.



162 Handbook of Natural Fibres

blends, while linen/wool is great as a trans-seasonal fabric. A range of finishing tech-
niques can either crisp up or soften a linen fabric, depending on the desired end look,
and new easy-care treatments make linen easy to launder at home.

Fabric finishing includes treatments such as bleaching, dyeing, coating, bonding,
printing, texturizing and calendaring. These treatments can change the nature, feel,
performance, look and texture of a fabric. New techniques can give the final fabric
new properties and handles. Different finishing treatments can produce, for example,
the crisp elegance of a fine damask tablecloth, or the cool comfort of linen sheets, and
meet the demands of the fashion industry for new textures and performance. Recent
developments in finishing include softwash and aero finishes for a relaxed look, and
easy-care finishes, which cut down linen’s creasability and allow the fabric to be fully
washable and tumble-dry friendly (Irish Linen Guild, 2010).

New trends in flax fabrics: (Borland, 2014)

France-based Safilin introduced in 2014 ultrafine linen yarns measuring up to 50
Nm. There is less twist in these fine yarns, and they are waxed after spinning and
before winding.

Giemme and Mario Bellucci(Italy) are starting to develop fabrics using these ultra-
fine linen yarns as sheer knits in blends with spandex.

ITtaly-based Marioboselli Jersey introduced new collections of linen/Lycra stretch
knits and a Bio Line of 20 fabrics, all made using natural fibres, and dyed and
processed using natural dyes and eco-friendly treatments. Linen mesh is popular.

Libeco Lagae S.A., Belgium, prepared extensive linen collections, pointing up the
earth-friendliness of linen and hemp. Other fabrics include yarn-dyed crinkled crepes,
double-sided colour-reverse washable linens, linen/metal blends, glitter-coated linens
and chintz finishes.

Translucent mesh, foil prints and laminated linen denim are in production at John
England Textile Ltd, Northern Ireland.

Further examples of innovations in the production of new types of linen fabrics are
presented in Table 4.5.

In addition to European innovation, China is also working on new solutions, mainly
with hemp. China’s Heilongjiang Province massively steps up its research and
development efforts to make fine, environmentally friendly hemp fibres a large-
scale alternative to cotton.

A comprehensive research programme involving universities from Heilongjiang
Province and partners from the Ukraine and Canada, served to develop new,
high-yield hemp varieties, to optimize combine harvesters for stalks and seeds and
to introduce biotechnological procedures allowing for the production of fine hemp
fibres in an environmentally friendly way using enzymes. Experts refer to this proced-
ure as the enzymatic cottonization of hemp fibres, which may then be processed alone
or together with other fibres by cotton machines (Carus, 2017; Batog et al., 2006).

Very fine hemp fabrics already introduced to the market by ‘Chinese Hemp
Alliance” companies. The first bulk purchaser is the Chinese army, which buys
hemp uniforms and socks for their soldiers (Carus, 2017).

In conclusion, attention should be paid to the trend of ecological consumerism,
which has been extended to textile and clothing products. In recent times sustainability
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is a leading characteristic of textile fashion products. Textile fashion companies are
focussing more on sustainable products these days, so that they can meet the environ-
mental and social aspects (Saravanan, 2015).

Relying on polluting textile materials like cotton and polyester may become a thing
of the past as a new range of eco-fabrics emerge, often made from materials that would
otherwise go to waste. Some of these environmentally friendly fabrics are already in
use, like those made of coconut husks, recycled plastic bottles, wood pulp and corn,
while others are strange and futuristic, sourced from hagfish slime, fermented wine,
spoilt milk and genetically engineered bacteria (http://www.teonline.com/a, 2008).

Advances in biotechnology and enzymology have brought new lines of research
and have accelerated the development of enzymatic applications in textile wet process-
ing in the near future. Enzyme technology can be used to develop useable, more envi-
ronmental friendly, economically competitive processes (Batog et al., 2000).

4.5 Sources of further information and advice

CELC — La Confédération Européenne du Lin et du Chanvre (European Confedera-
tion of Flax and Hemp) — http://www.mastersoflinen.com — is the agro-industrial
European organization federating every stage of production and transformation of
linen and hemp. Created in 1951, it comprises 10,000 member companies from 14
countries. Through the Textile Pole and the MASTERS OF LINEN brand, it promotes
the European linen and hemp industries in the areas of clothing and art of living. Linen
Dream Lab Paris and Milan are the CELC showrooms for expression, dedicated to
creation and innovation for fabrics and techniques.

BE LINEN MOVIE: The first communication tool of the 3-year promotional
program BE LINEN, co-financed by the European Union, the French government
and the linen industry.

The FAO/ESCORENA European Cooperative Research Network on Flax and other
Bast Plants — http://www.escorena.net — is an umbrella organization for cooperation
between research institutions focused on food, agriculture and related fields. It
promotes research cooperation, exchange of information, and transfer of know-how
and methodology advances, with clear sustainable development and socio-economic
implications. The whole Network brings together 355 experts from 51 countries in
the fields of research, economics, marketing and industry.

DNFI - DISCOVER NATURAL FIBRES INITIATIVE)- http://dnfi.org/#about-a
platform for the natural fibres stakeholder community, to facilitate the exchange
ofknowledge and experience among members, to advance common interests.

Euroflax Newsletter — www.iwnirz.pl — contains reports from the Network’s activ-
ity, articles on breeding, growing, processing of bast fibrous plants, use of natural
fibres, reports from scientific events, calendar of events and statistical data (published
twice a year in English).

The Information Bulletin Euroflax Newsletter — 32 issues since 1994 (200 printed
copies) — reaches subscribers and Network members in 52 countries.


http://www.mastersoflinen.com
http://www.escorena.net
http://dnfi.org/#about-
http://www.iwnirz.pl

Table 4.5 Different types of linen fabrics and their producers in the European Union (http://www.mastersoflinen).

Type of linen fabric

Innovation, destination

Compositions

Weavers, knitters

DENIM

Non-
WRINKLE FABRICS

STRETCH

OuTDPOOR

ECO-FINISHINGS

Renew classic denim through the use of
linen yarns, crossed in typical white and
blue, in a twill weave.

Jeans, ready-to-wear

Special finishing enable wrinkle reduction
by 60%.
Ready-to-wear

Blend linen and elastomer; in yarn (core-
spun); in weft-and-warp blend (mono-
stretch).

Ready-to-wear

High-performance treatments:
 water-repellent and/or waterproof
* UV resistant

* pool-and sea water resistant

¢ mould resistant,

* anti-bacterial

Low-impact dyes, accredited organic dyes,
vegetable dyes, mechanical softening
techniques, organic softeners, organic
stonewashing with polished stones.

The +: Colour, softness, equal
performances, reduced environmental
impact

100% linen, linen/cotton, linen/
elasthanne, linen/silk, linen/wool

100% lin, lin-PU, lin-PVC

Deren, John England,
Libeco-Lagae, Penta Servizi
Tessili, Tessitura Monti

Seidra

End uses:

Fashion:

Albini, John England,
Libeco- Lagae

Furniture & outdoor
accessories:

deltracon,

Enrico Sironi, Libeco-Lagae,
Lemaitre-Demeestere,
Easy-care table linen; shower
curtain: Libeco-Lagae

Deltracon, Klasikine, Libeco-
Lagae, Tessitura Monti
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EcCo-LABELS

DOUBLE FABRICS

FLAME RESISTANT

WINTER FABRICS

TAILORING

SHIRTING

Oekotex: Guarantee of non-toxicity and
environmental 4+ human criteria

GOTS - global organic trade standard:
Guarantee of organic fibre & eco-friendly
transformation

Double weaves, bondings, two-tones,
reversibles

Linens are made incombustible by a special
treatment after weaving.

Destination: Furniture, hotel decoration,
public spaces

The +: Ecological treatments are available
that can be dry-cleaned

Warm fabrics in linen blends or with brushed
and mellow finishes

Destination: Winter or mid-season ready-to-
wear, accessories, throws, suiting ...

The +: Linen’s heat-regulating properties
offer optimal comfort

Collections specially destined for custom-
made suits, in-stock deliveries

Collections specially destined for custom-
made shirts, in-stock deliveries

100% linen, linen-wool, linen-
cashmere, linen-alpaca,

LibecoLagae, Seidra, Viebock,
Albini,
Deltracon, Eurtex, Lemaitre
Demeestere, Libeco-
Lagae, O.J.Van
Maele, Pannonflax
Textil, Rivolta Carmignani

Albini, Deltracon, John
England, Klasikine, Libeco
Lagae,

Ormezzano, Tessitura
Monti, Seidra, Solbiati

The first tests were made
by Enrico
Sironi and Solbiati.

For more information: textile @
mastersoflinen.com

Botto Giuseppe, Camillatex,
Graziano, Inseta, Italtessil,
John England, Klasikine,
Libeco Lagae, Ormezzano,
Penta, Seidra, Solbiati,
Tessuti di Sondrio, Verilin

John England, Michele Solbiati

Albini, John England, Michele
Solbiati
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The Journal of Natural Fibres — http://www.tandf.co.uk/journals/WINF —
presents new achievements in basic research and the development of multi-purpose
applications, which further the economical and ecological production of hard fibres,
protein fibres, seed, bast, leaf and cellulosic fibres.

Other sources of information include

e ITL — Institut Technique du Lin (Institute of Flax Technology) — http://www lin-itl.com

* CBLFTA — China Bast and Leaf Fibres Textile Association — www.chinalinen.cn

* The Irish Linen Guild — http://www.irishlinen.com — is the official promotional organization
of the Irish linen industry. The main role is to promote Irish linen in national and international
markets through the Guild website, and to provide a networking opportunity for members.

* IHA — International Hemp Association — www.internationalhempassociation.org — is dedi-
cated to the advancement of hemp through the dissemination of information. Until 2009, the
IHA published a peer-reviewed scientific journal entitled the Journal of Industrial Hemp.

* EIHA — European Industrial Hemp Association — http://www.eiha.org — is a not-for-profit
association with the following objectives: to support the cultivation, processing and use of
industrial hemp; to collect important information on industrial hemp and industrial hemp pol-
icy; to publish data about the European natural fibres industry; and to establish market figures
and trends.

» HEMPTECH — The Hemp Information Network — http://www.hemptech.com — is a world-
wide network of hemp professionals who are working to reintroduce industrial hemp.
HEMPTECH publishes books and reports, as well as providing consulting and other infor-
mation services to the growing hemp industry.

» Bastfibres, other, Fibre Crops not specified elsewhere, Hemp tow waste, Kapok, Ramie and
Silk: http://faostat3.fao.org/

* ICAC — Cotton: International Cotton Advisory Committee www.ICAC.org

e IWTO — Wool and Other Natural Fibres, Animal Origin: International Wool Textile
Organization www.IWTO.org
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5.1 Introduction

Natural fibres such as flax have long been considered as potential reinforcing materials
or fillers in thermoplastic or thermoset composites. Numerous studies deal with the
subject (La Mantia and Morreale, 2011; Satyanarayana et al., 2009; Biagiotti et al.,
2004; Puglia et al., 2005; Pandey et al., 2010; Ouagne et al., 2010a). Natural fibres
are particularly interesting because they are renewable, have low density and exhibit
high specific mechanical properties. They also show non-abrasiveness during process-
ing, and more importantly biodegradability. A large amount of work has been devoted
to identify the tensile behaviour of individual fibres or group of few fibres of different
nature and origin (Baley, 2002; Bodros and Baley, 2008; Alawar et al., 2009; Kim and
Netravili, 2010) to prove their interest in technical applications such as load bearing
composites or geotextiles.

However, in a lot of these studies, the fibres are often extracted manually and in the
frame of industrial applications, the impact of fibre extraction processes is not always
taken into account. It is therefore important to investigate the different stages and their
impact on the mechanical and morphological properties from different processes that
can be used.

Handbook of Natural Fibres. https:/doi.org/10.1016/B978-0-12-818782-1.00005-5
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To manufacture composite parts, one can decide to use non-woven structures as a
reinforcement if the application does not need to resist to high loads. If high load
bearing applications are targeted, it is necessary to organise and to align the fibres.
As a consequence, aligned fibres architectures such as unidirectional sheets,
non-crimped fabrics and woven fabrics (bidirectional) are usually used as reinforce-
ment. This work proposes to briefly review the different textile techniques used to
manufacture from vegetal fibres non-woven structures, yarns and architecture fabrics
(woven, braided).

In the Liquid Composite Moulding (LCM) family, the Resin Transfer Moulding,
(RTM) process has received a large attention in the literature (Buntain and Bickerton,
2007) and particularly the second stage of the process dealing with the injection of
resin in preformed dry shapes and the permeability of the reinforcements (Lekakou
et al., 1996; Ouagne and Bréard, 2010). However, few studies deal with the subject
of the mechanical behaviour (particularly the deformability) of fibre assemblies dedi-
cated to technical applications and particularly to reinforcement applications such as
composite materials or soil reinforcement. The first stage of this process consists in
forming dry reinforcements. In case of specific double curved shapes, woven fabrics
are generally used to allow in plane strain necessary for forming without dissociation
of the tows.

The modification of the tow orientation and local variations of fibre volume
fraction have a significant impact on the resin impregnation step as the local permeabil-
ities (in-plane and transverse) of the reinforcement may be affected (Hammani et al.,
1996; Loix et al., 2008). In the most severe cases, the ply of fabric can wrinkle or lose
contact with the mould, hence severely reducing the quality of the finished product
(Sharma et al., 2003). Another defect called tow buckling has also been reported for
flax woven fabrics (Ouagne et al., 2010b, 2011a, 2012a). As the quality of the preform
is of vital importance for the final properties of the composite parts, it is important
when forming of complex shape is considered to prevent the appearance of such de-
fects. Several experimental devices have been set up to investigate the deformation
modes and the possible occurrence of defects during forming of textile reinforcements.
Hemispherical punch and die systems were particularly studied because the shape is
rather simple, it is doubled curved and because it leads to large shear angles between
the tows (Molnar et al., 2007; Li and Bai, 2009; Vanclooster and Lomov, 2009).
Solutions to prevent defects were also studied and proposed so that to form complex
shapes from reinforcement textiles (non-wovens and architectured woven and braided
structures).

Geotextiles are another families of technical textiles that can be manufacture from
vegetal fibres such as flax. These products still under development should not use the
long fibres used to manufacture the fine flax fabrics for clothes, or the long fibres used
to manufacture load bearing composite materials. Instead of this, the flax tows which
are by-products of the textile flax industry, or the fibres extracted from the linseed flax
straw which is mainly not valued could be used advantageously after classical textile
architecturation into widely open woven or knitted structures and after a preparation to
confer the fibres a good resistance to bacterial and fungi attacks during their service life
before disappearing after bio-degradation.
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5.2 Impact of extraction and preparation of flax fibres
for technical applications for differently harvested
stems

In most of the scientific papers or reviews dealing with the subject of flax used for tech-
nical textiles for load bearing applications, the considered fibres are generally coming
from textile flax cultivated for their fibres and extracted from classical scutching comb-
ing and preparation units initially used for the textile industry (for clothes purposes).
The cultivation of flax and the techniques associated are well documented and were
deeply reviewed in numerous papers or book chapters from which it is possible to
cite the contributions of Salmon Minotte (FlaxFranck, 2005), and Mussig and Haag
(2015). In the same references, the fibre extraction techniques are also well described.

At the present time, the flax marked price is high and the textile industry (for clothes
purposes) can absorb the totality of the production of long scutched fibres. It would
therefore be interesting to consider other sources of fibres for the technical applications
that do not necessarily require the use of the long scutched fibres from textile flax. An
alternative to the textile flax long fibres are the textile flax tows also already described
as a possible source of fibres for composite applications by Martin et al. (2014).
Another alternative is the use of linseed flax fibres extracted from randomly aligned
straws that are generally not valued or valued with low added value.

5.2.1 Randomly orientated flax stems (linseed flax): all fibre
extraction

Oleaginous flax is cultivated primarily for its seeds which can contain up to 45% of
vegetal oil. It is an important vegetal source of omega-3 and omega-6 fatty acids,
and it is therefore widely recommended for human consumption. Secondly, thanks
to its nourishing properties, linseed oil is also used for the formulation of many
cosmetic products. Lastly, linseed oil is a drying oil which spontaneously cures in
air. It is therefore frequently used as a siccative for vegetable inks, as well as in the
formulation of oil paints, floor cleaners and wood preservatives. Beyond this the straws
contain fibres that were shown to possess mechanical properties that can be before
extraction from the stems equivalent to the ones of the textile flax (Pillin et al.,
2011). In a study published in 2011 by the French National Environment Agency
(ADEME) (ADEME Report, 2011), it appears that 11,000 ha of oleaginous flax are
cultivated in France each year. This is a small fraction of the worldwide production
which was identified in 2009 to be of about 1.7 Mha from which Canada is the
main producer with 650,000 ha. The amount of straw is generally considered to be
about 2 tons/ha for oleaginous flax. However, it has to be mentioned here that the
size of the flax stem is prevented to grow so that to avoid falls of the plant in the field,
thus associated to troubles for the harvesting. In their study reporting the influence of
the genotype of 11 varieties, Rennebaum et al. (2002) showed that up to 5.5 t/ha of
straw can be harvested without compromising the amount of seeds. If seeds of oleag-
inous flax are well valued, the rest of the plant, and particularly the straw, is most of the
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time not used at all. It is shredded simultaneously during the seed harvesting. This
explains mainly why technical textiles from oleaginous flax are not available on the
market even if the mechanical properties of the linseed individual fibres reported in
relatively few studies (Rennebaum et al., 2002; Tomljenovic and Erceg, 2016) indicate
that they are situated in the lower range of the textile flax fibre mechanical properties.

The harvesting of oleaginous flax does not allow the straw to be processed with the
same techniques than the ones used for textile flax. The straws are mown and directly
absorbed by the combine harvesting machine which separates the seeds from the
straws with its integrated threshers. The straws are therefore submitted to mechanical
loadings during the beating phase. At the end of the threshing phase, the straws fall
regularly from the combine harvesting machine and form a windrow of randomly
oriented stems. The straws can then be left in the field so that a dew-retting performed
by soil microorganisms can take place. This pre-processing stage, which is well known
and documented for textile flax cannot be performed with the same protocol for linseed
flax as the straws are not aligned and well distributed on the ground. During the dew-
retting, the contact with the soil and therefore the microorganisms are not similar for all
the pieces of straws. Even if it would be possible to return the windrow during time, the
evenness of the dew-retting may be questionable. Moreover, as the fibres are not
aligned within the windrow, the linseed flax stems are packed with random orienta-
tions in large balls each of about 200 kg, and the stems cannot be aligned as it is
the case in the traditional scutching and hackling route usually employed to separate
the different vegetal fractions of the plant for the textile flax. As a consequence, an
“all fibre” device has to be used. Different devices, inspired from the paper industry
are generally used. However, these devices are often very aggressive to the fibres,
and they may lead to the appearance of defects such as dislocations within the fibres
as it is the case during the extraction of hemp fibres (Hernandez-Estrada et al., 2016).

It is proposed here to study the potential of linseed flax fibres after extraction using a
“all fibre” extraction device, supposedly less aggressive than the hammer mills used in
the hemp industry. A Laroche (France) Cadette 1000 “All Fibre” extraction equipment
was used to separate the different vegetal fractions from all the oleaginous flax straw
batches considered in this work. A schematic diagram of the device is presented in
Fig. 5.1.

With a 1 m width, this tearing machine has the capacity to both perform the opening
and the cleaning of natural fibres, as well as the realization of laps. It is equipped with
three modules. At the inlet of each of them, the feeding of the raw material is ensured
by a pair of rollers, one smooth and the other grooved (made of rubber). Then, each
module has a cylinder equipped with nails, i.e., the extracting roller (or fibre extraction
roller). Its rotation speed is adjustable (from 750 to 1800 rpm). Under the extracting
roller, a trap door allows the flax shives to be evacuated by gravity. This device is
capable to process 175 kg of randomly aligned straw per hour. Of course, this value
depends on the size of the equipment. This one is a middle size equipment having a
1 m wide belt. Larger equipment exists for industrial production applications. The
straw used in this study was balled dry after a moderate dew retting.

At the end of each module, there is also a perforated cylinder at which ventilation is
applied. The perforated cylinder has three functions: extracting the vegetal dust from
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Figure 5.1 Laroche (France) Cadette 1000 fibre extraction device.
From Laroche company website.

the material, forming the lap, and transferring it to the next module or the outlet. Each
de-dusting fan is equipped with a motor with a maximum rotation speed of 2865 rpm.

At the end of the processing procedure randomly aligned linseed flax fibres can be
obtained in the form of a fibre lap as shown in Fig. 5.2.

Then, the residual flax shives still trapped were collected manually. Fig. 5.2 shows
photographs of the three obtained vegetal fractions.

The proportion of fibres extracted from the oleaginous flax stems (deseeded) was
found to be in the range [38%—40%] which is very much larger than what was
reported in the very few studies found in the literature. In a study from the French
National Environment Agency (ADEME) (ADEME Report, 2011), the respective
amounts of fibre, shives and dust were 25%, 65% and 10%. In their study, Rennebaum
et al. (2002) found an average fibre yield of 23% for 11 different varieties with a peak
value at 29%. Our results therefore show that a greater proportion of fibres are
extracted, in combination with an equivalent amount of shives. The lap at the time
of the fibre proportion evaluation were very cleaned following a sieving and final shive

Figure 5.2 Linseed flax fibre lap after all the extraction operations.
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extractions procedures. One can argue here that some fibres in the other studies may be
lost during the extraction, and that some of them may also be transformed into a larger
proportion in vegetal dusts. The global amount of fibre extracted from the oleaginous
stems is comparable to the percentage of fibre extracted from textile flax (i.e., 25% of
long fibres plus 15% of short fibres (tows), corresponding to a 40% total amount of
fibres) (ADEME Report, 2011).

The results presented (Ouagne et al., 2017a) indicate that the relative percentage of
fibres that can be extracted from oleaginous flax is much higher than for the previous
studies. This large proportion of fibre could increase the economic interest of harvest-
ing the flax stems instead of shredding them during the seed harvesting.

Morphological properties of linseed flax were also investigated in the frame of the
extraction performed with the Laroche Cadette 1000 “all fibre extraction device”. The
mean fibre length of the extracted technical fibres is on average equal to 5.3 & 2.9 mm.
The extraction procedure has therefore for consequence to drastically reduce the length
of the technical fibres as the rotating cylinders equipped with the teeth are still quite
aggressive. This length of fibre is still however convenient for different textile prepa-
rations including some of the different spinning techniques and particularly the ones
where thermoplastic fibres can be mixed with the linseed flax fibres (Part 3 of this
paper).

The impact of the extraction process on the mechanical properties of the individual
linseed flax fibres is presented in Table 5.1.

The results presented in Table 5.1 show that the “all fibre extraction” has a signif-
icant impact (tested by a statistical Student t-test) on both the tensile strength. It is not
significant on the tensile modulus eventhough one can observe a decrease. The
decrease of about 45% of the tensile strength is probably die to damages conferred
to the fibres during the extraction procedure that act as zones of weakness and favoured
zones for crack initiation. These defects are on the contrary less impactant on the ten-
sile modulus. The values of the tensile properties of the tested linseed flax are much
higher than the values reported in the literature by Remebaum et al. (2002). This is
probably due to the fact that the fibre extraction technique used in their study was prob-
ably more aggressive than the Laroche Cadette 1000 used in this study. The values of
the individual fibres tensile properties, even if they are much lower than the ones
measured on fibres manually extracted are still within a range of properties acceptable
for semi-structural composite materials or for a geotextile use. It is therefore possible to
conclude in favour of the use of linseed flax fibres extracted with a “all fibre” device
such as the Laroche Cadette 1000 for semi-structural applications. However, even if it

Table 5.1 Tensile properties of linseed flax fibres after “all fibre”.

Tensile strength (MPa)

Tensile modulus (GPa)

Manual extraction
All fibre extraction

Remebaum et al. [ref]

1110 £ 707
606 + 415
445

46 £ 29
39 £20
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is possible to consider linseed flax fibres in semi-structural reinforcement appllications,
the potential of linseed flax is not completely used. As a consequence, it would be good
to optimise the all fibre extraction technique presented in Fig. 5.1 or to design a set of
apparatus that would be still convenient for the extraction of randomly aligned straws
but less damaging for the fibres.

5.2.2 Aligned stems: scutching and hackling

Traditionnally, the cultivation of textile flax in Normandy (France) or Belgium is asso-
ciated to dew retted and the retted straws are then processed in extraction plants that
consist as described by Salmon-Minotte (FlaxFranck, 2005) and Mussig and Haag
(2015) as a serie of breaking rollers to break the ligneous part of the stems without
breaking the fibres. As the stems are retted, the link between the ligneous part of
the stem (shives) is degraded and the broken woody part can be separated from the
bast fibres by using a beating stage called scutching. This process is perfectly well
industrialised and used by specialised companies in direct link with farmers. The qual-
ity of the fibres extracted using such devices is generally accessed by the degree of
fineness of the fibres and its softness which are crucial point when considering these
fibres for high added values textiles for the luxury clothe industry. The mechanical
property aspect is not the essential point. On the contrary, for composite materials it
is important to maximise the properties of the reinforcement fibres. Most of the rein-
forcement textiles proposed for the reinforcement of composite materials are manufac-
tured from textile flax processed in equipments dedicated to the clothe industry. The
impact of the different processing steps on the mechanical properties of technical or
individual fibres is not very well reported in the open literature. In a preliminary study
a laboratory scutching device presented in Fig. 5.3 was used to study the impact of
scutching and hackling on the tensile properties of individual textile flax fibres. This
device can process both un-retted and retted aligned straws. In the case of textile

o |~

Figure 5.3 Laboratory scutching and hackling device from TAP-ROOT FIBRE LAB (ENI of
Tarbes-France).
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flax, the straws are well due retted so that to ease the extraction and favour thinner tech-
nical fibres. In the case of linssed flax, the fibres are generally less retted.

The results of the influence of the breaking, scutching and hackling steps are
reported in Table 5.2.

The analysis performed on textile flax samples shows that the different extraction
parts of the device do not significantly (Student’s test performed) impact the tensile
strength of the single fibres. However, hackling has a negative effect on the tensile
modulus of the individual fibres but it improves the fineness of the fibres (by a factor
three at least) and this is particularly important at the composite scale because using
coarse fibres with poor fineness has for tendency to reduce the tensile strength of
part. The decrease of the modulus could be linked to an increase in the number of
defects (kink bands) observed at the surface of the fibres.

This study shows that a scutching/hackling device can be advantageously used to
extract long fibre technical fibres for composite reinforcement from well dew retted
flax straws. It is however very important to pay attention to the severity of the hackling
as this process step may have for tendency to reduce the value of the fibre rigidity and
therefore a compromise needs to be found because hackling favours a good separation
of the fibres and removes the lasts pieces of bark that could be places of weakness at
the composite scale (Derbali et al., 2018).

5.3 Composite reinforcement textiles: use of processes
that can maximise the mechanical and the
deformability of textile reinforcement structures

To manufacture structural composite parts, long aligned and continuous fibre rein-
forcements are used, as shown by numerous applications based on E-glass or carbon
raw material. With these synthetic materials, yarns are constituted of a large number of
multifilament, highly aligned with no (or low) twist. From these yarns, fabrics can be
manufactured by classical textile technologies. Due to the high added value of the
applications in which composite parts can be encountered, low production speeds
can be accepted, to limit or prevent the appearance of manufacturing defects and

Table 5.2 Tensile properties of single flax fibres: Batch 1: manually extracted; Batch 2: After
crushing on the machine rollers; Batch 3: After Crushing and scutching with the machine; Batch
4: After crushing, scutching and hackling with the machine; Batch 5: After crushing, scutching,
hackling and a supplementary manual hackling.

Batch 1 Batch 2 Batch 3 Batch 4 Batch 5
Strength 1240 £ 515 | 1341 637 | 1393 £460 | 1198 +502 | 1292 + 376
(MPa)
Modulus 61 +19 54 + 16 56 + 18 47 £ 21 44 £+ 13
(GPa)
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material losses on these twist-less yarns which tend to fibrillate during the preform
manufacturing, as illustrated on Fig. 5.4 (Decrette et al., 2016; Tourlonias and Bueno,
2016).

On the contrary, for lower added value textiles (clothing), the use of yarns with
lower linear density, strongly twisted (Ramachandran et al., 2009), if it is not doubly
twisted, allows higher manufacturing production rates (higher weaving speeds for
example) to be achieved, and fabrics without defects, but with performance that is suf-
ficient for these applications. Particularly, these yarns are not designed to be impreg-
nated by a resin as in the case of composite reinforcements. Manufacturing optimised
composite reinforcements for load bearing applications requires the optimisation of
several manufacturing steps, which may be challenging as the goal consists of
manufacturing preforms as well-aligned as possible from yarns composed of fibres
of finite and highly variable length. Yarns also need to be highly permeable to ensure
a good penetration of the resin between the fibres or bundles, which is a significant
challenge.

With these objectives, we will dissociate in this section the technologies associated
with non-woven products from those concerning the alignment of fibres that require
the manufacturing of yarns. The deformability of these preforms will be also
addressed, especially during the first step of the LCM process, the preforming stage
of dry preform.

5.3.1 A. non-woven reinforcement for composites

Although researchers have recently focused on highly aligned plant fibre-
reinforcement structures (Baghaei et al., 2013; Goutianos et al., 2006; Shah et al.,
2016; Shah, 2016) for the manufacture of load-bearing composites components,
Shah (2014) has used an Ashby approach to show that non-woven fabrics can be

Figure 5.4 Defects during the weaving process: broken carbon monofilament (Tourlonias and
Bueno, 2016).
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very attractive in terms of tensile properties per unit cost. Non-woven fabrics or mats
are the most common form of reinforcement used in natural-fibre composites (Xue
etal., 2011) due to the costs involved and also to their ability to combine a good acous-
tic absorption with higher mechanical properties (Merotte et al., 2016) in only one
product, compared with loose fibres. Thanks to these properties, non-woven bio-
composites are becoming a major asset to the automotive industry for a variety of ap-
plications. This is due to their light weight, sound efficiency, flexibility, versatility and
easily tailored properties, together with low process and materials costs and an attrac-
tive cost/performance ratio.

5.3.1.1 Manufacturing processes of non-woven reinforcements

Das et al. (2012, 2014) have described several technologies to manufacture non-woven
fabrics, defined (INDA) as sheet or web structures bonded together by entangling fi-
bres (and by perforating films) mechanically, thermally or chemically. Short fibres
extracted from flax straw have great variations in length and linear density and are
the main raw material of non-woven reinforcements. They may have high dust content
and are either smooth or stiff. Some pieces of shives may also remain but this should be
avoided. They have relatively little cohesion when formed into a web in contrast to
fibres such as wool or cotton for example. Webs are formed either mechanically by
carding or aerodynamically. Bonding of webs can be achieved by water jet, needle
punching, stitch bonding, adhesive bonding, etc (Mosca, 1986; Boettcher and
Schmalz, 1993; Maity et al., 2014). The needle-punching method is probably the
most suitable method for producing thick non-wovens from flax fibres. The retted,
scutched or opened, flax fibres can be used without any chemical treatment. The
flax fibres are then carded to form a thin web. The carded web is then made into a
thicker batt by the cross-laying or parallel-laying methods. This fibre batt is then
consolidated on a needle-punching machine to form the final flax non-woven mat
(Mosca, 1986; Boettcher and Schmalz, 1993; Maity et al., 2014) as shown by
Fig. 5.5. Hybrid non-woven composites have been prepared by researchers by using
blends of synthetic fibres, which provided a good basis for high product quality. By
mixing the two composite components before the consolidation, a proportional distri-
bution and a good wetting of the reinforcing fibres can be ensured. Short fibre rein-
forced and non-woven flax/PP blend composites were prepared by carding and
needle punching and analyzed in (Merotte et al., 2016; Moryganov et al., 2008; Eco-
technilin; Merotte et al., 2018; Gnaba et al., 2018).

5.3.1.2 Mechanical properties of flax non-woven fabrics

Physical properties such as surface mass, density, and thickness play an important role
for different potential applications of non-woven materials. Ultimately, these charac-
teristics govern many functional properties of non-wovens such as thermal and noise
insulation, water absorbance, resilience, compressibility, filtration, etc. So, we should
have knowledge of the processes which are suitable for obtaining a given level of sur-
face mass, density and thickness of non-wovens. The most important characteristic of
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Figure 5.5 Sample of flax non-woven fabrics (areal density of 330 g/m?) (Omrani, 2017).

all non-woven materials is the tensile strength. The tensile properties of needle-
punched non-woven fabrics are influenced by the fabric structural parameters, such
as the fabric density, the amount, and depth of fibre entanglement resulting from the
fabric formation process and fibre properties (Maity et al., 2014). The increase of
the tensile strength as a function of the areal density of needle-punched flax non-
woven was shown by Anandjiwala and Boguslavsky (2008) and Gnaba et al.
(2018). The tensile properties of non-woven fabrics are different in both directions
of the fabric due to structural anisotropy resulting from the process of fabric formation.
The practice of producing non-wovens, by web formation and cross-lapping, results in
different strengths in the machine direction (MD) and cross directions (CDs),
respectively. Fages et al. (2011) have studied the tensile properties of flax/PP blend
needle-punched heat bonded fabric and they showed that when the proportion of PP
fibre increased, the tensile strength increased in the MD and elongation increased.
The tensile properties are mainly influenced by needle-punching parameters (depth
of needle-punching and needle-punching density). Gnaba et al. (2018) have recently
demonstrated for Flax/PP non-woven that an increase of the maximum tensile strain
can be related to the increase in the needle-punching density. In addition, increasing
the needle-punching density leads to a decrease of the anisotropy ratio of the tensile
behaviour between the MD and the CD.

5.3.1.3 Formability potential of flax-nonwoven fabrics

The high deformation potential of the non-woven fabrics can be an advantage for the
preforming step and especially for the deformability. Associated to the global mechan-
ical responses, local analyses were performed on samples where local zones were
marked to measure the evolution of their surfaces during the tensile tests (Omrani
et al., 2017a). This study has shown that the flax non-woven fabrics do not deform
homogeneously. Consequent variation of area density in each local zone during the
tensile tests may be observed (Figure 5.6). The deformability of non-woven reinforce-
ments during the preforming step was not studied on the contrary to the resin flow
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Figure 5.6 Hemispherical and square shapes preforming of Flax/PP non-woven fabrics.
Homogeneity defects by loss of density (Omrani et al., 2017a).

characteristics (permeability) of non-woven during the injection step (Xue et al., 2011,
Zhang et al., 2012, Xue and Miao, 2012). Criteria to define the formability of fabrics
were established for aligned reinforcements, such as the locking angle (Boisse et al.,
2011, Prodromou and Chen 1997) for the in-plane shear behaviour. Resulting of
their manufacturing processes without a yarn spinning step criteria characterizing
the deformability of non-wovens during the preforming stage cannot be the same to
the ones of highly aligned reinforcements. As shown on figure 5.7, experimental pre-
forming tests with non-woven of 300g/m” and 450 g/m* were described in Omrani
et al. (2017a) with hemispherical and square shapes. With hemispherical shape, these
first results have shown that draw-in obtained is very weak, depending on the blank-
holder pressure and the areal density, and that the deformability of non-woven fabrics
is characterized by a slippage of fibres, which was estimated by measurement of area
density in each local zone of the preform. With an increasing blank-holder pressure,
the preforming of lightest non-woven fabrics can lead to defects as zones with very
low fibre density. With square box punch, resulting in higher preforming load, the
damage of the non-woven preform can be obtained. Additional preforming
tests with both punch shapes were realized with heavier flax non-woven fabric of
600g/m*. Final shapes are presented on Fig. 5.7. With hemispherical punch, draw-
in, depending on initial orientation of the blank (MD/CD), remains very weak and
no defects appear. Markers applied on preform are useful to measure local area density.
With square box punch, significant draw-in can be obtained; preforming loads applied
are more important and allow having tension deformation. Thanks to markers, for
example, on lateral surfaces of the preform, local orientation of fibrous material can
be followed during the preforming test.

Additional preforming tests with both punch shapes were realized with heavier flax
nonwoven fabric of 600 g/m?. Final shapes are presented on Fig. 5.7. With hemispher-
ical punch, draw-in, depending on initial orientation of the blank (MD/CD), remains
very weak and no defects appear. Markers applied on preform are useful to measure
local area density. With square box punch, significant draw-in can be obtained;
preforming loads applied are more important and allows having tension deformation.
Thanks to markers, for example on lateral surfaces of the preform, local orientation of
fibrous material can be followed during the preforming test.
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Figure 5.7 Hemispherical and square shapes preforming of Flax/PP non-woven fabric of
600g/m2. Draw-in and evolutions of local fibers orientation.

5.3.2 Manufacture of woven fabrics for composites
5.3.2.1 Manufacture of different families of yarns

Yarn strength is the main property for yarn quality evaluation. Sufficient yarn strength
is necessary to manufacture fabrics by weaving or braiding. For natural fibre yarns
with too many short fibres with a low (or null) twist level, the tensile failure mecha-
nism of the yarn is dominated by fibre slippage (Zhang and Miao, 2010; Jiang
et al.,, 2017). Many studies have been performed (Hearle et al., 1969; Pan, 1992,
1993a, 1993b, 1993c; Frydrych, 1992; Pan et al., 2001; Gregory, 1953) to improve
the understanding of yarn failure. Parameters at the fibre scale such as the length, dis-
tribution of fibres lengths in yarns, and fibre linear density have received particular
attention. It is well known that when yarn breaks, fibres may also break or slip in
the yarn breaking section. This depends on the critical slipping length of the fibres
(Gregory, 1953; Jiang et al., 2014; Yan and Yu, 2007). These studies, essentially per-
formed by mechanical modelling (Hearle et al., 1969; Pan, 1992, 1993b; Frydrych,
1992, 1995), do not take into account any twist, and assume that all the constituent
fibres are completely straight and parallel to the yarn axis. Without a strong cohesion
between these staple fibre bundles, slipping occurs and the yarn strength remains low.
The variability of tensile properties without a real cohesion between fibres is very high,
as shown in (Omrani et al., 2017b; Belaadi et al., 2016; Blanchard et al., 2016). In this
section, three technologies to increase this cohesion are described: twisting by using
conventional ring spinning; addition of a binding agent and cohesion by wrapping/
comingling/or micro-braiding.

» Twisted yarns

Spinning is the process that is the most commonly used to produce continuous
twisted yarns of a desired size from fibrous materials. Long and short staple spinning
can be distinguished. Short staple spinning machine processes fibres such as natural
fibre (Kumar and Das, 2017). An extensive range of spinning techniques were devel-
oped during the twentieth century and their classification was described in (Lawrence,
2010). At a high twist level, fibre slippage in the yarn is prevented by the high
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frictional force between the fibres. In this case, the yarn failure is mainly due to fibre
breakage. Yarns are characterized by the direction of twist (S or Z-directions), by the
twist level (expressed in turns by meter (TPM) or with the twist angle), and by their
linear density. The level of fibre alignment as a function of twist level can be estimated
by the Krenchel fibre orientation factor (Shah et al., 2013a; Gu and Miao, 2014).
Clearly, the fibre alignment in a single yarn reduces when the yarn twist increases,
as shown by Gu and Miao (2014). Yarns manufactured from short fibres do not
have adequate strength for handling unless a sufficient level of twist is applied. The
twist required for achieving sufficient yarn strength for processing determines the level
of fibre alignment of the single yarns. The influence of twist level on the strength of
natural fibre yarns was studied by several authors (Fig. 5.8) (identified at the dry scale)
but also on the strength of composites manufactured from these yarns. At the scale of
the composite the influence of twist has for effect to decrease the tensile strength as
described in (Goutianos and Peijs, 2003; Baets et al., 2014; Bensadoun et al., 2015;
Bensadoun, 2016). However, it is very difficult to dissociate the influence of twist level
during the process of impregnation (for example on the permeability) and the influence
on composites characteristics. At the dry scale, on flax yarns of 210 tex, Goutianos and
Peijs (2003) showed that very low twisted yarns exhibit a very low strength. Ma et al.
(2014) have studied the effect of different twist levels (20, 60 and 150 turns per meter,
tpm) on the tensile strength of un-impregnated sisal yarns (with a linear density of
1250 tex) which first increased and then started to decrease when a critical twist level
(90 tpm) was reached.

The effect of twist on the yarn tensile strength was also described by Shah in (Shah
et al., 2013b), results from an analytical model were compared with experimental data
given by Goutianos and Baets (Goutianos and Peijs, 2003; Baets et al., 2014).

Individual fibres Fibre yarn

NN

Spinning

NN

Figure 5.8 Fibre spinning (Rask and Madsen, 2011).
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Few experimental data that take into account significant variations of twist levels or
linear densities are given in the literature. On Fig. 5.9, the effect of twist level is shown
on the tenacity and the deformation at break identified during tensile tests of 500 and
100 tex flax yarns at the GEMTEX Lab (Lansiaux et al., 2019). The influence of the
twist level on the tenacity follows the typical effect described in Fig. 5.8, but also de-
pends on the linear density. An increase of the twist level results in an increase of the
deformation at break which can be significant.

»  Wrapping/comingling/micro-braiding Yarns

The wrap spun yarn consists of twist-less staple fibres wrapped by a filament or a
fine thread (Fig. 5.11, left). The wrapping filament applies the fibre-to-fibre pressure
that is required to create the friction between the fibres and thus the yarn strength
(Xie et al., 1986a,b,c). Because of the lower fibre-to-fibre pressure generated by the
wrapping filament in comparison to the one generated by the twist, wrap spun yarns
generally exhibit lower tensile strength and are less compact than the ring spun yarns
at their optimal twist level (Zhang and Miao, 2010). Zhang et all applied this technol-
ogy with flax and hemp staple fibres wrapped by a PP multifilament yarn (Zhang and
Miao, 2010). This co-wrapping technology was also presented in (Baghaei et al., 2013)
with Hemp/PLA or by Jiang and Chen (2012) for flax/PP commingled yarns.

Micro-braiding, another technique to assemble staple fibres can also be considered.
Jute and sisal micro-braids were manufactured and described in (Khondker et al.,
2006; Jayaraman, 2003). A tubular braiding machine was used to produce micro-
braid yarn using a continuous jute yarn inserted axially and a polymer yarn as the ma-
trix material braided around the reinforcing jute thread (Khondker et al., 2006). This
technology, illustrated in Fig. 5.10 (right), has also been used for hemp/PLA micro-
braided yarn by Kobayashi and Takada (2013).

To manufacture natural hybrid yarns, the third possibility described in this section
deals with commingled yarns by the friction spinning system, DREF-3 (Fig. 5.10,
below). Natural fibres can be fed in a rectilinear way, via a tensioning unit, into a spin-
ning device. The straight path of the yarn ensures that no filament damage occurs.
Above the friction drums there is a drafting device with an opening unit. After feeding,
slivers are opened-up into individual elements by a pinned beater and then transferred
to the yarn forming zone to wrap over the core flax yarn.

These technologies are used intensively to manufacture hybrid yarns with thermo-
plastic polymer. In these hybrid yarns, the reinforcing components based on natural
fibres form the core of the structure and thermoplastic polymers are wrapped (by wrap-
ping, micro-braiding or DREF-spinning) over the core flax yarn. Bar et al. (2017,
2018) have used this technology with Flax/PP materials. These commingled yarns
with thermoplastic polymers improve the quality of impregnation of the composite ma-
terial during the thermo-compression step. Alagirusamy et al. (2006) summarized
various techniques of hybrid yarn manufacturing and explained their effectiveness
as thermoplastic composite reinforcing materials. These technologies are also used
for synthetic fibres as described in (Selver et al., 2017; Sathishkumar et al., 2014).

» Bound by an adhesive yarns

Long natural technical fibres that are generally considered for reinforcing structural
composite parts possess an average length of about 300 mm. Because of their finite
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Reinforcement fibre
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Figure 5.10 Left: warping staple natural fibres with a thread (Zhang and Miao, 2010). Right:
Micro-braiding technology (Kobayashi and Takada, 2013). Below: DREF-3 spinning system
(Bar et al., 2018).

length, the technical fibres (flax, hemp), cannot be treated in the same way as synthetic
fibres of infinite length such as glass or carbon.

After the different preparation steps described in the previous section leading to
slivers of calibrated linear mass, a spinning step giving cohesion to the technical fibres
is performed, because the slivers cannot sustain the different loads applied to them
during the textile construction processes such as weaving, breading or knitting. This
increases the level of torsion of the fibres and as a consequence the level of tensile
resistance of the yarn. However, providing torsion to the fibres within the yarn may
lead to difficulties of impregnation of the core of the yarn and to a reduction of the ten-
sile properties at the composite scale (Goutianos and Peijs, 2003; Shah et al., 2013b).
Spinning is also a step that consumes a large amount of energy (23 GJ/T) in compar-
ison to scutching and hackling (9.39 and 2.23 GJ/T respectively). As a consequence,
the amount of energy required to produce a reinforcement fabric with such yarns
(86 GJ/T) is higher than that needed to produce an equivalent product from glass fibres
(55 GJ) (Dissanayake et al., 2009).

To maximise the high potential of natural fibres for the reinforcement of composite
materials, it is therefore recommended to keep the fibre bundles as aligned as possible
and to maximise the fibre volume fraction. In the case of woven fabrics or braids, the
use of flat yarns such as the ones that are generally used for synthetic products should
be promoted to reach high covering factors and therefore high fibre volume fractions.
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To achieve this goal, the technical fibres need to be bound together so that they can
sustain the loads they are subjected to during the textile construction process.
Fig. 5.11 shows a detailed view of flax bonded by an adhesive yarn. Different types
of adhesive may be employed. Generally, the manufacturers do not indicate the type
of adhesive they use. Several solutions are already used in the textile industry to
bind the fibres and avoid any fibrillation. They are based on techniques already
used to apply sizing to glass or carbon roving type yarns. This consists of pulling
the roving or the sliver through a bath of an adhesive solution and pressing out the
excess between compressive rollers. The adhesive solutions can either be synthetic
or bio-based. Ideally, the adhesive should be removed at the end of the textile construc-
tion process with a minimum impact on the environment. Different commercial
alternatives can be encountered. Of course epoxy based solutions (that can be partially
bio-based), potentially of the same nature as the epoxy that could be used to manufac-
ture the composite part, can be considered (Sicomin. http://www.sicom). It is also
possible to use products such as the ones currently used by the textile industry to pre-
pare the warp yarns. PVA adhesives are widely used in the textile industry, particularly
in North America as a warp sizing agent. PVA based formulas are also available in
large quantities on the market (Kuraray. www.kuraray.eu/f). Natural polymers can
also be considered as adhesives. As an example, formulated potato starches are used
and could be considered to bind natural fibre bundles (Avebe. www.avebe.com/text)
(Suedstaerke. http://www.s). Other substances called gums have adhesive properties
and can also be considered (Imam et al., 2013). They are extracted from the bark of
trees or shrubs such as the ones of the pea family (Britannica. www.britannic). One
can cite as an example gum tamarind (Parija et al., 2001) which was used as a binder
with sisal fibres (Veluraja et al., 1997), or locust bean gum and Arabic gum which are
used as sizing agents for textiles (Oswamani et al., 2004).

Ideally, it is important to remove the binding agent applied to the yarn for the textile
construction process. The removal of the agent depends on its nature. As an example,
starch based adhesives can be removed by using catalytic action of enzymes. For water
soluble sizes such as PVA or certain gums such as Arabic gum, it is possible to wash
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Figure 5.11 Flat binding-by-an-adhesive yarn.
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the textile with high amounts of hot water. However, the water becomes polluted by
the sizing agents and needs to be treated, recycled or used for gas generation (Opwis
et al., 2012).

5.3.2.2 Textile architecturation techniques for 2D and 3D fabrics

The definition and properties of textile reinforcements are essential factors during com-
posite manufacturing and for the performance of composite materials. The architecture
of the reinforcement controls the deformability of the preform during the first step of
the RTM process (Wang et al., 2017). The porosities (size and distribution) are also
key parameters that control the injection process. For the specification of composite
materials, load transfer from the matrix to the reinforcement is governed by the fibre
orientation, which plays a main role in the composite stiffness. Fibre direction and fibre
volume fraction can be managed during the manufacturing process of the reinforce-
ment by textile technologies such as weaving, knitting or braiding. Yarn is converted
into fabrics by using these textile technologies. The processes of interlacing, interloop-
ing, braiding, fitting, laminating, and bonding involving usage of yarns is called fabric
construction and the resultant material is called the fabric.

The fabrics obtained by these technologies are considered as 2D as the fibres are
almost oriented in one plane. At the level of un-impregnated fabrics, weaving yarns
into fabrics for easier handling, for example, introduces fibre crimp which reduces
the mechanical properties of the reinforcements. Other textile variabilities such as
yarn spacing, yarn path waviness, and wrinkling can also significantly influence sub-
sequent properties (Gommer et al., 2016). Misnon et al. (2015) have shown that for
two woven hemp fabrics with the same textile properties (crimp, areal density, linear
density of yarns, warp/weft density) the differences in their tensile strengths and tensile
moduli are not significant. Some characterization at the level of flax-based woven fab-
rics are presented in (Ouagne et al., 2013; Capelle et al., 2014) for the shape forming.
Bensadoun et al. (2015) have reported on the changes in tensile moduli and tensile
strength of composites manufactured from nine flax-fabric architectures (mat, plain
weave, twill, quasi-UD, UD ...) with different areal densities. A multi-level approach
(tensile behaviour of un-impregnated yarns and fabrics and composites) was proposed
recently by Blanchard et al. (2016), and they showed that the wide variability in terms
of tensile properties recorded at the scale of flax-fibre yarns decreases at the scale of
fabrics and composites. The mechanical and damping properties were measured for
unidirectional, 0/90 and twill 2/2 flax fibre composites containing 40 vol% of fibres
in an epoxy matrix by Duc et al. (2014). On three different quasi-UD fabrics weaved
from flax yarns with similar linear densities but different twist levels, Omrani et al.
(2017b) pointed out the influence of the weaving process on the tensile behaviour
of flax yarns and fabrics. The degradation during the weaving can be observed on
the flax yarns and the twist effect can help to reduce this degradation. From twisted
flax yarn (350 Tex, 185 TPM), Xue and Hu (2013) detailed the manufacturing of a
non-crimp biaxial weft-knitted fabric. The influence of treatment with sodium hydrox-
ide (NaoH) applied on yarns was studied on the tensile properties of the flax yarns,
biaxial weft-knitted reinforcements, and at the scale of flax composites. Woven and
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braided textile structures are widely used as the composite reinforcements. In a woven
structure, the warp and weft directions are interlaced at 90 degrees to each other.
Biaxial braiding structure has two principal sets of tows called bias tows. Compared
to woven fabric the braid angle is its main characteristic. The braid angle is defined
as the angle between axial direction and bias tow and is in the range 5 degrees—85 de-
grees. From flax/PA12 commingled yarns the production of biaxial braids with a
braiding angle of 35 degrees was presented by Jacquot et al. (2016). The formability
behaviour was analysed and compared to woven fabrics made with the same yarns.

These studies concern mostly 2D reinforcement, but some new developments of
weaving methods for 3D-woven preforms are appearing in the literature. These are
mainly manufactured from glass, carbon, polyester or aramid fibres. Lansiaux et al.
(2019) (Fig. 5.12) have recently described the feasibility of realizing 3D warp interlock
fabrics from flax flat yarns, and analyzed the influence of architectural parameters of
these 3D-reinforcements on the mechanical parameters.

5.3.2.3 Deformability of reinforcement textiles

Shape forming of different textile architectures manufactured from aligned fibre flax
yarns was demonstrated (Ouagne et al., 201 1b, 2013; Jacquot et al., 2016) from woven
fabrics or braids. Globally, the challenge associated with shape forming is similar to
the one for forming glass or carbon based fabrics with similar yarn geometry. Different
modes of deformation take place during forming. These are mainly in-plane shear,
bending and tension of the reinforcement membrane. These loads are imposed at the
same time on the material and are therefore coupled. This may favour the appearance

Figure 5.12 Manufacture of 3D-warp interlock from flax rovings at Gemtex-Lab.
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of defects, depending on the shape complexity and the yarn architecture, as reported by
Potter et al. (2008). When flat yarns with aligned fibres are considered, defects such as
tow buckles were reported to appear because of the yarn geometry, and also because of
the high lateral stiffness conferred to the yarn by the addition of an adhesive
(Fig. 5.12). This is not specific to natural fibre based materials (Allaoui et al., 2014)
but the phenomenon is increased if adhesives are used to bind natural fibre bundles
together as it increases greatly the lateral stiffness of the yarn and therefore the bending
angle at which the phenomenon takes place. A more specific defect associated with the
use of textiles manufactured from finite length fibre bundles may happen during form-
ing and was reported by Ouagne et al (2012). Despite the use of adhesives, high strains
were measured during forming (Ouagne et al., 2012b). These high strains are higher
than the strain at which movements of bundles take place within the yarn under uni-
axial or in bi-axial tension conditions (Ouagne et al., 2012a). The movements of
packets of bundles were well reported by Moothoo et al. (2014). They showed that
local variations of fibre density take place. This is of course expected to be a source
of inhomogeneity and therefore of weakness for the formed composite part. When ad-
hesives are removed/washed after textile production, the strains observed during form-
ing are even larger and therefore, the tensile resistance of the tows is low, and high
strains may be observed in tows.

Solutions to prevent or to minimise the appearance of these specific defects have
been proposed, and are based on various studies of this type of defect (Ouagne
et al., 2013, 2016; Capelle et al., 2014; Tephany et al., 2016). Solutions consist of
adjusting the textile geometry (Ouagne et al., 2013) to remove the space where tow
buckles take place, or by adjusting the forming device and particularly the blank-
holder design to reduce the tension of the yarns associated with the high strains
reported in the previous paragraph (Capelle et al., 2014). A complex tetragonal shape
(Fig. 5.13) without defect was obtained from a textile that was not specifically
designed to prevent defects, by adjusting the forming process parameters and blank
holder design. The extra challenge associated with the forming of textiles

Figure 5.13 Left: Achieved complex shape forming; Right: Appearance of tow buckling.



190 Handbook of Natural Fibres

manufactured from natural fibre bundles was therefore met, and it was shown that with
adequate materials and the appropriate process parameters it is possible to manufacture
complex shape composite materials for load bearing applications with special designs
manufactured from high capacity fibre bundles extracted from plants such as flax.

It is also possible to form non-woven fabrics (Omrani et al., 2017a) with relatively
complex shapes such as hemispherical or corners. The main mechanism associated
with non-woven textile forming is the movement of fibres within the fabric to accom-
modate the shape. In this case, variations of fibre density may be observed in high
deformation zones. It is therefore important in this case to anticipate the density
evolution in order to prevent the formation of zones with too low fibre densities, which
could lead to weaknesses in composites.

5.4 Flax fibre geotextiles

Natural fibre-based geotextiles have found a particular interest for the last 2 decades as
an increasing knowledge of natural fibre properties has been gained. Primary uses of
geotextiles are separation or stabilization, drainage, erosion control and reinforcement
of road sides or river banks. If plastic based geotextiles were mainly used up to
recently, some concerns about their end of life and their impact on the environment
led to the design of natural fibre based products. Widely-open woven textiles
(Fig. 5.14), quasi exclusively manufactured manually from coir fibres and industrially
from jute fibres, are more easily biodegraded at the end of their service life than plastic
based materials. However, to be suitable for a geotextile use such as soil stabilization,
natural fibre materials should have reasonably good mechanical properties, good resis-
tance to biodegradation such as resistance to microbial attacks (Leao et al., 2012).
Coir, jute, and flax fibers are mainly composed of cellulose, hemicellulose, pectin
and lignin but coir fibers present an higher lignin percentage (Yan et al., 2014;

Figure 5.14 Textile tow woven geotextile.
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Rencoret et al., 2013). Consequently, when submitted to the natural soil degradation
performed by microbial population (Hu and van Bruggen, 1997) flax fibers will likely
present higher sensitivity compared to coir fibers as lignin degrading organisms are
less widespread than cellulolytic ones.

Flax tows from textile varieties and flax fibres from oleaginous varietiess are by-
products of the textile and vegetal oil industries respectively. They represent in France
large renewable resources that could be used to manufacture geotextiles industrially.
From a mechanical point of view, flax fibres have higher tensile strength, compared
to coir fibres (Batra et al., 1998; Kostic et al., 2008; Sharma, 1997). Up to now the
highest properties are reported for flax and nettle fibres slightly above hemp (Baley
and Bourmaud, 2014; Lefeuvre et al., 2014; Marrot et al., 2013; Duval et al., 2011;
Placet, 2009; Dhakal and Zhang, 2015). However, their weak point is their low anti-
microbial activity (Konczewicz and Kozlowski, 2012; Borsa, 2012; Fillat et al., 2012).
This may be due to the low micro-fibrillar angles observed for flax and hemp (about 10
degrees and 6 degrees respectively (Ho Thi, 2008)) as compared to coir 45 degrees.
Indeed, high micro-fibrilar angles have for consequence to reduce the sensitivity to
microorganism attack (Szostak-Kotowa, 2004). So solutions to improve their
resistance to microorganisms’ degradation should be studied (Lee et al., 2013; Alonso
et al., 2009).

5.4.1 Degradation of geotextiles

Flax fibres are lignocellulosic fibres, mainly constituted of cellulose, hemicellulose,
pectin and lignin (Buranov and Mazza, 2008). Natural lignocellulose biodegradation
depends on environmental conditions and on the degradation capacity of the microbial
population (Waldrop et al., 2000). Soil-dwelling fungi and bacteria (Aspergillus niger,
Cellvibrio, ...) produce enzymes such as cellulase to reduce cellulosic part of fibres to
glucose, fructose, xylose,...which they use as nutrients.

A protocol to estimate the carbohydrate degradation, of flax fibres using FTIR and
sugar released measurements was developed (Renouard et al., 2014). This is particu-
larly important since carbohydrates constitute the main flax fibres components. The
evolution of the flax fibres composition ¢ an be determined using specific
ATR-FTIR ratios characteristics of the amounts of crystalline and amorphous cellu-
lose, xyloglucan and B(1—4) xylan (the main hemicellulose component) and the gal-
acturonic acid, a specific component of the pectin.

Flax fibres are naturally degraded by cellulolytic bacteria in soil (Waldrop et al.,
2000). In this work, Cellvibrio fulvus and Cellvibrio vulgaris isolated from rhizosphere
soils (Blackall et al., 1985) and Cellvibrio gandavensis obtained from soil enriched
with flax and sisal fibres (according to provider information’s) were used. These bac-
terial strains are representative of Cellvibrio variability.

Average values of tensile strengths of as-received flax, hemp and coir fibres are pre-
sented in Table 5.3 as a comparison basis for the evolution of the tensile properties
with different treatments. One can observe that the tensile strength of the flax yarns
(72 £ 7 MPa). In the meantime, Table 5.3 also indicates that the tensile strength of
flax yarns is much higher than the one of the reference coir yarn used to elaborate
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Table 5.3 Physical and Tensile properties of un-processed flax, and coir yarns.

Yarns fineness
(tex)

Torque (rd/m)

Tensile strength
(MPa)

Young’s modulus
(MPa)

Flax

Coir

4187 £ 396
6172 + 1754

64

Double twisted

72£7
14£2

759 £ 40
91 £24

yarn

commercial geotextiles (14 £ 2 mPa). The flax yarn strength is 5.1 times higher than
the coir yarn one. The ratios become even larger if one compares the relative strength
values (strength/fineness) because the fineness of flax yarns is 1.5 times lower. In this
case, the relative flax strength is 7.6 times higher than the coir reference value.
(Table 5.3).

When submitted to enzymatic and bacterial environments described in the previous
paragraphs, the as received flax yarns show large statistically significant tensile
strength decreases when compared to their initial properties. The tensile strength
values for enzymatic and microbial degraded flax yarns shows respectively a decrease
of 33% and 38%. This shows that for both approaches large tensile strength decreases
took place.

It is also very interesting to note that the values of the degraded as received flax
yarns (unprotected) exhibit strength values that are larger than the strength of the
non-degraded by enzymatic or bacterially reference coir based yarn. The degraded
strength of flax is respectively larger by afactors of about 3.

For as received yarns, statistically significant drops of young’s modulus are
observed after enzymatic and bacterial attacks Fig. 5.15a. For flax, both the attacks
result in globally equivalent results (—45%) with no statistical difference between
the enzymatic and the bacterial degradation.

The enzymatically and bacterially degraded as received flax (unprotected) exhibit
moduli values that are larger than the ones of the non-degraded by enzymatic or bac-
terial attack reference coir based yarn (Fig. 5.15a). The degraded modulus of flax is y
larger by factors of about 4.

5.4.2 Solutions to control the biodegradation of the textiles

Different solutions exist to control a too fast biodegradation of lignocellulosic fibres
submitted to humid environments and of course to the attacks of bacteria and fungi
from the soil. One of the solution that is used at the present time by the manufacturers
of jute based geotextiles consists in applying mineral oil on the fibres. This oil, under
an emulsion form, is initially used to favour and ease the textile processing steps from
the fibre to the yarn and fabric manufacturing. This oil, easily detectable because of its
strong odour also confers to the woven geotextiles resistance properties to the soil bac-
teria and fungiis. The use of such mineral oils is of course not very much in adequation
with the use of biodegradable natural fibres as the idea of using such products instead
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Figure 5.15 Evolution of tensile strength of flax and hemp yarns for different protection and
degradation treatments (Ouagne et al., 2017b). (a) Degradation of flax yarns by cellulase and
Cellvibrio Gandavensis; (b) Influence of chitosan impregnation for flax yarns tensile strength;
(c) Degradation of flax yarns impregnated by chitosan by cellulase and Cellvibrio
Gandavensis; (d) Tensile strength comparison of flax and hemp yarns; (e) Degradation of hemp
yarns by cellulase and Cellvibrio Gandavensis; (f) Influence of chitosan impregnation;

(g) Degradation of hemp yarns impregnated by chitosan by cellulase and Cellvibrio
Gandavensis; (h) Tensile strength comparison of flax and hemp yarns impregnated by
chitosan; Measurements associated to different letters differ significantly one from another at
P < .05 using Student test.

of the plastic based material is to reduce the impact on the environment. When mineral
oils imprenate the jute fibres, this oil, is not degraded by the environment during the
service life of the geotextile and this one pollutes the soils or migrates to the closest
water network. Alternative resistance protection treatments should therefore be devel-
oped so that the geotextile resist during its service life to the environmental attacks and
this with a minimum impact on the environment.

Different solutions can be proposed. One of them consists in impregnating the yarns
in a chitosan protection solution. Chitosan is a natural polymer produced by see shells.
It is a widely available resource (the second most abundant biopolymer on earth after
cellulose) and it can be degraded by the environment and does not pollute the river
network. Chitosan is also particularly interesting because it possesses bacteriostatic
and fungiastic properties. Flax and hemp yarns were submerged into a chitosan solu-
tion, prepared with dissolved chitosan powders in 1% acetic acid at room temperature.
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Solutions were stirred for 8 h. Yarns were then immerged in chitosan solution under
shaking for 16h. The impregnated yarns were then dried in an oven, at 37°C during
3 days (Renouard et al., 2014).

Results on mean tensile strength of chitosan protected yarns are presented in
Fig. 5.16b. They do not show any significant difference between the as received
strength and the chitosan treated one. The ratio is globally not affected by the addition
of the protection layer. The strength value for flax yarns treated by chitosan is respec-
tively 69 & 10 MPa and 49 + 5 MPa. It is important to note that the addition of the
protective layer of chitosan does not almost change the tensile resistance of the flax
yarns.

When impregnated by chitosan, the yarn rigidity (Young’s modulus) of flax is not
statistically affected (Fig. 5.16b). The addition of chitosan does not reduce the
modulus of flax yarns.

When submitted to enzymatic and microbial attacks, no significant difference can
be observed between the chitosan impregnated yarns before and after attacks
(Fig. 5.16c). This therefore indicates that the chitosan as initially expected well
prevents the degradation of the tensile resistance of the cellulose rich flax fibres.

Other solutions were also tested by Renouard et al. (2017) at the laboratory scale. It
consists in applying a sacrificial cellulose coating on the surface of the fibres. The
cellulose coating provides an efficient physical protection, preventing access of these
enzymes to their fibrous substrate. The possibility of conferring antibacterial properties
on the cellulose coating by chelating phytoalexin molecules such as gramine on it was
tested and this solution was shown to be effective against soil cellulolytic bacteria such
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Figure 5.16 Evolution of young’s modulus of flax yarns for different protection and
degradation treatments (Ouagne et al., 2017b). (a) Degradation of flax yarns by cellulase and
Cellvibrio Gandavensis; (b) Influence of chitosan impregnation for flax yarns Young’s
Modulus; (c) Degradation of flax yarns impregnated by chitosan by cellulase and Cellvibrio
Gandavensis; (d) Young’s Modulus comparison of flax and hemp yarns; Measurements
associated to different letters differ significantly one from another at P < .05 using

Student test.
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as Cellvibrio fulvus and Cellvibrio vulgaris. As a consequence, coating flax yarns with
cellulose associated with antibacterial molecules could contribute to obtaining a longer
service life in soil for geotextiles manufactured from flax fibres.

Section 4 of this paper shows that flax tows (the by-products of the flax scutching
industry) can be used if protected by components such as chitosan or cellulose to
manufacture high performance geotextiles such as the one presented in Fig. 5.15.
The use of linseed flax such as the ones described in Section 2.1 could also be seriously
considered so that to use a resource that is at the present time almost not valued.

5.5 Conclusions

Flax (Linum usitatissimum L.) has been grown since the antiquity for tis ability to pro-
vide fibres for the confection of clothes. It has also been used for the production of
technical fabrics such as sails for example. In the 20th century, and particularly in
Europe, the vegetal fibres such as flax were progressively replaced by synthetic fibres
from petroleum origin. However, a large regain of interest for vegetal fibres and partic-
ularly for flax fibres was observed in the last 2 decades for using these fibres in chal-
lenging new applications for which the environmental impact is considered.

Different varieties of Linum usitatissimum L.have been selected by breeder to opti-
mise the production of fine long fibres (textile flax) or to optimise the production of
seeds (linseed or oleaginous flax). In both cases, bast fibres can be extracted from
the flax stems. This chapter shows that the fibres extracted from either textile or linseed
flax varieties can be used for different technical textiles for high added value applica-
tions. In a first part, the chapter deals with the different processes used to extract and
prepare the fibres for textile applications according to the growth and harvesting tech-
niques considered. In a second part, different manufacturing processes or techniques to
produce flax fibre non-woven and woven textiles for composite reinforcements are
presented. A discussion about the interest of selecting a particular type of yarn or a
particular 2D or 3D architecturation technique is also presented in relation to different
composite requirements and applications. The third part of this chapter is dedicated to
the interest of using flax fibres for non-woven and woven geotextile applications.
Specificities associated to the use of biodegradable vegetal fibres are presented and so-
lutions to control the degradation time of the textiles with a minimum impact on the
environment are also discussed in the document.

This work demonstrated that flax fibres (either from textile or linseed varieties) can
advantageously used for technical industrial applications ranging from the composites
materials for load bearing uses to ecological engineering and civil engineering appli-
cations for geotextiles. Different testing techniques used to characterise, select or con-
trol the textile structures at different scales (from the fibre to the fabric) should be
employed so that to continue improving the performances of these fibrous materials.
One may think of micro or nanotomographic techniques for example. If the flax
production uses mature technologies for the garment industry, some improvements
regarding technical applications can still be investigated specially to increase the
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confidence of the market about the high performance and the durability of the newly
designed products. Finally, it might also be important to explain that the flax demand is
nowdays very hiogh for the garment industry and as a consequence, other sources of
high performance natural fibres should be explored. This may be the case of hemp
which fibres are mainly used at the present time for paper or low load bearing compos-
ite applications using short fibres. New value chain developments are in progress so
that to demonstrate at an industrial scale the possibility to use this well known fibre
for high added value applications and therefore complete the offer of the flax industry.
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6.1 Introduction

Plant fibres are among the oldest materials found throughout human history. With
wool, flax was probably used to make the first textiles in the world. The first trace
of flax comes from the identification of 30,000-year-old wild flax fibres in Georgia
(Kvavadze et al., 2009). Flax has really accompanied the history of man and the birth
of agriculture in the Neolithic (about 10,000 years before our era) in Mesopotamia and
throughout the Fertile Crescent (Boquet et al., 1986); it is considered as the first plant
domesticated by man. Samples found in ancient lakeside towns in Switzerland were
dated to about 8000 BCE. Thus, capsules and balls of retted stems were found in front
of houses. Retting through water treatment made it possible to facilitate the division of
the flax fibres organized into bundles in the stem, and to clean their surfaces of the res-
idues of adjoining lamellae. It enabled the improvement of the quality of the fibres for
textile applications and testified of the technological progress of these ancient civiliza-
tions which made water retting one of the oldest known biotechnologies.

From the 6th century BCE, the Egyptians perfected the culture and processing of
flax. These fabrics, which had never reached such degrees of fineness before, were
used for clothing, for mummy wrapping and, more rarely, for food, seeds having
indeed been discovered in the remains of two Egyptians (about 5000 BCE). Egyptian
Christians (especially Copts) have perpetuated this flax tradition for many centuries.
Pliny the Elder marvelled at the quality of the flax threads and the whole Gaul
wove clothes, mattresses and above all sails including those of Alexandre Le Grand’s
fleet (Mosiniak and Prat, 2002).

The use of flax greatly expanded in Europe during the medieval period; in France,
Charlemagne demanded that it be spun to the court and that every home in the empire
had the material necessary for its work. The first flax markets were born in Lyon and
Rouen around 800. From the 13th century onwards, flax flourished and its quality
made Flanders famous. In the 17th century, under Colbert’s leadership, flax cultivation
successfully spread to Brittany, Normandy, Picardy and Champagne. It was mainly
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used to make high-quality canvases that were used as currency for international trade.
A real flax route has thus emerged between the Baltic countries (seed producers),
France and America. At that time 300,000 ha were devoted to its cultivation in France.
Despite its great qualities of finesse and the quality of the fabrics and textiles produced,
flax will be dethroned by cotton in the 19th century, cheaper and easier to work (Lourd,
1964). Nevertheless, flax is now less polluting and has a high-quality image that is
once again attracting great interest in competing with synthetic fibres, whether in tex-
tiles or in the reinforcement of plastics. It is currently the only fibre plant, with hemp, to
be grown industrially in a temperate climate (Lourd, 1964).

In 2017, 137,200 tons of flax fibres were produced in Western Europe, representing
approximately 140,000 ha; France is the world leader with more than 100,000 ha culti-
vated in 2017 (Le and francais, 2017). Since 2013, the surface area has increased
significantly due to ever-increasing demand and attractive financial returns for farmers.
Even if the majority of these fibres are intended for textiles, the composite industry
consumes a limited but growing fraction of this production. Manufacturers are
demanding volumes and reproducible mechanical performances from 1 year to the
next, which requires the sector to evolve and to work both on the yields but also on
the mechanical properties of flax fibres. The latter can be apprehended at different
scales, each of which makes it possible to obtain relevant mechanical information.
This chapter proposes a reflection on this characterization, in connection with the spec-
ificities and structure of the plant and fibres. Initially, a description of the plant and its
structure will emphasize the unusual slenderness of a flax stem and insist on the role of
fibres within this structure, especially in terms of stability. The different scales of anal-
ysis, stem, bundle, fibre and cell wall will then be described and analyzed; for each of
them, the methodology will be discussed as well as the main relevant information that
can be obtained. The conclusion will focus on the measurement of fibre stiffness and
the choice of the appropriate measurement scale.

6.2 Link between stem structure and fibre performance:
flax plant, a model for biomimetics

6.2.1 Description of the flax plant architecture

Fig. 6.1 shows a transverse cross-section of the middle of a flax stem (Fig. 6.1A) as
well as the detailed description of the main tissues (Fig. 6.1B) (Baley et al., 2018).
One can notice the specific composite structure of the stem with two main constitutive
areas: fibre bundles located at the periphery of the stem and the woody core of the plant
(mainly xylem) located between the fibres and the central cavity. The flax fibres are
linked together by the pectic middle lamella between the primary cell walls of two
neighbouring fibres and the tri-cellular junctions in the corner between three fibres
(Baley et al., 2014).

Flax fibre growth is finely described in literature. Fibres are formed in a coordinated
manner with four distinct steps: (1) fibre cell multiplication at the top of the stem
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Figure 6.1 Transverse cross-section of the middle of a flax stem (A) and detailed description of
the main tissues (B) (Baley et al., 2018).

(Esau, 1977), (2) cell elongation in the top 3—5 cm segment of the stem top, (3) fibre
radial expansion and thickening of the walls below the snap point, a zone defined by
(Gorshkova et al., 1997) where the stiffness of the stem increases significantly and (4)
structuring of the wall leading in some cases to a reduction in the cell wall thickness
and consequently fibre diameter (Andeme-Onzighi et al., 2000; Snegireva et al., 2006).
During the cell elongation which lasts 3—5 days per fibre (Snegireva et al., 2010), the
cell extends by around 5—20 mm per day (Ageeva et al., 2005) to reach up to 80 mm
(Gorshkova et al., 2003); this intrusive elongation induces the penetration of fibres
through the shared lamellae between neighbouring cells (Ageeva et al., 2005) giving
cohesive bundles of several tens of fibres. The unusual length of flax fibres is not ob-
tained by classical cellular division but uniquely by multiplication of the nuclei and
then by cellular elongation. At the end, each fibre can possess several tens of nuclei
(Ageeva et al., 2005).

Interestingly, the work of varietal selection, which aims to increase fibre yield and
plant lodging stability, has an impact on the architecture of flax stem (Goudenhooft
etal., 2017). By comparing varieties from the 1940s to nowadays, anatomical changes
over time can be highlighted, with a pronounced decrease of the existing gap between
fibre bundles and an increase of the amount of fibres. Current varieties such as the
French variety Aramis, at the middle height of the stem, are made up of 1361 £ 99
fibres per section, representing 13.4% of the tissue area (Goudenhooft et al., 2017).

6.2.2 Slenderness and stability of flax

In the plant world, flax is a unique model of slenderness (Goudenhooft et al., 2019a); it
displays an outstanding ratio between stem height and diameter, particularly in com-
parison with other herbaceous plants (Fig. 6.2). This gives it an extraordinary vertical
stability attributed to the stem architecture that can be compared to a sandwich com-
posite material. To simplify, the two main tissue zones are those of fibres and woody



208 Handbook of Natural Fibres

0.0 4 ® Herbaceous stems i
® Liral prince flax " 0
-0.2 1 ® Ariane flax .
® Eden flax
040 ®  Aramis flax * .-
Peo /.
—0.6
. .
= -A .

—0.8 . ././

1.0 4 & .o

® -
124 s ©°°% ‘e
L ] L
144 o e of e
- L . »

Log H

1.6 - ~ ®
184 o %l
2.0 . . . . ‘ : \
34 -3.2 -3.0 238 2.6 24 22 2.0
Log D

Figure 6.2 Scaling relationship for plant height (L) and basal diameter (D) measured on flax
(Linum usitatissimum L.) compared with herbaceous plants analyzed by Niklas (1995).

core. As will be detailed later in this chapter, the elementary fibres have excellent me-
chanical performances and, in the plant, they are located in the periphery, aligned in the
axis of the stem with a very important volume fraction (~90%-vol of the fibre crown)
(Baley et al., 2018). These fibres are linked together by a very cohesive pectic matrix
giving the system optimal interfaces. They thus form an optimized and high perfor-
mance unidirectional composite.

Moreover, the woody part of the plant is a cellular structure with a vascular role; this
light structure can be assimilated to the core of the sandwich composite mentioned
before. Its geometry greatly reduces micro-buckling and ovalization of the stems dur-
ing bending as is the case during a lodging episode (Schulgasser and Witztum, 1992);
it is very complementary with the stiffness provided by the fibre crown. Thus, the flax
stem is an optimized composite structure designed to display unequalled performances
in terms of flexural strength, which allow the plant to present an outstanding slender-
ness and to be a source of inspiration for future composite materials.

6.3 Multi-scale mechanical characterization of flax

To introduce this section, Fig. 6.3 proposes a summary of the various mechanical
data that can be obtained at the various investigation scales. Whatever scale of exper-
imental testing, a large range of the fibre mechanical properties can be obtained;
some of them can be calculated by different routes. The following sections present
the four specific approaches, focusing on both experimental points and pertinence
of the data obtained.
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Figure 6.3 Synthesis of mechanical data potentially obtained through multi-scale mechanical
characterization (Bourmaud et al., 2019b). E, Modulus; F, fibre, H, hardness, L, longitudinal;
ML, middle lamella; Nano, nanoindentation; 7, transverse; ¢, Elongation; o, strength; 7,
shearing strength.

6.3.1 Mechanical investigations on stems: an innovative way to
obtain fibre performances

6.3.1.1 Bending tests on flax stems: generalities and
experimental parameters

Generalities

In nature, an excessive bending moment frequently causes the failure of plant stems
(Shah et al., 2017), including flax, which typically yields by local buckling (Spatz
et al., 1990). Bending tests are current and common methods for the mechanical char-
acterization of plant stems and for the investigation on their resistance towards
bending. Nevertheless, no standards are available for the testing of these biological
materials. Several types of bending tests are presented in literature, all providing infor-
mation about the bending strength and elastic modulus of the plant (Shah et al., 2017).
Namely cantilever (Caliaro et al., 2013), three-point (Réquilé et al., 2018) and four-
point (Robertson et al., 2015) bending tests can be used; yet, three-point bending tests
are the most common methods of mechanical characterization performed on plant
stems (Réquilé et al., 2018; Goodman and Ennos, 1996; Leblicq et al., 2015; Robert-
son et al., 2016).

Three-point bending test — set-up for testing of a flax stem

In the case of a three-point bending test, the stem sample is placed on two supports
without clamping and the largest bending deflection is located at mid-span, where
the force is usually applied (Fig. 6.4).
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Figure 6.4 Set-up for a three-point bending test of a flax stem. (A) At the beginning of the test.
(B) During the experiment on flax straw. (C) Transverse cross-section of a flax sample. F is the
applied force, L0 is the sample length, L the span length, D is the sample diameter (being either
D stem the diameter of the whole stem or D woody core the diameter of the sample devoid of
fibres), and y the displacement in the middle of the sample section.

By considering the plant sample as a uniform beam with a circular cross-section, the
displacement y in the sample centre at mid-span is given by Eq. (6.1), for small dis-
placements (Timoshenko, 1947):

FL3
= 6.1
Y = 48EI ©.
where, F is the applied force, L the span length and EI the bending stiffness, I the
quadratic momentum given as I = G%D‘L and E the bending modulus of the cylindrical
sample.

The stem bending stiffness EI is then obtained by applying Eq. (6.2):

FL3
I—d -

& 2
dy 48 62)

where, dF/dy is the slope of the linear part of the force—displacement curve.



Multi-scale mechanical characterization of flax fibres 211

Finally, by evaluating the quadratic momentum I of the sample, its bending
modulus E can be calculated.

Three-point bending test — experimental parameters

To obtain accurate data on stem bending properties, careful attention must be given to
the set-up parameters. Three-point bending tests on plant samples should be carried out
under a standard atmosphere for comparison, commonly at 23.0 + 2.0 °C and a rela-
tive humidity of 50.0 = 4.0% (ISO 139:2005). The crosshead speed must be deter-
mined to minimize viscoelastic effects; it is usually fixed at 0.1 mm/s for flax
samples (Réquilé et al., 2018; Goudenhooft et al., 2019b). Moreover, the stem sample
must be slender enough to minimize the contribution of shearing, this latter being
known to underestimate sample mechanical properties (Shah et al., 2017). Thus, the
span-to-depth ratio L/D,,, must be carefully selected. For the experiments carried
out on dried flax stems, an L/D,,, ratio of 80 (i.e. L of 18 cm for an average sample
diameter D¢y of 2.25 mm) is chosen (Fig. 6.5) (Réquilé et al., 2018), which is much
higher than values typically chosen in literature regarding other plants (L/D,,, usually
ranges from 10 to 40, as larger L/D,,, are often limited by the presence of nodes or by
sagging of non-rigid stem samples) (Shah et al., 2017).

Additionally, increasing the L/D,,, ratio together with using rounded anvil (and sup-
ports) reduces the risk of ovalization of the section at the loading point (Robertson
et al., 2015), ovalization which reduces resulting stem mechanical properties (Leblicq
et al., 2015).

6.3.1.2 Use of bending tests to estimate fibre stiffness
Hypothesis

The stem is assimilated to a composite tube of two layers: the fibre crown and the
woody core (Fig. 6.1A,B) . If only fibres are assumed to contribute to the bending
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Figure 6.5 Influence of the span-to-depth ratio on the stiffness measurement of flax stems
(Réquilé et al., 2018).



212 Handbook of Natural Fibres

stiffness within peeled tissues, the bending stiffness of the entire stem is obtained by
adding the bending stiffness of each layer, i.e. (El)gepm = (EDpbres + (EDyoo0dy core-

Being assimilated to beams with a circular cross-section, the bending stiffness of
both the entire stem and the woody core (i.e. peeled stem devoid of fibres) can be esti-
mated using Eq. (6.2). Finally, the apparent fibre modulus Egpres can be estimated by
Eq. (6.3):

(ED) e — (ED)

Iﬁbres

stem

woody core
Efibres = (6.3)

where, Ifpres 1S the quadratic momentum of the fibre crown, expressed as Ifjpres =
& (Ddenm — D3

stem woody core | *

Evaluation of the fibre modulus obtained by bending tests
The common method found in literature to estimate the mechanical properties of flax
fibres is NFT 25-501-2 (AFNOR NF T 25-501-2, 2015), i.e. tensile tests on elementary
fibres. This method is very time-consuming but also requires fine equipment and rather
skilled experimenters. To validate the method used for estimating fibre modulus from
stem bending tests, the results were compared with the elementary fibre modulus
measured by tensile tests (Fig. 6.6). Bolchoi variety, a French cultivar from Terre
de Lin, was used for these investigations.

Despite a wide scattering of fibre moduli, similar values are obtained for both types
of experiments, namely an average tangent modulus reaching 54.7 £ 13.2 GPa by
tensile tests and a modulus of 55.8 £ 14.5 GPa estimated by bending tests (Réquilé
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Figure 6.6 Modulus measured by tensile test on single Bolchoi flax fibres. Compared with
average fibre modulus value estimated by bending tests (Réquilé et al., 2018).
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et al., 2018). Thus, the fibre modulus can be effectively related to the stiffness of the
stem; three-point bending tests on stems are expected to become a standard method for
estimating the apparent modulus of flax fibres.

6.3.2 Tensile tests on flax fibre bundles: characterization of
inter fibre interfaces

6.3.2.1 Choice of pertinent parameters for tensile testing of flax
fibre bundles

Influence of the measure of cross-section diameter on the tensile behaviour of
flax bundles

Like elementary fibres, the protocol for tensile tests on technical fibres, i.e. groups of
fibres either in complete or partly divided bundles (Alix et al., 2012), has been stan-
dardized (NFT 25-501-3 (AFNOR NF T 25-501-3, 2015)), but parameters such as
testing speed, gauge length and measure of the cross-section area (CSA) vary in the
literature. The tensile properties depend on the fibre CSA; therefore, its accurate
measurement is essential. The mean apparent diameter of the fibre bundle is often eval-
uated by optical microscope as it is for elementary fibres (Stamboulis et al., 2000).
Flatbed scanning applies the same principle, but a high resolution of scan is essential
to obtain precise measurements (Haag, 2016). Several variations exist; for example,
Bos (2004) measured the apparent diameter in two perpendicular directions twice
along the fibre bundle, and approximated the smallest measure as a rectangle and
the other as a circle. Indeed, the obstacle lies in the fact that a fibre bundle cross-
section is roughly elliptical (Grishanov et al., 2006) and approximations of the diam-
eter as circular induce lower strength values than reality. This also causes higher
dispersion in the values related to the bundle mechanical properties. Haag (2016)
compared the tensile properties of 50 fibre bundles for which the CSA had previously
been measured by three non-destructive techniques (microscopy, flatbed scanner, and
laser-based Fibre Dimensional Analysis System (FDAS)) and the diameter was then
calculated by four different methods (circular, elliptic, SEM-based and FDAS). The
study reveals 300% of dispersion in the results, of which 180% dispersion are due
to the different calculation methods, and 175% to the measurement technique. This
demonstrates why the tensile properties of flax bundles found in the literature may
by remarkably different.

More precise methods include direct assessment of the CSA by optical microscopy
and image analysis, as it may be applied after the tensile test by two measures taken at
the attached extremities of the bundle to the support (Barbulée, 2015). Although the
measure of the CSA is precise, it does not take into account its potential diameter var-
iations along the tested bundle, and the main drawback is that it is time consuming and
therefore inappropriate for industrial purposes. FDAS determines the diameter by 360
degrees rotation around and along the bundle. The main advantage of this method is its
high reproducibility in measurement and image generation, although it does not take
into account the potential concavity of the bundle, and it requires an important invest-
ment beforehand (Haag, 2016).
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In the textile industry, fineness is measured as a lineic mass, in tex (1 tex = 1 g/km),
therefore tenacity (N/tex) may be evaluated rather than tensile strength (Baiardo et al.,
2004). Another approach is to estimate the CSA by dividing the lineic mass by the fibre
density, which is usually of approximately 1.5 g/cm® (Thygesen et al., 2011). This
method is often adopted when tows or larger bundles of flax are characterized for
its rapid assessment (Moothoo, 2014; Velde and Baetens, 2001).

Influence of the gauge length

An important parameter to be considered when testing technical fibres is the gauge
length. Indeed, the length of elementary fibres ranges from 4 to 77 mm, with a
mean length of around 33 mm (Baley, 2002). Therefore, when the gauge length is
above that of the elementary fibres, failure occurs through the pectin interphase by
axial splitting or debonding during the first instance (Romhany et al., 2003). As the
gauge length decreases, the distribution of elementary fibre lengths and the number
of critical defects decrease as well. This triggers a behaviour close to that of the
elementary fibre as failure takes place directly through the cellulosic cell wall of the
individual fibres (Bos, 2004). Therefore, the tensile properties of technical fibres
tend to decrease when gauge lengths increase, as shown in Fig. 6.7.

It’s always delicate to compare data obtained from different testing conditions (flax
variety, tested volume, loading rates, etc.), but the same tendency is evidenced on sin-
gle fibres; Baley and Bourmaud (2014) measured the elementary fibre mean tensile
strength of 12 flax varieties at 945 4+ 200 MPa for a 10 mm gauge length, while
Bos (2004) obtained values above 1500 MPa for a 3 mm gauge length. For both fibres
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Figure 6.7 Tensile strength of flax bundles as function of gauge length (Alix et al., 2012; Bos,
2004; Romhany et al., 2003; Barbulée and Gomina, 2017; Perremans et al., 2018; Depuydt
et al., 2017).
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and bundles, the rise in gauge length increases the number of weak elements such as
kink bands; in the case of tests on bundles, the probability to characterize fibre—fibre
interfaces and not fibre properties is also naturally increased. Further details on the me-
chanical properties of elementary flax fibres are given in a next section.

6.3.2.2 Evaluation of the elementary fibre cohesion within a
bundle

Decohesion mechanisms

The decohesion mechanisms of flax fibre bundles can be studied by correlating be-
tween tensile testing and acoustic emission (AE). Romhany et al. (2003) noticed
that low AE amplitudes occurred during the initial fracture, whereas high amplitude
signals were received at the final fracture of the fibres. Correlation was made between
AE and observations of a fibre bundle under tensile stress by scanning electron micro-
scope (SEM). Three successive decohesion modes were revealed (Romhany et al.,
2003). Furthermore, Barbulée et al. (2014) conducted AE and tensile tests on flax
slivers, i.e. bundles associated with bast tissues. Damage accumulation in the sliver
was evaluated as the density of broken fibres. Three populations of damage mecha-
nisms were identified by reason of multiple AE parameters: friction among ultimate
fibres of fibre bundles and rupture of ultimate fibres; delamination among or within
fibre bundles and partial ruptures of fibre bundles; and catastrophic rupture of the fibres
bundles.

Influence of process on cohesion between elementary fibres

Testing the tensile properties at the level of a flax fibre bundle delivers a valuable eval-
uation of the effects of physical or chemical action on elementary fibre cohesion. Char-
let and Béakou (2011) evaluated the shearing properties at the fibre—fibre interface of
previously retted, scutched and hackled flax by statistically estimating the contact area
between two contiguous fibres. The tensile tests revealed a mean shear modulus
(maximum force divided by the surface of contact) of 2.9 MPa, which is at least twice
lower than that of fibre-matrix interfaces that may range from 6 to 33 MPa depending
on the materials used (Joffe et al., 2003, 2005; Coroller et al., 2013). In the intention of
processing flax reinforced composites, the fibre-matrix interface is a major parameter
to determine the compatibility and therefore the future mechanical properties of the
composite. This result shows the importance of individualization of the flax fibres
S0 as to optimized fibre-matrix cohesion.

The retting degree may also be assessed by bundle tensile tests. Velde and Baetens
(2001) investigated the evolution of the tensile properties of green, under retted and
normally retted flax, first scutched then hackled. Tensile strength values ranged
from 719 to 930 MPa, with lower values corresponding to green flax. Alix et al.
(2012) noticed no significant difference in the failure strength between green and field
retted flax, with values slightly above 300 MPa. Alix et al. also carried out multiple
studies on the effects of enzyme retting (Alix et al., 2012), and well as the effect of
chemical treatments and moisture regain on the tensile properties of flax bundles
(Alix et al., 2009).
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Finally, the effect of the different processing steps on the individualization of flax
fibres can be identified by tensile tests on technical fibres. Thygesen et al. (2011),
evaluated the effect of single or double mechanical cottonization on the mechanical
properties of flax fibre bundles that had previously been dew-retted, scutched, carded
and mechanically broken down to 2—5 cm fibres. Results are given in fracture strength
by a given bundle surface of 0.10 mm?, and values drop from 482 4- 24 MPa for dew-
retted, scutched and carded flax to 338 £ 22 and 238 4 28 MPa for flax that had,
furthermore, been cottonized once and twice respectively. This indicates the mechan-
ical effect of the cottonization processing step which separates fibre bundles into indi-
vidual fibres by breaking down the cohesive middle lamellae between elementary
fibres. Nevertheless, tensile tests at the level of the fibre bundle do not deliver precise
information on the tensile properties of elementary fibres as cohesion is present be-
tween the individual fibres; therefore, further tests are needed to obtain mechanical
properties at the plant cell level.

6.3.3 Tensile behaviour of elementary flax fibres: specificity and
link with cell wall structure

6.3.3.1 Impact of fibre morphology and diameter measurement
on tensile properties calculation

Experimental tensile testing is highly dependent on a large range of intrinsic and exog-
enous parameters; among these parameters, the estimation of the diameter is probably
the most discussed and controversial. Generally the single fibre tensile modulus or
strength are shown to decrease when the fibre diameter increases (Andersons et al.,
2005; Charlet et al., 2007); which is commonly explained by the Griffith’s theory
(Griffith, 1921) in link with the probability of the presence of a critical defect increases,
inducing a precocious fibre failure (Beaugrand and Guessasma, 2015). In the literature,
the diameter dependence of the fibre mechanical properties is also attributed to an
over-estimation of their effective CSA, and consequently to uncertainty about the
diameter measurement which was estimated to be responsible for 78% of Young’s
modulus uncertainty and 93% of strength at rupture uncertainty (Lefeuvre et al.,
2014). To avoid this issue, viable solutions are to increase the number of measurement
points along the fibre, six spots being a reliable value, or to measure the fibre diameter
after the tensile test in the breakage area, even if this method is not totally satisfying
(Duval et al., 2011; Charlet et al., 2009). As previously discussed in the bundle section,
a number of authors proposed experimental alternatives for CSA estimations (Thoma-
son et al., 2011; Haag and Miissig, 2016) even if for single flax fibres, the measurement
error is less pronounced than for bundles, due to the more regular shape of elementary
flax fibres (Charlet et al., 2010). For example, the average cell form factor (CFF) of flax
fibres is included between 0.9 and 1 corresponding to hexagonal and circular shapes
respectively (Alix et al., 2009), whereas it is around 0.7 for hemp (Marrot et al.,
2013) due to pronounced discrepancy into hemp fibre shape.
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In addition, the lumen size considerably varies according to the plant species; in the
case of flax, the lumen represents only a small percent of the fibre section (Pickering
et al., 2015) and if no meteorological or environmental stress (such as drought or lod-
ging episode (Bourmaud et al., 2015a)) occurs during plant growth, the quite complete
cellulose filling of the cell is generally reached. The same variation can arguably be
hypothesized for lignocellulosic fibres of other botanical origins. Even so, the majority
of authors chooses to optically measure the fibre diameter by CSA calculation, both for
the speed and simplicity of measurement, but also by considering that within a com-
posite, the whole fibre (including lumen) must be taken into consideration and repre-
sent the real reinforcement object which is not only limited to the cell walls.

6.3.3.2 Tensile behaviour of elementary flax fibres

For long single fibres such as flax, tensile characterization is possible. The experi-
mental conditions as well as the tensile properties calculations are detailed in the
NFT 25-501-2 standard (AFNOR NF T 25-501-2, 2015) dedicated to the characteriza-
tion of flax elementary fibres. Due to the complex and hierarchical structure of a flax
fibre, made of several layers having specific biochemical constitution and cellulose
micro-fibrillar orientation, its response to tensile stress is governed by interactions
and interfaces between the cell wall layers. The stress—strain curve of a single flax
fibre has been found to display three types of tensile behaviours (Lefeuvre et al.,
2014) (Fig. 6.8). Type I (TI) exhibited a linear relationship similar to that observed
for glass fibres. Type II (TII) was non-linear and characterized by two distinct sections
with a decreasing slope in the second section.

Type LI (TII) has been reported in the literature as being the typical behaviour for
an elementary flax fibre (Baley, 2002). It typically exhibits non-linearity with a stiff-
ening effect after a threshold point due to micro-fibril reorientation during tensile
loading (Lefeuvre et al., 2014) (Fig. 6.9B). For TIII fibres, the value of the tangent
modulus (designated as Ers for type III behaviour) decreases to a minimum (named
Elt3) then increases up to a plateau before rupture (named Errs). Lefeuvre et al.
(2014) studied these specific behaviours and compared several flax batches over three
different cultivation years. They suggested that structuring pectin parietal components,
enabling links between cellulose micro-fibrils, were more related to the first non-linear
section of the stress—strain curve whereas the matrix polysaccharides, in which cellu-
lose micro-fibrils are embedded, could influence the second section of the stress—strain
curve in which the tangent modulus increases, by favouring sliding of the microfibrils.
The NFT 25-501-2 standard (AFNOR NF T 25-501-2, 2015) recommends the calcu-
lation of the fibre longitudinal modulus in the last part of the stress—strain curve, after
the micro-fibril loading and partial realignment phase. Thus, tensile tests on single fi-
bres enable to obtain relevant mechanical data which are especially useful for de-
signers and modellers. Elementary plant fibres are the basic reinforcement elements
within a biocomposite and an accurate knowledge of their properties is preponderant
for the development of the former.



(a) (b)

1200 70
141 s ||l stress-strain curve s
00 1000 = Variation of the tangent modulus (E.,) .qf-:::.'o """ - Er,
1200 4 T . . 60 o
—-——— T - o
........ Tm < 800 4 4“ S
1000 4 P 4 o 5 Enyy L50 3
= e = * ]
S 800 e o @ 6001 o kS
= 1S
- ,// % ol g -\\._ ’f 40 <
g 60 P @ 400 % 5
& / o \ :-, G
400 4 # ST T o 1T T T Tt ,"' F30 F
y f 200 e
i ol -
200 4 )/ - \ 73\ M __________________ - Bl
y 0 — . . v 20
0 i 0,0 05, 1,0 1,5 2,0 25
0 1 2 3 4 i Strain (%)
. 0, ol
Strain (%) = e, 2, ]

Figure 6.8 3 different types of stress—strain curves of flax (A) elementary fibres and focus on the specific behaviour of TIII behaviour (C).
Adapted from Bourmaud, A., Beaugrand, J., Shah, D.U., Placet, V., Baley, C., 2018. Towards the design of high-performance plant fibre composites.
Prog. Mater. Sci. 97, 347—408. doi:10.1016/j.pmatsci.2018.05.005.

81¢C

saIqI] [BINEN JO YOoOqpuey



Multi-scale mechanical characterization of flax fibres 219

29.2 Gpa
25.0
20.0
15.0
10.0
5.0
0.0

(d)

33.1 GPa
30.0
25.0
20.0
15.0
10.0

Figure 6.9 AFM PF-QNM modulus mapping of growing (A), mature (B), thermal treated
(C) and retted flax fibres (D) (Siniscalco et al., 2018; Bourmaud et al., 2019a).
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6.3.4 Nanomechanical investigations on flax cell walls by
nanoindentation and AFM

6.3.4.1 Investigations using nanoindentation

In the last 20 years, the development of nanoindentation opened a new way to mechan-
ically characterize the cell walls of plant fibres. Various studies have shown the rele-
vance of this performing tool for studying flax cell walls (Bourmaud and Baley, 2012;
Bourmaud et al., 2016; Le Duigou et al., 2015). It can be used to determine the longi-
tudinal indentation modulus of the cell wall but it is also one of the rare experimental
methods to obtain a direct value of the transverse stiffness of plant fibres (Bourmaud
and Baley, 2009). Nevertheless, for flax, the longitudinal indentation modulus is
generally between 17 and 22 GPa, whereas in a tensile test on elementary fibres, the
average value of the apparent modulus of the fibre is around 50 GPa (Baley and Bour-
maud, 2014). In nanoindentation, tests are performed with a Berkovich-type indenter
loading the wall at an angle of approximately 25 degrees. Thus, a complex loading
condition exists under the indenter that yields a reduced modulus that depends not
only on the longitudinal modulus but also on the (lower) shear and transverse moduli
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(Jager et al., 2011). Indeed, flax fibres are highly anisotropic, and their transverse
modulus is estimated to be 8 GPa (Baley et al., 2006). Thus, even if the indentation
modulus data cannot be viewed as absolute values, this method enables comparisons
of cell wall stiffness, and shows differences between species (Bourmaud and Baley,
2009), cell wall structure, or position within a stem (Marrot et al., 2013; Bourmaud
and Baley, 2012). Nanoindentation measurements provide both hardness and stiffness
values; as assumed by Konnerth et al. (2009), Gindl et al. (2004) but also Gindl et al
the hardness behaviour is dominated by polymers constituting the polysaccharide cell
matrix, i.e. hemicelluloses and pectins. In contrast, the nanoindentation modulus is
more linked to the properties of cellulose and to the micro-fibrillar angle.

Nanoindentation is a powerful tool that can be used to determine the in situ mechan-
ical properties of composite fibres without any extraction or damage to the material.
Thus, nanoindentation measurements can be performed to monitor cell wall properties
after processing (Doumbia et al., 2015; Bourmaud et al., 2015b) or along recycling cy-
cles (Bourmaud et al., 2016; Gourier et al., 2017).

To improve the accuracy of nanoindentation measurements, indentation positions
can be controlled through atomic force microscopy (AFM) measurements (Bourmaud
et al., 2016; Konnerth et al., 2009; Beaugrand et al., 2014). This original coupling can
provide suitable information about viscoelastic parameters of flax cell walls, by moni-
toring both the surface displacement during the recovery phase and the indent size after
testing (Keryvin et al., 2015). Similarly, Tanguy et al. (2016) evidenced indentation
depth differences between flax and jute due to the specific microstructure of the
2 cell walls and especially their microfibrillar angle.

6.3.4.2 Investigations by AFM

To increase the fineness of mechanical properties investigations on cell walls, AFM
measurements can also be performed. First experiments were developed in 1996 by
Yamanaka and Nakano (1996) and Rabe et al. (1996) on wood cell walls and the
method was optimized by Clair et al. (2003) and Nair et al. (2010) by using ‘resonant
contact-AFM’ (RC-AFM). The new Peak Force Quantitative Nano Measurement (PF-
QNM) mode is able to provide fine and well-defined cartography of cell wall stiffness.
Some examples are given Fig. 6.9 on flax cell walls to explore the cell wall indentation
modulus on growing (A), mature (B), thermal treated (190°C during 8 min) (C) or
retted flax fibres (D) (Siniscalco et al., 2018; Bourmaud et al., 2019a).

In both nanoindentation and AFM techniques, the quality of the results is highly
dependent on sample surface preparation. It has been shown that a fine polishing
enabled better AFM measurements compared to microtome sections. Nevertheless,
this conclusion must be moderated, as with optimal blade and preparation conditions,
microtome cuts provide reliable and qualitative AFM PF-QNM mode imaging
(Arnould et al., 2017).

Whether in nanoindentation or AFM, elastic properties of plant cell walls can be
estimated and compared. Thanks to these two powerful tools, fine parietal stiffness ac-
cording to the variety, the biochemical structure network or the thermo-mechanical
stress suffered by fibres can be ascertained, providing new information for the under-
standing of the cell wall mechanical behaviour in link with the parietal structure.
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6.4 Conclusion

This chapter aims to propose a complete synthesis, possibly useful for both academic
and industrial researchers, for the investigation, at different scale of cell wall and fibres
mechanical behaviour and properties. All the testing methods described in this chapter
enable to obtain stiffness values on flax fibres but also on bast plant fibres such as hemp
or nettle; however, according to the scale, the resulting values do not have the same
meaning.

Thanks to its model structure, a flax stem can easily be bending tested and, knowing
the arrangement and fraction of fibres, their modulus can be finely estimated. Results
show that the acquired values with this efficient method are reliable and well correlated
with fibre apparent modulus obtained by single flax fibre tensile tests. This original and
poorly used is very promising and open new perspectives, possibly useful for both ac-
ademic and industrial laboratories.

Longitudinal modulus can also be measured through tensile characterization of
bundles but due to the discontinuity of flax fibres, results are sometimes difficult to
analyze, as they also represent the interfacial behaviour of middle lamellae. Attention
must be paid to middle lamellae structure, preliminary treatments and fibres
morphology, according to these parameters, results and analysis could strongly vary.

With the development of local investigation methods such as AFM and nanoinden-
tation, cell wall longitudinal stiffness can also be measured using this equipment.
Although similar stiffness values are obtained by nanoindentation and AFM mapping,
the specific geometry of the tips and the compressive loading mode provide underes-
timated results of the longitudinal cell wall stiffness due to the high plant fibre anisot-
ropy. However, a correlation can be made between tensile tests and indentation results
to estimate the stiffness of fibres that are too short for tensile measurements.

Thus, it is possible to determine the plant fibre cell wall stiffness by using different
investigation techniques at the macro-, micro- or nano-scale. Nevertheless, at the com-
posite scale, the tensile method is best and the more reliable to obtain the whole fibre
apparent tangential modulus. According to the know-how of the experimenter, avail-
able equipment or preparation modes, alternative method may be used, but the scientist
has to keep in mind the real sense of both experimental ways and investigation scale.
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7.1 Introduction

Enzymes catalyze multiple reactions from a reactant to a product, often evolve a way to
get intermediates from one active site to another (Arnaud, 2018). Amylases, cellulases,
chitanases, lyzozymes and xylanases are all insoluble polysaccharide hydrolases
(Saddler and Penner, 1996).

Enzyme application, once confined to the food and paper industries, is becoming an
increasingly important technology in the textile industry. In the area of natural fibres
such as bast fibrous plants, enzymes play the main role in degumming the plants as
well as improving the cleanliness, homogeneity, fineness and softness of the natural
fibres. This has a fundamental impact on the competitiveness of the fibres, allowing,
for example, bast fibres to be blended with other natural or synthetic fibres. Enzymes
are also used for retting of bast fibrous plants, degumming decorticated green fibres
and in finishing of textile products.

Selection and application of the appropriate enzyme is the main problem faced by
textile manufacturers when using enzymes.

Enzymes are used in lignocellulosic fibres such as: seeds (cotton), bast (flax, hemp,
kenaf, jute, ramie), leaves (e.g., curaua, pineapple, abaca) and protein (wool, silk).

7.2 Key principles of enzyme treatment of natural fibres

Enzymes are produced by living organisms and play a role as biocatalysts in biochem-
ical processes. They are protein substances consisting of two parts: the ‘carrier’ (protein)
and the active part of the enzyme. They are biodegradable in effluents, which contributes
to environmental protection and fulfils the demands of ‘green chemistry’.

The most significant property of enzymes is their catalytic power and scope for
specificity when used for catalyzing chemical reactions, as well as the choice of
substrates.

Enzymatic catalysis accelerates the change of substrate into product, while main-
taining balance within the overall process. A single enzyme particle interacts with
thousands of particles in the substrate and the character of changes depends on the
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process conditions. The velocity of enzymatic reactions is called the ‘activity’ of the
enzyme. Enzymatic catalysis differs from chemical catalysis due to: (a) the higher
velocity of the reaction; (b) the more delicate conditions of action; and (c) the higher
specificity of the reaction.

* Enzymes accelerate but do not affect the balance of a reaction.

* The majority of enzymatic catalysis takes place in milder conditions than chemical catalysis:
at temperatures below 100°C, at atmospheric pressure and with a pH of four to eight, without
the necessity of applying aggressive chemicals or solutions.

* Chemical catalysis is mostly applied only to one or several strictly related chemical reactions.
Enzymes could be widely applied as catalysts in the textile industry due to the above
mentioned features.

Enzymes can be sourced from many different microorganisms, for example: mil-
dews such as Aspergillus oryzae, Aspergillus niger, Aspergillus aureus, Aspergillus
wentii, Aspergillus flavus, Mucor hiemalis, Mucor stolonifer, Rhizopus nigricans,
Rhizopus triciti, Rhizopus chinensis, Rhizopus artocarpi, Sclerotinia cinerea, Pythium
debaryanum, Botrytis cinerea, Cladosporium herbarum Line, Erwinia carotovora,
Trichoderma reesei, Trichoderma viride; bacteria such as Clostridium felsineum, Bac-
terium amylobacter, Escherichia coli, B-galactosidase and so on. The most active
complexes of enzymes are derived from the mildew A. niger and from the bacteria
C. felsineum.

Enzymes can be applied in the degumming of bast fibrous plants and of green
decorticated bast fibres, as well as in the finishing of textile products.

7.2.1 Degumming of bast fibrous plants

In the conventional cold and retting methods, bacteria such as Bacillus amylobacter,
Bacillus felsineus, Granulobacter pectinovorum, C. felsineum and Bacillus comesii
rossi cause the fermentation of pectin and degumming of fibre. In the cases of flax
and hemp, retting without an enzyme catalyst takes c.70—100h. Sometimes
nutrient-rich substances such as urea can be used to accelerate the process to last
¢.40—50 h (Koztowski, 1970).

During dew-retting, the stems of the flax are kept damp by rain and dew and various
fungi, such as C. herbarum, Mucor sp., Rhizopus sp. and Epicoccum nigrum, Tricho-
derma reesei, Trichoderma viride colonize the stems (Sharma, 1988). Dew-retting is
still used on an industrial scale by flax producers.

During retting of bast fibrous plants, the application of the enzymatic mixture is
quicker. Applying enzymes at the same time as degumming of the fibre from the
woody core means that the pectin disperses between the bundles of fibre. This process
shortens the degumming process and enhances the quality of the fibres, mainly due to
increased ease of divisibility and finer fibre ribbons (Batog et al.,2006, Kozlowski
et al., 2000).

The main focus area of our investigation was the enzymatic retting of flax (Linum
usitatissimum L.) and degumming of ramie (Boehmeria nivea) and sunn hemp (Crota-
laria juncea). In the case of flax retting, the effect of pectinolytic and cellulolytic
enzymes was investigated.



Enzymatic treatment of natural fibres 229

Chelators added to enzyme mixtures increase the efficiency of enzyme retting of
flax. The application of chelators such as ethylenediaminetetraacetic acid (EDTA)
or Mayoquestn, a commercial chelator containing 38% EDTA, causes the removal
of Ca®" from pectin bridges and destabilizes cell wall structure (Adamsen et al.,
2002; Akin et al., 2002a).

To decrease the amount of enzyme used in retting, a new method, spray enzyme
retting (SER), was tested (Akin et al., 2000). The method was as follows. The stems
were crimped to enhance penetration of the enzyme (Flaxzyme) formulation into the
stem tissues; then chelators were added to the enzyme formulation in water at pH 5,
to improve enzyme effectiveness. The formulation was sprayed onto the crimped
stems to soak in and the stems were incubated at high humidity for several hours
(Akin et al., 2000, 2002a,b).

Epps et al. (2001) described the colour of enzyme-retted flax fibres affected by
processing, cleaning and ‘cottonizing’. Fibre lightness significantly increased with
additional cleaning steps. The results indicate that objective colour measurements
and colour standards can define important fibre properties, which can then be used
to tailor raw materials for specific industrial applications.

Tests were then undertaken to determine the influence of a water pre-soak on
enzyme retting of flax. It was shown that pre-soaking increased fine fibre yield in
some cases, but also reduced the fibre strength (Akin et al., 2003).

Bast fibrous plant retting processes and ways of upgrading them, particularly when
concerned with the use of enzymatic preparations, were reviewed by Koztowski et al.
(2001a,b, 2005).

The research revealed that the application of this enzyme results in shortening of the
process time by 33% as compared to water retting. Additionally, the enzyme can be
used for modification of flax and hemp hackling noils. The fibre was characterized
by excellent separation into smaller bundles and elementary fibres in the mechanical
processing operations, which made it capable of being processed in blend with cotton,
wool or man-made fibres using techniques specific to each of these raw materials.

Evans et al. (2002) conducted research into the modification of dew-retted flax
fibre. The use of atomization or aerosol formation was investigated for enzyme treat-
ment of dew-retted flax fibres. Evans et al. applied the cellulase/endoglucanase in
atomization for modifying fibre properties.

Himmelsbach et al. (2002) used Fourier transform infrared (FTIR) microspectro-
scopic mapping to study the effects of enzymatic retting of flax stems. They found
this analytical tool a promising technique for studying the effects of enzymatic treat-
ment of natural fibre materials.

J. Jayapriya and C. Vigneswaran studied the optimization process of biosoftening
of lignocellulosic fibre — jute with white rot fungi and specific enzymatic system
(Jayapriya and Vigneswaran, 2010).

Jute is a strong, stiff natural fibre, aggregates single cells mainly consist of a-cel-
lulose, glued by lignin and hemicellulose. The research investigated the effect of using
white rot fungi (namely, Phanerochaete chrysosporium and Ceriporiopsis subvermis-
pora) — cellulase enzymes and a mixture of enzymes: pectinase, cellulase, xylanase
under specific treatment conditions. The results show, that used fungi and enzymes
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degraded effectively lignin and reduced flexural rigidity, tenacity, and improved elon-
gation of the fibre. Scanning electron microscopy (SEM) reveals the degradation of the
jute fibre on the surface and removal of the gummy substances present on the surface.

Zheng Laijiu, Du Bing, and Huang Xiubao studied the kenaf fibre enzymatic
degumming by Aspergillus niger (AS3.350) and pectinase. They optimized the
degumming parameters as follow: temperature 34—36°C, time 48—50h, pH
6.5—7.5. After this process fibre gained a smoother surface, better separation availabil-
ity, less impairment, higher strength and contamination to the environment was little
only (Zheng et al., 2007).

Danny E. Akin, Gunnar Henriksson, Jeff D. Evans, Anders Peter S. Adamsen, John
A. Foulk, and Roy B. have developed a new method of flax retting, using rich enzyme
mixture with pectinase and chelator, based on lower cost of retting and higher fibre
yield. Enzyme was sprayed on stems of flax and crimped to physically disrupt plants
protective barrier and then sprayed until soaked with or briefly immersed in enzyme/
chelator formation. This method contributes to effective retting of flax, with low ratio
of liquid to fibre. The method with enzyme/chelator system allows the decreasing the
amount of applied enzymes.

Sudripta Das, Indhumthi, V. Indupriya, M. and Rajeev, K. studied enzymatic treat-
ment of cotton/bamboo knitted fabric. Sample treated by cellulase were evaluated for
weight loss, pilling resistance, abrasion resistance, and relative colour strength values.
They observed that temperature affects the performance of cellulose on cotton/bamboo
knitted fabric. Optimum tested enzyme’s activity was achieved in temperatures
between 40 and 50°C, but at 70°C enzyme action came to zero and enzymes were
deactivated at temperatures higher than 70°C (Das et al., 2018).

Ruo-Yao Ding, Xing-Qun Zhang, and Chong Wen Yu explored optimization of
enzymatic degumming of ramie fibre. Production of enzyme mixture was conducted
by cultivating B. subtilis. Pectinase and xylanase activities were measured by DNSA
method. Optimum parameters of enzyme production were: pH 8.45, temperature
40°C, inoculums size 5%, shaking speed 205 rpm and degumming time 24h. By using
obtained enzyme mixture under the optimal condition, the removal of residual gum was
successfully achieved and resultant ramie fibre had only 10.94% of the origin gum.
Ramie fibres retain enough tenacity to meet all textile requirements (Ding et al., 2014).

John A. Foulk, Danny E. Akin, Roy B. Dodd published in BioResources the research
on the influence of pectinolytic enzymes on retting effectiveness of bast fibrous plants
and fibre properties. New commercial pectinase products were evaluated with and
without EDTA for retting efficiency. The Fried Test identified the most efficient
enzymes and best retting conditions. All tested enzymes performed retting of flax straw
more efficiently in presence of EDTA. Viscozyme, which has been used extensively in
the enzyme-retting research, and several pectinolytic enzymes were compared in pilot
plant scale tests. Texam BFE and Bioprep 3000 L, as well as viscozyme performed
retting of flax in this system; obtained fibre had higher tenacity (Foulk et al., 2007).

The most important problem with enzymatic retting, and the probable reason for its
limited use, is the cost of using enzymes to ret bast straw. The degumming of green
decorticated fibres is another problem connected with enzymatic retting, which has
not yet been solved. Other issues include the changes in the odour of the liquor that
occur after five cycles of recycling the enzyme formulation.
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7.2.2 Finishing in textile industry

Using enzymatic agents in finishing processes in the textile industry can render the
processes less hazardous to the environment, as well as producing textile goods
with qualities such as improved comfort (a soft handle or feel, decreased fabric weight,
reduced tendency to pilling) and increased lustre. The major problem when using
enzymatic agents is the selection of the proper enzymes and process conditions, as
well as the costs of application.

Generally, enzymes are used in the following textile process (Guebitz et al., 2006;
Mahapatra, 2007; Manickam and Prasad, 2005; Murth, 2004):

* biopolishing,

* desizing,

e scouring,

* bleach clean up,

* modification of wool fibre,
* silk degumming.

7.2.2.1 Biopolishing

Tabatabaie, G.R.S.M., Haghighat Kish, M., Salahshour Kordestani, S. have studied
the enzyme biopolishing on cotton fabric and effects of Neurospora crassa on cotton
fabric properties (Tabatabaie et al., 1996).

Biopolishing/biofinishing (Schindler and Hauser, 2005; Séjka-Ledakowicz et al.,
2000; Vishnu Vardhini and Selvakumar, 2006) allows for:

* attractive appearance of fabrics and nonwoven surfaces
* decreased tendency to pilling

* soft touch (including the peach-skin effect)

* unique softness and smoothness of the product.

The aim of biopolishing is removal of short fibres that stick out from the yarn. For
successful biopolishing, it is necessary to utilize mechanical as well as biochemical
treatments.

The most common biopolishing process is denim processing. Denim is a rugged
cotton twill textile, in which the weft passes under two (twi- ‘double’) or more warp
threads. This produces the familiar diagonal ribbing identifiable on the reverse of
the fabric, which distinguishes denim from cotton duck. Biofinishing can also be
used for regenerated cellulose fabrics, especially for articles made of lyocell and
microfibre (Hohberg and Thumm, 1999).

7.2.2.2 Desizing

This is the process of removing sizing components from fabrics, garments and other
articles made of natural fibre (Mahapatra, 2007). The sizing material is applied to
the yarn during weaving to strengthen it and reduce the wear and tear. Improper
size removal results in an uneven and inconsistent finish. Amylase is the main type
of enzyme used in desizing, as it decomposes starch to water soluble compounds
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(dextrin and sugar) in the sizing preparations. Depending on the temperature applied
during the process, three types of enzymes can be distinguished:

e conventional: 60—70°C,
¢ heat stable: 80—100°C,
 active at room temperature.

The enzymatic degumming process is used in the pad-steam method, in the periodic
method (e.g., in valve dyeing machines) and in the pad-batch method of degumming
(Mikulka, 2003). The pad-steam method, which requires the application of new
generation amylases characterized by a high efficiency of starch degradation at high
temperatures, allows for significant reduction of the degumming time.

7.2.2.3 Scouring

Scouring is the removal of non-cellulosic substances (in cotton: waxes, pectins,
proteins; in bast fibres: waxes and fats, pectin and partially lignin, hemicelluloses)
from cotton or bast fibre fabrics. Bioscouring gives better wetting and penetration
properties, making the subsequent bleaching process easy and resulting in much better
dye uptake (Moghe and Nabar, 2006).

Scouring of flax roving with the aid of enzymes was tested by Ossola and Galante
(2004). These authors demonstrated the advantages of scouring with the enzymes
tested, under mild reaction conditions, in comparison with traditional chemical scour-
ing. On a laboratory scale a decreasing order of effectiveness was observed, as follows:
pectinase > xylanase = galactomannanase = protease > lipase > or = laccase. Next,
the pectinase was applied on a pilot scale. Enzyme preparation of rove yielded better
results than traditional chemical scouring, including higher yarn count, increased
strength and decreased number of imperfections of the yarn after spinning. The
enzyme-treated material was also considered excellent by expert eye examination in
terms of degree of whiteness.

7.2.2.4 Bleach clean up

Sodium hypochlorite, sodium chlorite and hydrogen peroxide are traditionally used for
bleaching cotton and linen products (Sojka-Ledakowicz et al., 2000). The peroxide
method of bleaching does not allow the formation of organic chlorine compounds
(AOX), but it does risk damaging the cellulose fibres as a result of uncontrolled
(too intensive) degradation of H,O,. In order to reduce the concentration of hydrogen
peroxide and eliminate alkali and stabilizers from the bleaching baths, enzymes from
the oxidoreductase group have been introduced as biocatalysts for oxygenation reac-
tions of coloured impurities of cotton fibres. These enzymes are used in the finishing
process for jeans fabrics, in order to create a ‘stone-washed’ effect, caused by topical
removal of the indigo dye. In this process, no damage of the fibre occurs, thus the prod-
ucts do not lose their mechanical parameters. Moreover, adding peroxidase (a type of
oxidoreductase) to the bleaching bath after the process enables decomposition of the
remains of the HyO, without the necessity for repeated rinsing of the bleached product.
In such cases, it is possible to apply the dyestuff and carry out the dyeing process in a
single bath, which reduces the consumption of water, time and energy.
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7.2.2.5 Silk degumming

Enzymes are used in the pretreatment stage as agents for the removal of gum sericin
and accompanying impurities such as fats, waxes, natural pigments and mineral
components.

The enzymes react with specific sites of the sericin. Enzyme degumming involves
the proteolytic degradation of sericin, using specific proteins with minimum effect on
fibroin (Ibrahim et al., 2007). Additionally, the application of enzymes excludes the
use of soap, which significantly improves the dyeing process, especially in the case
of reactive dyes. The pretreatment of silk therefore consists of two stages depending
on the quality requirements (Iyer, 2004):

1. degumming/desizing,
2. bleaching.

Mahmoodi et al. (2010) studied degumming with ultrasonic, ultrasonic-soap, and
ultrasonic-enzyme (Alcalase, Savinase and mixtures of these enzymes) processes.
These are cleaner and more environmentally friendly techniques for the surface modi-
fication of Persian silk. The results of this research support the potential production of
new environmentally friendly textile fibres.

Degumming of silk fibres was studied by Juhea Kim, MiYeon Kwon, and Suyeon
Kim.

The research applied alkaline protease, like Savinase and Alcalase in comparison
with conventional alkaline treatment. Efficiency of degumming was evaluated by esti-
mation of residual silk sericin in terms of weight loss and surface staining with reactive
dye. The morphology of silk fibres was estimated by SEM, and the regular removal of
sericin and less damage to fibroin detected in enzymatically treated silk. Lustre and
strength of silk was retained after degumming in order to obtain high quality fabrics.
Savinase in comparison with Alcalase occurred to be a better degumming agent,
showing higher weight loss, water absorbency and dye staining (Kim et al., 2016).

7.2.2.6 Modification of wool fibre

The application of enzymes could be used to replace the traditional process of washing
greasy wool in chemicals with a more delicate process. This would also improve the
surface parameters of wool fibres and fabrics, for example, coarseness, shrinkage and
improvement of the softness. Enzymatic treatment also reduces pilling and felting of
wool products (Breier, 2000).

In the late 1990s, significant progress was made in research on the effect of proteo-
lytic enzymatic preparations on the structure and parameters of wool fibres (Bishop
et al., 1998; Hollfeder et al., 2000; Schumacher et al., 2000; Shen et al., 1999). A
method for removing plant impurities from fabrics was also patented in this decade
(Sedelnik et al., 1986), as well as the Biocarbo technology (Sedelnik, 1993). The Bio-
carbo technique uses enzymes that influence the pectin—cellulosic compounds, that is,
plant impurities, but which are neutral towards protein compounds (wool fibres).

There are also several reports on successful tests using some enzyme groups for
reducing wool shrinkage (Heine et al., 1995; Riva et al., 1993).
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The use of protease enzymes to achieve wool shrinkage, better whiteness and
improved handling and dyeing is of considerable interest to researchers. Partial
non-shrink action has been observed on wool when treated with streptomyces prote-
ase. This means that the protease enzymes did not have any effect on the wool surface
but did enhance the action of a chemical treatment and a lipoprotein (lipase), as well as
reducing the shrinking tendency of wool (Muthu Manickam and Prasad, 2005).

El-Gabry L., EI-Nouby G., Allam O.G., and El-Sayed H. Developed a new mechan-
ical and enzymatic treatments of wool fibres. Subsequent treatment of wool with
sodium sulfite and proteolytic enzyme — savinase 16L, Type EX has been conducted.
Treated coarse wool fibres got better dyeability with acid, reactive and basic dyes than
untreated ones. Also felting resistance of wool has been improved to an acceptable
degree. SEM showed changes in the morphological structure of the wool fibres and
the improved performance of coarse wool (EI-Gabry et al., 2008).

The book Biotechnology in Textile Processing, edited by R.M. Koztowski, and
guest editors G. M. Guebitz and A. Cavaco-Paulo, A. in 2006 contains the following
chapters written by international team of authors: Antagonism of Trichoderma or Glio-
cladium species on two phytopathogenic species of Fusarium; Production of cellulase-
free polygalacturonase preparation by Sclerotium rolfsii for bioscouring of cotton;
Enzymatic modification of hemp fibres for sustainable production of high quality
materials: influence of processing parameters; Enzyme-retted flax using different for-
mulations and processed through the USDA flax fibre pilot plant; Influence of enzy-
matic pretreatment on the colours of bleached and dyed flax fibres; Combined
bioscouring and bleaching of cotton fibres; The effects of ultrasound on the perfor-
mance of industrial enzymes used in cotton bio-preparation/bio-finishing applications;
Survey and recent report on enzymatic processing of bast fibres; Laccase catalyzed
indigo carmine transformation; Optimization of enzymatic scouring; Designing
wood fibre morphology and mechanical properties of fibreboards; Enzymatic scouring
for better textile properties of knitted cotton fabrics; Integrated enzymatic
pre-treatment of cotton fabrics; Enzymatic finishing of wool fabrics; effects of
different treatments with a protease on physical and chemical parameters of the fabric;
Analytical methods for chitosan (Guebitz et al., 2006).

7.3 Main types of enzyme treatments for natural fibres

Recently the following groups of enzymes have been applied in textile processing
(Inderpal, 2004; Manickam and Prasad, 2005):

* a-amylase,
e cellulases,
e catalases,

* pectinase,
e proteases,
e laccase.



Enzymatic treatment of natural fibres 235

7.3.1 Amylase

Amylase is a hydrolytic enzyme from the hydrolases group. The official name of
a-amylase is 1,4-a-D-Glucan glucanohydrolase; EC 3.2.1.1. a-amylase hydrolyzes
a-(1-4) glycoside bonding of amylase, which results in the formation of maltose
(a-glucose disaccharides).

In commercial applications, a thermo-labile a-amylase produced from Bacillus
licheniformis is used. Unlike the thermo-stable a-amylase, it is active and stable at
temperatures above 90°C. In addition, the reactivity of thermo-labile o-amylase is
much less dependent on the presence of Ca®" ions and on the pH applied than its
thermo-stable counterpart.

In the textile industry, substances containing starch or its hydrolyzates are used to
glue the warp. The degumming process is essential to remove the gum that hinders the
subsequent technological processes (bleaching, dyeing and printing). o-amylase is
used for that purpose (S¢jka-Ledakowicz et al., 2000).

7.3.2 Cellulases

Cellulases are a group of enzymes that cause decomposition of cellulose. They belong
to the third class of enzymes: hydrolases. Cellulases can catalyze the hydrolysis reac-
tions of B-1,4-glycoside bonds that occur between glucose molecules within cellulose.
The initial result of this reaction is cellobiose (double sugar unit) and later glucose.

Cellulases are widely used in the textile industry for modification of the surface and
properties of cellulosic fibers and fabrics. These enzymes are tools for improving the
basic processing steps in textile manufacture and for creating new types of fabric
(Miettinen-Oinonen, 2007). The applications of cellulases in textile processing are
classified into two areas as follows: biopolishing and biostone washing. The main
objective of these processes is to remove the fuzz and cotton pill balls from fabrics
as a result of long wet processing or garment dyeing cycles (Cavaco-Paulo and
Almeida, 1994; Kochavi et al., 1990; Tyndall, 1992).

Increased use is also being made of cellulases in domestic fabric washing products,
where they are claimed to improve appearance and colour brightness by cleaning fibre
surface (Cavaco-Paulo et al., 1997). Nowadays, these finishing and washing effects
represent the largest market for cellulase enzymes worldwide.

7.3.3 Catalases

Catalase (EC 1.11.1.6) is an enzyme from the oxidoreductase group that catalyzes the
decomposition of hydrogen peroxide to water and oxygen.

Catalase is used in the textile industry in the bleach clean up process, removing
hydrogen peroxide from fabrics to make sure the material is peroxide-free. Bleach
clean up is a term chosen by Novo Nordisk to describe this process of removing resid-
ual hydrogen peroxide after bleaching and prior to dyeing (Pedersen, 1994). The
enzyme can be applied directly after the bleaching stage. The rinsing step is not
required when using the enzyme because the bleaching agent is decomposed and
the residues of the enzyme have no effect on textile fibres or dyestuffs (Jensen, 2000).
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7.3.4 Pectinases

Pectinases are a group of enzymes that contribute to the breakdown of pectic materials.
Pectinolytic enzymes are involved in the retting and degumming of bast fibrous plants,
such as flax, hemp, ramie, kenaf (Hibiscus sativa), jute and coir from coconut husks
(Bruhlmann et al., 1994; Chesson, 1980).

Proper removal of the substances that stick the bunches of elementary fibres
together ensures fibre divisibility and fineness, making the fibres easier to spin (Ivanov
et al., 1984; Kasprzak et al., 1983).

The results published by Ehrlich and Schubert (1926), who were the first to present
the concept of the chemical structure of flax pectin, have shed light on the type and
quantitative composition of the structural substances of pectins. In Fig. 7.1 the decom-
position of flax pectin to different products is shown.

The pectin is decomposed into its structural substances during dew-retting (predom-
inantly by fungal action) and during water retting (predominantly by bacterial action)
caused by enzymes (Behrens, 1904—06). Davidson and Willaman (Schilling and
Muller, 1951) have found three enzymes capable of decomposing pectin, namely
protopectinase (inactive at 48°C), pectinase (at 60°C) and pectase (at 68—70°C).
The probable mechanism of enzymatic action is presented in Fig. 7.2.

The flax pectin,

Which is insoluble in cold water, undergoes
decomposition in hot water and it dissolves to
form hydropectin in 70% alcohol

Soluble Insoluble
Hexopentosan Calcium magnesium salt of
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d-fructose
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Figure 7.1 Flax pectin decomposition and its products.
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(Protopectin)

Protopectinase

Pectin
(Pectase) _(Pectinase)
Pectinic acid Final products:
Methyl alcohol Pectinase Arabinose
Acetone
Galactose

Galacturonic acid

Figure 7.2 Predictable mechanism of enzymatic action.

The natural retting of flax is an uncontrolled process catalyzed by enzymes
produced by fungi and bacteria.

To provide optimum conditions for the ‘retting’ microorganisms capable of accel-
erating the pectolytic process to develop, retting stimulants in the form of a nutrient or
fermentation medium were used. This makes it easier to separate the fibre bundles from
the woody parts of the stem. It also results in pectin decomposition in the fibre bundles,
so that the bundles can be divided more easily and the fibre becomes finer.

7.3.5 Proteases

Proteases are enzymes from the hydrolase group labelled as EC 3.4 code. Proteases
hydrolyze peptide bonds.

In the textile industry, proteases may also be used to remove the stiff and dull gum
layer of sericin from raw silk fibre to achieve improved lustre and softness. Protease
treatments can also modify the surface of wool and silk fibres to provide new and unique
finishes, and have been used in the hide-dehairing process, where dehairing is carried out
at pH values between 8 and 10 (Breier, 2000; Najafi et al., 2005; Stohr, 1995).

7.3.6 Laccase

Laccase (EC 1.10.3.2) belongs to the blue copper proteins, where copper performs
various biological functions, including carrying electrons, accumulating copper and
numerous oxidizing processes. Laccase is one of the common groups of oxidoreduc-
tases, which are present in most fungi and in some bacteria (Polak and Jarosz-
Wilkolazka, 2007). These enzymes catalyze the oxidation of a wide range of organic
and inorganic compounds in which molecular oxygen is reduced to water.

These functions depend on the four copper ions that are present in laccase, where
one copper ion of type I, one copper ion of type II, and two copper ions of type III, are
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conjugated to have antiferromagnetic properties. All four copper ions take part in the
enzymatic catalysis.

During the catalysis, substrate is oxidized and oxygen is simultaneously reduced to
water. A typical reaction for all blue oxidoreductases can be presented in a single-
electron process:

2DH; + O, — + 2H,0 (7.1)

where D is the electron donor.

This type of reaction depends on the oxidation metabolism, which cannot occur in a
non-enzymatic process. Two-sided transformation of two water molecules and two
oxygen molecules linked to the charge of four electrons can be shown as:

0, + 4H" 4e~ — 2H,0 (7.2)
2H,0 — Oy +4H" de™ (7.3)

The general scheme of the reaction is as follows:

Laccase 2e (+4H™M)
Copper Type 1 Cu't
Copper Type 11 Cu*t
Copper Type 11T Cu**
Copper Type II Cu't 2e (from substrate)

Laccase is used in the decomposition of waste dyeing substances from the textile,
pulp and paper industries (Polak and Jarosz-Wilkolazka, 2007).

Laccases such as those produced by the fungus Pleurotus ostreatus, play a role in
the degradation of lignin and can therefore be included in the broader category of
ligninases.

The most important enzymes that cause lignin degradation are lignin peroxidases
(LiP), manganese peroxidases (MnP), laccases and other enzymes such as cellulases,
quinine oxidoreductases (CBQ), celobiotic dehydrogenases (CDH), ethanediol
oxidases (GlOx), glucose oxidases and a number of esterases that can also play
some role in the complex process of natural degradation of wood (Ander, 1994; Ander
et al., 1990; Daniel et al., 1994; Marzullo et al., 1995; Puls et al., 1991).

Moreover, this enzyme can be used for bonding lignocellulosic fibres by pretreat-
ment with laccase (Batog et al., 2008). The first to try bonding wood fibres with middle
lamella catalyzed by laccase was Korner (1990). This process was described in the
patent application by Kharazipour et al. (1993).

The effect of enzymes on lignocellulosic raw materials, including wood, involves an
activation that is similar to the action of oxidizing compounds but is of a much more
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delicate character and less harmful to the environment (Batog et al., 2008). The concept

of enzymatically catalyzed bonding of lignocellulosic materials is based on the reactivity

of functional groups of aromatic compounds, especially lignin, which are generated by

oxidoreductases such as peroxidase and laccase (Eriksson, 1990; Jin et al., 1991;

Kharazipour, 1991; Yaropolov et al., 1994) according to the equations below:
Peroxidase

2Phe-OH H,0O, — 2Phe-O° 2H,0 (7.4)
Laccase
4Phe-OH + O, — 4Phe-O° + 2H,0 (7.5)

During the enzyme-initiated steaming process of radicals, lignin monomers
undergo polymerization to three-dimensional conjugated aromatic polymer. To date,
several detailed models of lignin structure have been put forward, for example by
Freudenberg (1964) and Glasser and Glasser (1981), but its specific structure remains
unknown.

7.4 Future trends

The role and area of enzyme application is growing. In the textile industry, especially
in the area of natural fibres (lignocellulosic and protein) where the main problem is
lack of homogeneity and appropriate quality, enzymatic treatment plays a more and
more important role.

The main limitation to the wide application of enzymes is their cost. Recently,
however, it has been observed that global producers of enzymes introduce their prod-
ucts to the market at lower prices, which allows for wider application of enzymes in
textile production. The main use of enzymes is in the degumming and finishing of
raw textile materials and products. This makes the use of enzymes more reasonable
from an economic viewpoint. Growing awareness about water pollution in the textile
industry is another important factor, which forces producers to take into consideration
the application of more enzymes to replace polluting chemicals.

7.5 Sources of further information and advice

Companies producing enzymes include:

* BASF, Germany

* Biocon Pvt Ltd, India

* C. H. Boehringer Sohn, Germany
* Ciba—Geigy, A.G., Switzerland

* Grinsteelvaeket, Denmark

» INOTEX, Czech Republic

* Kikkoman Shoyu Co., Japan
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¢ Novo Nordisk A/S, Denmark

* Novozymes, Denmark

e ZPOW Pektowin S.A., Poland — belonging to NATUREX Company
* Rohm, GmbH, Germany

¢ Schweizerische Ferment, A.G., Switzerland

