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In a previous publication we reviewed some of the most critical issues that affect the
coloration and properties of cotton-based textiles [R. Shamey and T. Hussain, Textile
Progress 37(1/2) (2005) pp. 1-84]. Today, polyester is still widely regarded as an in-
expensive and uncomfortable fiber, but this image is slowly beginning to fade with the
emergence of polyester luxury fibers. Polyester fibers currently comprise a command-
ing 77% share of the total worldwide production of the major synthetic fibers [F. Ayfi,
2003-2004 Handbook of Statistics on Man-Made/Synthetic Fibre/Yarn Industry. Fart
One, Fibre for Better Living, Association of Synthetic Fibre Industry, Mumbai, India,
2004, p. 177]. More than 95% of all polyester fibers manufactured today is based on
polyethylene terephthalate. The dyeing properties of polyester fibers are strongly in-
fluenced by many of the processing conditions to which each fiber may be subjected
during its manufacturing or in subsequent handling. Significant differences in proper-
ties of fibers can therefore arise due to their different processing history. Often, the
root cause(s) of a problem in the dyed synthetic material can be traced as far back
as the manufacturing process. In order to resolve many of the outstanding issues that
commonly occur in the dyeing of this important fiber, a comprehensive review of the
issues dealing with the manufacturing history as well as fiber processing conditions,
including preparation, dyeing, and finishing is warranted. Although some of the under-
lying problems are related to common causes such as water quality and imperfections
in machinery employed, others are specific to the treatment conditions of the fiber,
Such conditions include preparation of ingredients, polymetization, fiber and filament
processing conditions, as well as heat setting that can cause problems in the coloration
of fiber. This summary analysis complements the rich pool of knowledge in this domain
and addresses problems in the dyeing of polyester textile materials in various forms.
An overview of various textile operations for polyester is given in the beginning. Then,
various key steps and critical factors involved in the production of dyed polyester textile
materials are described in detail and problems originating at each stage are summarized.

Keywords: polyester dyeing; dyes; colorants; troubleshooting dyeing; polyester pre-
treatment; polyester polymerization; polyester processing

1. Introduction

Polyester fibers are often regarded as cheap and uncomfortable, but this image is slowly
beginning to fade with the emergence of luxury polyester products. Figure 1 shows that
polyester fibers currently comprise a commanding 77% share of the total worldwide pro-
duction of major synthetic fibers [1]. More than 95% of all polyester fibers manufac-
tured today is based on polyethylene terephthalate (PET) [2,3], see http://inventors.about.
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Figure 1. World production of major synthetic fibres in 2006.

com/library/inventors/blpolyester.htm. The dyeing properties of polyester are strongly in-
fluenced by many ofthe processing conditions to which each fiber may be subjected during
manufacturing or in subsequent handling. Significant differences in properties of fibers can
therefore arise due to their different processing history [4]. Common problems that occur
in the coloration of polyester in various forms are discussed in the following sections.

2. Overview of polyester

British chemists, John Rex Whinfield and James Tennant Dickson, employees of the Calico
Printers Association of Manchester, patented ‘polyethylene terephthalate’ (also called PET
or PETE) in 1941, after advancing the early research of Carothers [5,6]. They indicated that
Carothers’s research did not include the formation of polyester from ethylene glycol and
terephthalic acid. PET is the base polymer used in the manufacturing of synthetic fibers such
as polyester, dacron, and terylene. Polyester is commonly manufactured from petroleum-
based chemical compounds to form fibers, films, and plastics. The starting compounds
[7-9] used in the formation of PET are shown in Figure 2.

Polyester fibers are highly crystalline, mechanically tough, and hydrophobic [4].
Polyethylene terephthalate) is generally made from either purified terephthalic acid (PTA)
or dimethyl terephthalate (DMT) together with ethylene glycol. Early polyester production

Figure 2. Starting compounds for the manufacture of polyethylene terephthalate (PET) fiber. Left:
Ethylene glycol (an alcohol); right: terephthalic acid (a carboxylic acid).
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Figure 3. Batchwise production of poly(ethylene terephthalate) from dimethyl terephthalate (DMT).

was based solely on the ester, but with the advent of PTA on a commercial scalc in 1964, it
became possible to implement processes based on the acid {10). In general, there are two
routes to form polymers: (1) batchwise, and (2) continuous. Early preduction was entirely
batchwise, but the advantages of continuous production, particularly when integrated with
the spinning processes, are such that most large-scale production is now continuous. Batch-
wise productions are now confined mostly to fine filament yarns, variants, and non-fiber
end uses.

Batchwise systems usually comprise two reaction vessels: (1) an ester interchange vessel
or esterfier, and (2) a polymerization vessel. An ester interchange vessel is equipped with
heating facilities (external, intemal, or both), an agitator, ancillary vessels for metering in
ethylene glycol and molten DMT and for introducing a catalyst, and a fractionating column
from which the distillate, mainly methanol, is collected in a further vessel and sent for
purification. Esterfiers are also heated vessels, and contain a mechanism for the agitation of
the contents. Terephthalic acid may be charged as a solid, or more probably as dispersion in
the glycol, along with any additives, from a mixing vessel. The water produced is removed
by way of a column to return glycol to the batch and a pressure control valve. A simplified
arrangement [7] for the manufacture of the polymer is shown in Figure 3.

Continuous polymerization units usually consist of at least three vessels: (1) an ester
interchange or a direct estcrification unit, {2) a unit for reducing the excess glycol content
and producing a pre-polyester, and (3) a unit for completing the polymerization process.
The first stage consists of a stirred vessel or vessels where excess glycol is removed and
the molecular weight of the product from the first stage is raised to an intermediate value
under slightly reduced pressure. The third stage consists of a reactor or reactors that give a
high-surface-to-volume ratio and frequent renewal of surface. The product is extracted from
a final reactor by a screw that conveys it either directly to melt-spinning or to a polymer
extrusion and chipping unit. A simplified schematic arrangement [8—11] of a continuous
polymer production technigue is shown in Figure 4 [7].

2.1. Overview of manufacturing of fiber, yarn, and fabric

Typical steps in the production of polyester in the fiber, yam, and fabric forms are sum-
marized in Figure 5 [12,13]. In the case of direct-spun polyimer from a continuous poly-
merization line, the polymer is supplied in molten form and the polymerization process is
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Figure 4. Continuous production of poly(ethylene terephthalate} from terephthalic acid.

controlled in such a way to produce a uniform feedstock. When the polymer is in solid
form, particularly if it is manufactured batchwise, additional processes of blending, drying,
and melting are necessary before processing as textile fiber. Polymer characterization and
blending may also be needed to ensure uniform feed to spinning, particularly for filament
yarn production. Polymer designed for staple fiber does not require such tight control
because of the fiber blending processes at a later stage.

Melt spinning requires no chemical reactions and no solvent recovery system. Polymer
melt spinning processes fall into the following four classes: (1) relatively low spinning
speed, (2) medium spinning speed, (3) high spinning speed, and (4) ultra high spinning
speed systems {13-16]. The polymer is dried before melting to prevent hydrolysis. Drying is
usually carricd out at a temperature of approximately 170°C by passing hot air of controlled
humidity through a bed of polymer granules. A very high temperature leads to oxidative
reactions and discolorations, whereas a very low temperature leads to insufficient drying
{12]). Dried polymer picks up water very rapidly, so it must be fed directly to an extruder or
hopper under dry nitrogen without further exposure to air. Relatively low spinning speed
processes are directed toward producing a spun yamn or tow with little or no orientation
(LOY), which can be subsequently oriented by applying a high draw ratio.

Intermediate spinning speed processes are directed toward producing a partially oriented
spun yarn or tow (POY), which can be subsequently oriented by applying a rclatively low
draw ratio. High spinning speed processes are directed toward producing a highly oriented
spun yarn or tow, which normally will not be subjected to an orientation process. Ultra high
spinning speed processes lead to products with exaggerated skin-core differentiation and
unusual morphology. The highest and the most uniform orientation is obtained by applying
a low spinning speed in the order of 30004000 m/min and employing a high draw ratio.
Although the tenacity of spun yarn rises steadily when spinning speed is increased to
6000-7000 m/min, a pronounced skin-core structure develops above 7000 m/min, with
a highly oriented, crystalline and porous skin, and a much less oriented, crystalline and
porous core. A product of this type has the interesting property of dyeability in boiling
water without a carrier [17,18]. Spun yarn of low orientation is subjected to a stretching or
drawing process to convert it into commercially useful yarn of high orientation. Although
polyester yarns can be oriented by drawing at room temperature, the stress required to
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Figure 5. General steps involved in the formation of polyester material in fiber, yarn, and fabric
form.

initiate drawing under these conditions is high and the process is found to be unstable. In
order to obtain a uniform product, it is necessary to draw at a temperature above the glass
temperature of the spun yarn. In practice, the draw temperature is often in the range of
90-100°C. In the case of the filament yarn, the yam is crystallized through heat setting
during the drawing process when it passes over a hot plate at a temperature in the range
of 140-220°C, or by using a heated draw roller at a similar temperature. Variations in
these processes influence the dyeing property of fibrous polymeric materials, since they
affect the relative proportion of the amorphous phasc and the chain packing, especially in
the intermediate phase between crystalline and amorphous phases [19]. Since the dyeing
propertics of fiber are affected by the amount of crystalline and amorphous regions, care
has to be exercised in setting the drawing ratio.

There are two types of continuous filament fiber; (1) monofilament, which is a single
strand of continuous filament, and (2) multifilament, which consists of two or more strands
of continuous filament twisted together to form a single strand [20]. Multifilament yarns
consist of a bundle of continuous filaments, either twisted or twist-free [21].
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2.2. Fabric formation

The manufacturing of fabric is based on two main methods: weaving and knitting. Conven-
tional weaving is carried out by fitting one set of yamns, known as the warp yarns, on the
loom to form the length of the fabric. The other set of yarns interlaced at right angles with
the warps, are called weft or filling yarns. The yarns can be interlaced in many different
ways depending on the weaving patterns used. Common weaves used for most fabrics in-
clude plain, twill, and satin patterns [20]. Knitting may be characterized as the inter-looping
of one or more set of yarns. Compared with woven fabrics, knitted structures are often more
stretchable and therefore specially suited for the manufacturing of undergarments. Prior to
processing into apparel and other finished products, however, woven and knitted fabrics
pass through several water-intensive wet processing stages. These steps are briefly reviewed
in the following sections.

3. Overview of wet processing in the production of polyester material

Polyester may be blended with a variety of natural fibers, the most important of which is
cotton. Some of the processes applied to cotton and other natural fibers differ from those
employed on synthetic subsirates, including polyester. However, a brief overview of these
treatments, given below, may provide the reader with a better appreciation of the variables
that can influence the outcome of dyeing processes.

The processing of textile fibers is divided into several steps as shown in Figure 6. Grey
{greige) fabric may be received from the weaving department in-house or from external
sources. After unloading, the greige fabric is piled in the store and inspected. Smaller
length fabric pieces are then stitched together to allow for smooth fabric transition through
machinery and avoid major production interruptions. Initial inspection includes examining
the fabric for the presence of holes, untidiness, and gencral quality on an inspection table
where amendable faults are repaired manunally using needles and thread. Nonrepairable
fabrics are rejected and sent back 1o supplier, whereas fabrics with acceptable quality are
transferred to appropriatc processing units on manual trolleys. This process is known as
reception.

In general, the first step in the pretreatment of greige fabrics is called singeing, which
is carried out to remove the protruding hairs from the fabric surface. These protruding
fibers can give the cloth a matt and raw appearance even after finishing. Singeing units
are generally combined with desizing machines as ancillary components. There are two
chambers on a desizing machine. Singeing is often carried out in the first chamber and
desizing in the second. In singeing, fabrics are passed over a series of burners, where the
loose hairy fibers protruding from the surface are burnt resulting in a smooth and clean
fabric appearance.

The process of desizing mainly removes the sizing material such as starch, wax, and
oil that are applied to yams prior to weaving to ease production and reduce yarn breakage.
Scouring is a cleaning process in which oil- or wax-based impurities are removed. After
scouring fabric becomes more absorbent compared to its greige counterpart; however,
the natural coloring matters present in natural fibers are often not remeved. Such colored
impurities are removed through bleaching using bleaching agents such as hydrogen peroxide
or sodium hypochlorite. The fabric is generally treated in a rope form and chemicals are
prepared in separate containers and poured in the machine’s trough. After scouring and
beaching, fabric is treated with an acid to neutralize the alkalis present to prevent subsequent
fabric damage and degradation, as well as skin irritation. Neutralization is carried out in an
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Figure 6. Major steps in processing of textile fibers.

acidic bath, which is subsequently discharged and the fabric is washed with fresh water to
remove traces of acid from its surface.

Generally, polyester fabric is not mercerized although caustification may be carried out
on customer demand and based on the required quality of product. In order to improve
the whiteness and obtain bright and ‘clean’ substrates, a whitening process involving the
application of optical or fluorescent brightening agents may be carried out. Some printed
textiles, especially those dyed to light and pastel colors, are often brightened optically.

While more than one color may be generated via dyeing, the process mainly implies
the uniform application of a single color to a textile product. Printing, on the other hand,
often implies the application of several colors to specific areas of textile substrates based
on a specific pattern. Three main production methods in textile dyeing are batch, semi-
continuous, and continuous processes. Batch dyeing involves the application of dyes from
a solution or dispersion at specific liquor to goods ratio to textile substrates where the depth
of the color obtained is mainly determined by the amount of colorant present in relation to
the quantity of fiber, although several other factors also influence the overall dye uptake.
Semi-continuous dyeing is characterized by the application of dye(s) in a continuous mode
while fixation and washing steps are run discontinuously. Continuous dyeing is operated at
constant composition of chemicals in several troughs where a long length of textile fabric
is pulied through each section of the continuous production line and includes fixation and
wash-off processes.
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Figure 7. Key factors for improving dyehouse productivity.

In printing, color is applied only to specific sections of the cloth, according to a preset
pattern, bascd on a number of printing techniques that include screen printing and inkjet
printing. Dye fixation is carried out by steaming or baking the printed material followed by
washing to remove surplus dye and thickencrs.

Last but not least, finishing operations endow the fabric with a particular appearance,
surface texture, or characteristic such as water repellent, stain repellent, antistatic, biocide,
stiffened, shape retentive, and wrinkle resistant. These processes can have a profound
impact on the final color of the substrate [22-26].

Having reviewed the main operations involved in the production of textile substrates, it
is pertinent to discuss key considerations that can improve dye house productivity as well
as successful application of color. Some of the main factors that influence the industrial
application of color are displayed in Figure 7 [27-32].

The role of some of the main factors in the success of the coloration processes is
described in the following sections,

4, Coloration problems originating from manufacturing polyester
4.1. Problems caused by polymerization

The orientation and crystallinity of polymer chains have a significant impact on fiber
properties. Highly crystalline and oriented fibers are often stable to changes in temperature
and moisture but have relatively low elongation to break, low absorbency, high stiffness,
and are generally difficult to dye.

Orientation and crystallinity of fibers are determined during the polymerization step.
The diminution of the degree of polymerization and the associated fall in tenacity and
exlension are largely attributed to a cleavage of macromolecular chains. Polymerization
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is generally carried out in a closed chemnical reactor containing a number of inlets and a
product (polymer) outlet. The temperature and pressure inside these reactors are closely
controlled.

The dye uptake in polymer is controlled by the number of crystals present and the
orientation of the amorphous phase [33,34]. This is based on the fact that the dye diffusion
depends on the segmental mobility of the amorphous region, which in turn depends on
the regional order as well as the number, size, and size distribution of the crystallites. The
porosity of the fiber, i.c. the number, size, and distribution of the recesses in the matrix, can
also affect dye uptake [35].

Variation in the concentrations of monomers, temperature, and the time of polymer-
ization can also alter the end-group concentration (36—40]. Side reactions involving the
aldehyde group and diethylene glycol (DEG) during the polymerization of polyester fiber
also influence the characteristics of the final product. For instance, increasing the concen-
tration of DEG in polyester fiber increases the dyeability of the fiber. However, presence of
DEG lowers the melting point of polymer and resuits in the formation of an inferior polymer
with poor strength and high sensitivity to ultraviolet light. In addition, it has been observed
that polymerization at relatively high humidity levels results in increased diffusion of dye
molecules into the substrate [39—41].

Several approaches have been attempted to improve the dyeability of polyester, a recent
example involves subjecting polyester fibers to vinyl graft polymerization using either
radiation [36,42,43] or chemical initiation prior to dyeing [44—48]. The color strengths
of the grafted samples have been found to be higher than their unmodified counterparts.
Grafting with various monomers has been reported 10 result in different depth of shade of
dyed polymer as shown below [42]:

MMA (methylmethacrylate) > styrene/MMA > styrene > MAA {methacrylic acid).

Differences in the color strength obtained with various monomers could be attributed
to differences in [45-47,49]

affinity of the monomer 10 both dye and substrate;

molecular size of the monomer;

hydrophobic/hydrophilic balance of the monomer;

ability of the monomer for intimate association with and/or dissolution of dye;

ease of conversion of the monomer to oligomers and molecular weight of the latter;
ability of the monomer and/or its oligomers to form a film containing dye in the case
of polyester; and

+ dissolution of oligomers in their own monomer.

However, the presence of monomers could also favorably affect the fiber’s swelling
ability and diffusion of dye molecules into, and their absorption on, the fiber.

4.2. Problems caused by glass transition temperature

The glass transition temperature (7,) of a polymer has considerable influence on the way in
which a dye diffuses within the polymeric matrix. It has been shown that T, is influenced by
the size and the shape of molecules, by interaction between the dye and the polymeric matrix,
and that dyeing can result in a reduction of T, [50,51]. In the dyeing of polyester, dyes are
commonly applied as dispersions in water. Slight solubility of dye in water is advantageous,
since it permits diffusion from aqueous medium to the fiber surface. Substantial solubility
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of dye in water, however, is disadvantageous, since it leads to poor dyebath exhaustions.
A consequent challenge posed by the relatively high glass—rubber transition temperature
of the fiber is to obtain a sufficient diffusion rate of the dye into the fiber to build up an
adequate shade without compromising the fastness properties of the dyed substrate. There
are four main solutions to this problem as shown below [52].

4.2.1. The use of carriers

Carriers are organic compounds added to the aqueous dyebath to increase the rate of dye
diffusion at the dyeing temperature {23,40]. Carriers act as fiber plasticizers and are prefer-
ably of poor solubility in water. Among the more important varieties of carriers are O-
phenylphenol, biphenyl, methylnaphthalene, O-dichlorobenzene, and methyl salicylate
[53]. These are commonly dispersed in bath at 1-8 g/l together with the dyestuff, mi-
grate relatively rapidly into the fiber, plasticize the noncrystalline regions, and thus reduce
the glass transition temperature. Dye diffusien is influenced by the extent of reduction in
polymer’s T, due to plasticizing effect of the carrier. The use of carrier permits the appli-
cation of dye to fiber at atmospheric pressure. The ideal carrier for use in dyeing should
produce appreciable color yield at boil in a practical dyeing time at low carrier cost, and
without seriously affecting physical properties of fiber or fastness properties of dyes. The
application of carriers should not cause spotting or noxious effects because of toxicity
during the coloration process.

However, there are disadvantages to this technique. Carriers are expensive enoughto add
significantly to the cost of dyeing; they are undesirable from an environmental perspective;
some are toxic, and their residual presence in the fiber can lead to fiber staining, unpleasant
odors, and reduced light fastness. For these reasons, whenever possible, the application of
carriers is not favored. If carriers are to be applied, they are preferably removed by treatment
of dyed substrate with hot air after dyeing. Carriers must, however, satisfy the following
requirements [23,29,30,53-56]:

{1} Must not be toxic or mutagenic.

{2) Must not have too high a vapor pressure.

{3} Must not volatilize in steam.

(4) Must be readily emulsifiable or soluble.

(5} Should be inexpensive.

(6) Must be very effective.

(7) Must be readily removable and not have an adverse effect on dye fastness.
(8) Must cause no degradation or discoloration of the fiber.

Typical carriers accelerating the dyeing of polyester are as follows [29,56-58]:

(1} Aromatic hydrocarbons such as diphenyl, naphthalene, and toluene.

(2) Phenols, e.g. phenol, 0- and p-chlorophenols, ¢- and p-phenylphenol, and m-cresol.

(3) Chlonnated aromatics: mono, di- and tri-chlorobenzene and chlorinated naphtha-
lene.

(4) Aromatic acids, including benzoic, chlorobenzoic, and o-phthalic acids.

(5) Aromatic esters, e.g. methy] benzoate, butyl benzoate, dimethyl and diethylphtha-
late, DMT, and phenyl salicylate.

(6) Aromatic ethers such as p-naphthylmethyl ether.

(7) Miscellaneous compounds, including acetophenone, phenyl cellosolve, phenyl-
methyl carbinol, methyl salicylate, and benzanilide.
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Some of the disperse dyes recommended for dyeing with carriers include the following
59-61]:

(1) C.LI. Disperse Yellow 42, 218, 229, and 236.

(2) C.I. Disperse Orange 13, 25, and 37.

(3) C.. Disperse Red 13, 50, 60, 73, 91, 92, and 343,
(4) C.I Disperse Violet 26 and 28.

(5) C.I. Disperse Blue 56,

4.2.2. High-temperature dyeing

Super atmospheric pressure or high-temperature (HT) dyeing is usually carried out at a
temperature of 125-130°C and a correspondingly elevated pressure. At such temperatures
the diffusion rate of dyes is high enough to produce satisfactory shades in a dyeing time
of about 1 h. High-pressure beams, jets, and jigs can be used. Although such equipments
tend to be more expensive than conventional atmospheric pressure dyeing vessels, their
cost is more than offset by the omission of carriers. High-temperature dyeing involves the
following advantages compared with carrier dyeing [18,62]:

It does not adversely influence the light fastness.

The potential toxic effect because of the use of carrier dyeing is eliminated.
No additional effluent problems arise.

No expenditure on carriers,

Unleve! dyeings and spotting are obviated.

* & &5 2 @

Unfortunately, the extraction of cyclic trimer from the fiber during high-temperatore
dyeing can sometimes cause problems. The trimer crystallizes from the dye liquor on
cooling, deposits in cooler regions of the vessel, and may contaminate the fabric. Additives
are marketed to minimize the formation and quantity of deposits. Processes involving
selective hydrolysis of the dissolved trimer by alkali either at the start or at the end of the
process have been described elsewhere [62]. Removal of deposited trimers via the hydrolysis
technique requires careful selections of dyes since many disperse dyes are degraded under
alkaline conditions. Discharging the dye liquor at the dyeing temperature without cooling
is a very effective means of reducing the formation of deposits but this method requires a
second pressure vessel. It is important that pressurized vessels are regularly cleaned.

4.2.3. Thermofixation

Thermofixation (commercially known as Thermosol® process) is particularly suited to
continuous dyeing processes, since it involves padding the dyestuff from dispersion onto
the fabric, drying, and then heating to a temperature of 180-220°C. At such temperatures,
diffusion rates are so high that a few seconds sufficc for adequate penectration of dye
molecules into the substrate. A number of variables, however, affect the final shade of the
dyed fabric during the thermofixation process. Some of these variables include thermosol
period, temperature, type of disperse dyestuff, and pad bath auxiliaries. The advantages of
thermofixation can be summarized as follows [19,63-66]:

+ Excellent dye utilization.

* No carrier is required, thus the chances of spotting and impairment of light fastness
are eliminated.

® The fabric is processed in open width, thereby eliminating the problem of rope marks.
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¢ Dyeability is not affected by previous heal setting.

» The energy consumption is lower than that in a batch process because of shorter
dyeing cycles, lower liquor ratio, and use of energy recovery devices.

* Also, a large yardage can be dyed more economically than by batch processes.

Some of the shortcomings of the thermofixation dyeing of polyester are listed below
[19,63-66]:

* ‘Listing” can occur due to different nip pressure and migration of color during the

intermediate drying.

¢ Ending and tailing marks may formn due to high affinity of the dyes.

» Two sidedness may occur due to uneven drying on two sides of the fabric or due to

uneven padding.

* Pale spots or specks may be formed due to condensation of water or foam, as well

as the residual alkali on the goods.

s Pale shades may be formed due to poor penetration of dyestuff.

¢ Dark or pale selvedge may be present due to feeding liquor from one side of the

padding trough only.

s Frosted dyeing may be caused by color migration during intermediate drying or

thermofixation stage.

+ Widthways variation in drying may occur due to irregular air jets and velocity of air

circulation in stenter.

¢ Foam may be generated by the excessive use of dispersing agents and other auxiliaries

in pad liquor.

» Colored specks may be present due to incorrect concentration of dyestuff and auxil-

iaries.

The disperse dyes applied to polyester by Thermosol® require a suitable heating time
to ensure good penetration of the dye {67,68]. Sometimes, particulate migration in fabric
padded with disperse dyes during intermediate drying prior to thermofixation can be a
serious problem, which can lead to shade variation and unievelness in continuous dyeing
procedures. Several methods have been suggested to prevent migration as listed below
f68-70]:

(1) Uniform preparation of the fabric.

(2) Use of low wet pick-up in padding.

(3) Use of antimigrants in the padding solution.

(4) Use of disperse dyes with low concentration of dispersing agent.

{5) Drying all sections of substrate uniformly.

4.2.4. Modification of the chemical structure of fiber to reduce its glass transition
temperature

Modification of the polymer to reduce T, has been attempted to increase the rate of dye-
ing of polyester fibers [71,72]. This can be achieved by incorporating a small amount of
co-monomer within the fibers” backbone. The most effective co-monomers are atiphatic in
character. Replacing a small proportion, usually 5-10 mol%, of terephthaloyl unit by units
derived from an aliphatic dicarboxylic acid such as glutaric acid (also called pentancdioic
acid: HO,C(CH;,);CO,H) or adipic acid {also called hexanedioic acid: {CH2)4{CO>H)2)
produces fibers that will dye at the boil without carriers. Aromatic units, for example, based
on isophthalic acid, act primarily through reducing crystallinity, and these are therefore



Textile Progress 109

I I I I
H—OCH,CH,O—COC—DCH,CH,O—C—OC—OH

Figure 8. Molecular structure of a linear ethylene terephthalate (ET) dimer.

less effective. Reducing the crystallinity of the oriented polymer reduces 7, and increases
the rate of diffusion of dyes. Modification by copolymerization technique is not wholly
beneficial; however, many physical properties such as recovery, crease retention, and resis-
tance to shrinkage may be altered [73,74].

4.3. Problems caused by oligomers

Oligomer is a general term given to a polymer with a small chain length usually made upofa
few molecules of the basic unit; in the case of polyester, two or more ethylene terephthalates,
i.e. linear dimer (Figure 8) or trimer (Figure ) [75], are produced as a side reaction during
the manufacture of the polymer. Approximately 0.1-1.0% oligomer is produced as a side
reaction in the manufacture of polyester. Oligomers, as low melecular weight polymers,
are released into the dyebath when polyester is dyed. The oligomer, because of its smaller
chain length, is in the form of a fine powder that is entrapped in the polymer and during
high-temperature polyester dyeing migrates to the surface. These surface deposits form a
crystalline structure with a melting point of around 317-320°C and exhibit birefringence
in polarized light. The displacement of oligomer to the fiber surface is higher at increased
depths of shade. The surface oligomer content almost doubles on dyeing dark and extra dark
shades. These oligomers can deposit on the yarn or the surface of the dyeing machinery.
Oligomeric deposits on dyeing machinery result in lost productivity because of the time
required 10 clean the machine with alkaline chemicals. When the amount of oligomers
increases, it manifests itself in excessive white powder formation on rings and ring rail.
Oligomers also cause problems in spinning of dyed fibers. This behavior causes problems
during dyeing and finishing stages [48,53,75-77]. Some of these issues are listed below:
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Figure 9. Molecular structure of a cyclic ET trimer.
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Oligomeric deposits hinder uniform fabric passage especially when dyeing tightly
wound goods/packages, and this increases the risk of unlevelness.

Oligomer deposits on pump result in improper pump pressure.

Oligomers can choke spindle holes that disrupt appropriate flow patterns.

The effectiveness of the pump decreases due to oligomeric deposits in yarn and
beam dyeing increasing the risk of unlevel dyeing.

Oligomer deposits on heating elements result in variations in rate of temperature.
Disruptions to heating, fluid flow, and pump circulation also increase overall
energy costs of the process.

During the processing of dyed polyester yarn, abrasion causes oligomeric deposits
in the machine, which results in considerable dusting of the surroundings.
Oligomer deposits on winding or twisting machinery guides cause high tensions
and increase friction on the yarn, leading to poor package censtruction and end
breaks.

The processing properties of yamn (especially sewing threads and in weaving) de-
teriorate due to high yarn friction coefficients caused by the presence of oligomers,
which cause an increased number of broken threads.

More frequent cleaning of dyeing and winding machines is needed due to the
formation of oligomeric deposits within machinery, which increases downtime
and lowers efficiency.

Dusting during coning occurs, which requires care to prevent potential health
hazards.

Also, several unlevel dyeing problems are caused by oligomeric deposits, which are
summarized below [48,53,75-77]:

(1) Filtration effect (inside—outside variation) can be caused due to the build-up of

oligomers in yarn packages.

{2) Textile fabrics very often tend to “chalk’ due to the presence of powdery oligomer

deposits on the surface.

(3) Oligomers decrease the color brilliance of the dyed fiber because of scattering of

diffused light, which makes the surface appear dead and dull, especially in dark
shades such as black, navy, eic.

The surface oligomer concentrations can be significantly reduced in an alkaline medium.
Oligomers can be suspended in the reduction clearing liquor and removed when the liquor
is drained. Oligomer deposits on the fiber surface are therefore removed by the reduction-
clearing process, although more severe treatments may also be necessary to remove the
cyclic trimer from dyeing vessels [78]. Several recommendations have been put forth to
resolve problems pertaining to deposition of oligomers, although it has been stated that
these solutions do not address the wide range of associated problems [79-81]. Methods
employed include the following:

e Use of carriers based on chlorinated benzenes.

¢ Incorporation of lubricants to f