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Abstract: Polyester fibers include industrially important cellulose acetate, poly(ethylene terephthalate)
(PET), poly(1,4-cyclohexane dimethylene terephthalate) (PCDT), poly(trimethylene terephthalate) (PTT),
poly(lactic acid) (PLA) fibers; however, it is the last one that has been considered to be a “green” one.
PLA is an eco-friendly polyester material that is obtained from renewable resources. The effect of chro-
mophoregens and substituents on exhaustion, colorimetric and fastness properties of PLA with newly
developed disperse dyes has been outlined. The differences in colorimetric properties, wavelength-shift
and deep-dyeing behavior of PLA as compared to PET have been explained. Use of non-aqueous dye-
ing media such a super critical carbon dioxide (sc-CO,), various organic solvents and carriers have been
discussed.

Keywords: PLA, sustainable and biodegradable, dyeing and printing, fastness properties, fiber treat-
ments, environmental impact.

Barwienie tkanin na bazie poli(kwasu mlekowego) — przeglad

Streszczenie: Wazne dla przemystu witdkna poliestrowe bazuja na: octanie celulozy, poli(tereftalanie
etylenu) (PET), poli(tereftalanie 1,4-cykloheksanodimetylenu) (PCDT), poli(tereftalanie trimetylenu)
(PTT) i, ostatnio uznanym za ,zielony”, poli(kwasie mlekowym) (PLA). PLA to ekologiczny materiat
poliestrowy pozyskiwany z zasobéw odnawialnych. W artykule oméwiono wptyw chromoforegenow
i podstawnikow obecnych w czasteczkach nowo opracowanych barwnikéw dyspersyjnych na wtasci-
wosci zmeczeniowe, kolorymetryczne i trwalos¢ barwionych wiokien PLA. Wyjasniono rdznice we wia-
$ciwosciach kolorymetrycznych, przesunieciu dtugosci fali i gteboko$ci zabarwienia PLA i PET. Przed-
stawiono zastosowanie w procesie barwienia widkien PLA niewodnych $rodkow barwiacych, takich
jak: nadkrytyczny ditlenek wegla (sc-CO,), r6zne rozpuszczalniki organiczne i nosniki.

Stowa kluczowe: PLA, zréwnowazony i biodegradowalny, farbowanie i drukowanie, wlasciwosci wy-
trzymato$ciowe, obrébka widkien, wptyw na srodowisko.

Poly(lactic acid) or polylactide (PLA) (the name depends
on obtaining method) is a biodegradable and sustainable
polyester that is considered to have the potential of replac-
ing PET [poly(ethylene therephthalate)] fibers. Schematic
chemical structure of PLA is shown in Formula (I). The
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alternate up and down positions of carbonyl groups show
that the structure is helical. The ester linkage is the char-
acteristic of polyesters [1]. Its raw material is obtained
from renewable crops such as corn. PLA is a thermoplastic
polyester, it has poor hydrolytic and thermal stability as
compared to industry — standard PET and doesn’t always
perform well during dyeing. An understanding of fiber
behavior during various physical and chemical processes
is essential to design textile processes that assure quality
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with maximum structural integrity of PLA. Finding the
best process conditions and methods for wet processing
and after-care applications for PLA-based textile prod-
ucts will certainly increase the performance of PLA. It
is important to redesign the existing pretreatment dye-
ing and finishing processes keeping in view the physical
and chemical properties of PLA fibers. The pretreatment
conditions and their effect on absorbency, whiteness and
mechanical properties have been well documented [2-5].

CH, O  CH,
)\/<o | )vo OH
o Ao
O CH, O  CH,

Formula (I)

Being a polyester, disperse dyes are ideal candidates
for dyeing poly(lactic acid) (PLA). However unlike PET,
the recommended dyeing conditions for PLA are 110°C
and pH 4.5-5 for 30 min [6]. The dyeing of PLA at lower
temperature as compared to PET is due mainly to poor
hydrolytic stability of the former at high temperature
particularly when processed for extended time, the latter
being simulated as multiple dye-additions [1]. An asso-
ciated potential problem of dyeing at low temperature
may be the low exhaustion of disperse dyes, poor lev-
elling and process inefficiency. When cellulose acetate
fibers were introduced no dyes existed to satisfactorily
color them. Therefore, different approaches were adopted
to sort out the problem. In one approach existing dyes
were chemically modified to render them temporarily
soluble in aqueous medium. These solubilized dyes were
then hydrolyzed during the course of dyeing converting
them back to their insoluble form thus making the dye-
ing a success. In addition to the developments of new dis-
perse dyes designed especially for cellulose acetate fibers,
anew dyeing method, known as carrier dyeing, was also
established which greatly enhanced dyeing efficiency
and commercialization. Solvent dyeing of polyester fibers
was also introduced, as an alternative to aqueous dye-
ing system, in which dyeing was carried out in suitable
organic solvents. The modern development is using super
critical carbon dioxide (sc-CO,) as the medium of dye-
ing polyester fibers with disperse dyes. All of the above
methods, once again, are being investigated to color PLA
with existing disperse dyes.

General reviews on the lactic acid monomers and
manufacturing, pretreatments, dyeing, finishing and
after-treatments of PLA have been presented in the past
[7, 8]. However, none of the reviews focused the dyeing
of PLA based textiles. In an attempt to review progress
in the coloration of PLA fibreers, yarns and fabrics, the
present review discusses major developments till now.
The last section discusses state-of-the-art technologies
and potential ideas that may solve issues confronting
PLA processing.

This review article has been written with material
taken from renowned textile and related journals. Major
publisher databases viz., Springer, Taylor & Francis, Wiley,
SAGE journals, Elsevier and ScienceDirect were searched
for keywords such as: PLA, PLA dyeing and biodegrad-
able fibers for peer reviewed articles in English. The rel-
evant studies published from 2000 till now were selected
and further scrutinized based on relevant material. A total
of two-hundred research publications were collected out
of which only eighty eight, the most relevant, were short
listed. Though pre-treatments are essential unit opera-
tions in achieving solid and spatially uniform colors with
good dye exhaustion, the present review didn’t include
them except clearing-off which had been considered as
an essential part of dyeing. The articles discussing only
the coloration were reviewed. The paper introduces the
dyeing of PLA with various classes of dyes, the colori-
metric and fastness properties, dyeing technologies, etc.
A valuable part of the review is the future trends that
discuss the possible solutions to the problems and areas
where further research may be carried out.

COLORATION OF POLY(LACTIC ACID)

The existing disperse dyes have been designed and
optimized for PET fibers, and therefore they may not
exhibit the same level of buildup, performance and fast-
ness properties on PLA. It is important to note that there
do not exist any universal dye range of disperse dyes that
can dye all the polyesters. There are separate disperse
dye ranges for cellulose acetate and PET and most likely
dyes shall have to be tailored for PLA fibers as well.

Disperse dyes

Disperse dyes are non-ionic aromatic compounds that
can modify the visual appearance of textiles through
selective absorption of light. Based on the principle of
“like-dissolves-like”, these non-polar hydrophobic dyes
have substantivity for most of the synthetic fibers such
as nylons, acrylics and polyurethanes though polyester
fibers viz., PET, PCDT {poly|(1, 4-cyclohexylene-dimethyl-
ene)terephthalate]}, PLA and cellulose acetates are exclu-
sively dyed with disperse dyes. Though practically insol-
uble in water, disperse dyes do have limited solubility
(0.3-7.1 mg/dm? at 25°C) due to the presence of polar
chemical groups, the solubility increasing with increase
in temperature. For good diffusion, dye structures should
be as compact and planar as possible so that they find lit-
tle difficulty in penetrating into the amorphous matrix of
the fiber. The stereo-chemical structures of the dyes have
important influence on the exhaustion and substantivity
of the dyes on fiber.

Research undertaken at DyStar showed that medium-
energy disperse dyes exhibited high exhaustion levels
while low- and high-energy disperse dyes gave low lev-
els of exhaustion [6]. It was claimed that disperse dyes
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with compact and linear structures must be used for PLA
dyeing since crystallinity of fiber inhibited dye diffusion.
It was observed that dyes containing multiple carbonyl
(>C=0) groups didn't exhaust well on PLA. Therefore,
disperse dyes with carbonyl groups and anthraquinone
(AQ) dyes should be avoided. Liang et al. applied various
substituted AQ disperse dyes on PLA and reported that
dyes containing alkyl chains, opposed to aromatic rings,
exhibited better exhaustion, however, too long alkyl
chains led to diffusion and poor exhaustion problems.
The exhaustion increased up to (96.3%) for -(CH,).CH,
group and then decreased [9, 10]. Karst and Yang tried
to explain exhaustion of disperse dyes on PLA using the
concept of solubility parameter and claimed that dyes
with solubility parameters close to 20.2 (J/cm?®)"> exhib-
ited high exhaustion on PLA [11]. Disperse dyes with
solubility parameters < 25.0 (J/cm®®° exhibited more
than 70% exhaustion on PLA [at 2% o.w.f. (on-weight—
of-fiber)]. They proposed general structures for disperse
dyes that could be developed and may have high exhaus-
tion on PLA. It was stated that most of the disperse azo
dyes had solubility parameters close to that of PLA with
some other dyes that contained more -NR,, -NHCOR,
-NHR, -COR, -OR, or -COOR groups than -NO,, -NH,,
-OH, -CN, halides (-X) and hydrocarbon groups such
as -CH,, -(CH,) CH,, or a phenyl. The solubility param-
eters of most of the AQ dyes were not close to that of
PLA. Though AQ dyes didn’t have solubility parame-
ters close to that of PLA, they might have if they con-
tain linear alkyl groups. Using molecular modelling
techniques, Karst et al. calculated interaction energies
between PLA-dye systems and plotted against sorption
[12]. A linear relationship was found between percent
sorption vs. dye-fiber interaction energies with the pre-
dicted sorption values agreeing with the calculated val-
ues. It was shown that within a single dye the following
groups formed strongest interactions -N(C,H,OCOCH,),,
-(CO),NC,H,OCH,, -SO,NHC H,, -NO,, -CN(NH)C H,,
-CH(CO),C H, while the groups that formed the weak-
est interactions were -Br and -Cl. He ef al. investigated
the dyeing behavior of polylactide fibers for 1-phenyl-
-3-methyl-5-pyrazolonyl azo- anthraquinone disperse
dyes. It was concluded that dyes could be applied at low
temperature and exhibited good fastness properties [13].
Liang et al. prepared azo-anthraquinone disperse dyes by
combining the substantive features of 1-aminoanthraqui-
none and good light fastness of phenylpyrazolone sys-
tems [13]. It was reported that the optimum dyeing con-
ditions for PLA were 90°C, pH 5.0 and 60 min and that
the resultant dyeings exhibited moderate to good wash
fastness which were comparable to PET. On Blue Wool
Scale, the light fastness on PET and PLA were 6 and 7,
respectively. Choi et al. 2010 investigated the effect of var-
ious substituents on the dyeing properties of azo dyes
derived from N-alkyl phthalimide [14]. It was reported
that good ratings for dyeings suggest that phthalimidazo
system might be of interest in developing high wash fast

disperse dyes for PLA. Hansakulwat et al. dyed PLA with
a reactive-disperse dye based on sulfatoethyl sulfone and
reported excellent performance and fastness properties
[15]. Cui et al. investigated the effect of alkyl substituents
on the exhaustion of sulfonamide containing orange
phenylazo-f3-naphthol disperse dyes on PLA [16]. It was
reported that dyes that contained sulfonamide groups
bearing linear tertiary alkyl chains exhibited good sub-
stantivity and high exhaustion. The dye that contained
N,N-butylsulfonamide group had the lowest aqueous
solubility with the highest exhaustion of 98.6% at 2%
ow.f. shade depth. Cui et al. also prepared and investi-
gated the spectral and dyeing properties of nine phenyl-
azopyrazolone-containing acylamide disperse dyes on
PLA [17]. It was reported that introduction of tertiary
acylamide groups substituted with linear saturated alkyl
chains into phenylazopyrazolone chromophores resulted
in improved dye sorption and fastness properties on PLA
fabric. It was argued that the existence of polar acylam-
ide group in the dye molecule and their suitable water
solubility offered them higher affinity to PLA. Among
the nine dyes, the dye with n-butyl substituted acylam-
ide group yielded the best dyeing performances on PLA
fabric with over 95% dye sorption at 110°C and satisfac-
tory color fastness properties. Lihua ef al. synthesized
five yellow azo-anthraquinone disperse dyes containing
different alkyl substituents on the phenyl alkyl-sulfon-
amide [18]. Artificial intelligence-based molecular mod-
elling revealed that log P, molecular volume and planar
shape increased with increasing alkyl chain length. Lu et
al. synthesized azo-anthraquinone based dyes and cal-
culated log P, molecular volume and aplanar shape that
increased with alkyl chain length [18]. It was reported
that good percent exhaustion and light fastness proper-
ties were exhibited. Burkinshaw and Jeong investigated
the effect of ultrasound on color strength of six disperse
dyes applied at 30-80°C [19]. It was reported that ultra-
sound didn’t always result in good color strength. The
intensification of chroma at 70°C in the presence of ultra-
sound was attributed to disaggregation of dyes or pos-
sibly to decrease in crystallinity of PLA. Dyeing at 80°C
resulted in pale and dull shades, which was attributed to
dispersion being broken.

The dyes exhibited good percent exhaustion on PLA.
Choi et al. applied twelve phthalimide-derived azo dyes
containing ester groups and reported that wash fastness
in terms of staining and rubbing were extremely good
while light fastness ratings were mostly in the range of
3 to 4 on Blue Wool Scale [20]. Ribba and Goyanes doped
dyed PLA with 0.25% C.I. Disperse Orange 3 in the pres-
ence of 0.05% carbon nanotubes and reported 910%
increase in strain at break and 100% increase in tough-
ness [21]. Tayfun and Dugan claimed superior dyeability
of PLA modified with organoclay [22]. It was reported
that organoclay reduced crystallinity; the tensile strength
increased initially but decreased with the addition of
3wt % organoclay; however wash fastness of disperse was
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little affected. Baykus ef al. dyed N-phenylaminopropyl
POSS (AP-POSS) nanoparticles with disperse dyes
and reported the effectiveness of AP-POSS in enhanc-
ing the dyeability of PLA with disperse dyes of low
uptake values [23]. In another study Baykus et al. dyed
octa(aminophenyl) polyhedral oligomeric silsesquioxane
(OAP-POSS) modified PLA fibers with disperse dyes and
reported that tensile strength and percent crystallinity
decreased with increase in OAP-POSS while the dyeabil-
ity was greatly improved for disperse dyes which other-
wise had exhibited low uptakes [24].

Vat dyes

The vat dyes are universal in the sense that these dyes
can be applied to almost all the fibers under suitable pro-
cess conditions [25]. Sawada and Ueda dyed PLA fabrics
with indigo dyes by the same method as was employed in
the dyeing of cellulosic fibers and reported deep dyeing’s
with vat dyes, the maximum color yield being achieved at
373 K, from the energy-saving viewpoint [26]. Since color
strength decreased with increasing dyeing time from 1 to
5h, 1 h of dyeing was chosen to be the optimum dyeing
time. The maximum color yield was achieved at 5% o.w.f,,
further increase in dye concentration decreased K/S (K -
the coefficient of absorption, S — the coefficient of scat-
ter for the dyeing) values. Effects of auxiliaries (NaOH,
Na,S,0,) on the dyeability of indigoids were found to be
negative at high concentration. It is claimed that optimum
concentrations of auxiliaries and dyes could be estimated
using a simple linear regression. Burkinshaw et al. inves-
tigated the colorimetric properties of three indigoids
on PLA at 2, 5, §, 12 and 15% o.m.f. (on-mass-of-fiber) at
nine dyeing temperatures (60, 70, 80, 90, 98, 105, 110, 115
and 120°C) and reported that color strength increased
initially with increase in temperature up to 110°C and
then decreased probably due to destruction/aggregation
of dyes [27]. It was stated that the apparent decrease in
color strength might also be due to hydrolysis of PLA. In
another study, Burkinshaw et al. applied three indigoid
and three anthraquinonoid vat dyes (5% o.m.f) on PLA
knitted fabric at 60, 80, 98 and 110°C and reported that for
indigoids fastness to repeated-washings increased with
increasing dyeing temperature [28].

Basic dyes

Basic dyes, the most brilliant colors, are character-
ized of having cationic chemical groups. Though mainly
applied on acrylic and wool fibers, cationic-dyeable
polyesters are available. Koo & Jang dyed UV/O, irradi-
ated PLA films with cationic dyes [29]. The irradiation
resulted in the breakage of ester linkages in polymer
backbone into hydroxy and carboxylic acid groups thus
increasing hydrophilicity and generating potential dye-
sites. The enhanced dyeability of pretreated PLA films
was attributed to electrostatic attraction between cationic

chromogen and the anionic sites generated as a result of
irradiation.

Acid dyes

Baykus et al. spun PLA fibers using melt spinning with
octaammonium polyhedral oligomeric silsesquioxane
(OA-POSS) nanoparticles as additives [30]. The modified
PLA was dyed with two acid dyes: one pre-metallized
and the other one non-metallized. It was reported that
percent crystallinity and tensile strength of modified
PLA decreased with increase in OA-POSS while the dye-
ability was greatly improved.

Natural dyes

The natural dyes belong to a range of chemical classes.
Sriumaroum et al. applied curcumin, a natural dye, on
PLA and PET fabrics and reported good build up and
a bathochromic shift on PLA as compared to PET [31]. Wu
et al. investigated the effects of various dyeing factors on
the dyeability of PLA with emodin, a natural dye, and
reported a bright color with excellent fastness properties
[32]. Ujjin and Jantip applied various natural dyes derived
from marigold petals, rhubarb rhizomes, garcinia barks,
turmeric rhizomes, sappan barks and catechu barks on
PLA and reported that turmeric dye was the only one
which gave high color yield on PLA [33]. Sriumaroum et
al. dyed PET and PLA knitted fabrics by an exhaust tech-
nique with dyes viz., natural orange, natural red brown,
turmeric, cassumunar and reported that dyes with poor
aqueous solubility such as turmeric and cassumunar
exhibited better exhaustion and color yield as compared
to aqueous soluble natural orange and natural red brown
dyes [34]. Wu et al. investigated the kinetics and thermo-
dynamics of dyeing PLA fiber with curcumin through
an exhaust technique [35]. It was reported that curcumin
exhibited high exhaustion (90%) and that the adsorp-
tion of curcumin on PLA followed Nernst isotherm, con-
firming the mechanism of dyeing PLA with curcumin
was akin to disperse dyeing. Sidarkote et al. dyed PLA
fabric with indigo by exhaust dyeing in the presence of
Na,S,0, 5 g/dm® and NaOH 0.2 g/dm? sodium hydroxide
[36]. The effect of dyeing variables viz., temperature, time
and dye conc. were studied and it was reported that max-
imum color strength was achieved at 5% o.w.f. at 80°C for
60 min.

Pigments

Pigments are the colorants that are immiscible in
the application medium and are characterized of hav-
ing little substantivity for textile fibers. Due to lack of
substantivity, pigments are applied in the presence of
binders. Upon curing, binders form coatings made up of
crosslinked high molecular weight polymer networks in
which pigment particles are embedded. The main advan-
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tages of pigment dyeing and printing are ease of appli-
cation, single-bath dyeing of fiber blends, no after-treat-
ments, good light fastness and acceptable crock fastness
in light to medium shades. Karim et al. investigated the
XPS analysis of thermally cured pigment prints on PLA
[37]. It was concluded that decrease in bursting strength
of printed fabric, cured at 150°C, is due mainly to increase
in carboxylate content. The SEM micrographs revealed
that increase in crock fastness and stiffness might be
attributed to cohesive binder films formed during curing.
The optimum curing conditions were 140°C and 3 min.
Karim et al. printed PLA with pigments in the presence
of UV-curable binders [38]. It was demonstrated that the
inks with high acrylate content resulted in better overall
color fastness properties, higher color strength and com-
parable color difference to thermally cured prints. It was
claimed that physical and mechanical properties of PLA
fabric were little affected during UV-curing.

THERMODYNAMICS AND KINETICS OF DYEING

The dyeing of textile fibers is a reversible process that
can be studied in chemical thermodynamics. There are
various stages involved in the disperse dyeing of polyes-
ter fibers and these include the dye-dispersion, dye-solu-
bilization, dye transportation, adsorption, diffusion and
migration. Each of these stages has its own importance
and may be characterized separately. Thermodynamics
of dyeing involves measuring adsorption isotherms that
characterize the interaction between fiber and dye mol-
ecules. From the thermodynamics of dyeing, important
parameters such as affinity, enthalpy and entropy of dye-
ings can be calculated.

Xu et al. studied the sorption thermodynamics and
kinetics of C.I. Disperse Red 54 and C.I. Disperse Blue
165:1 on PLA fibers [39]. For Disperse Blue 165:1, the
adsorption isotherms at 110, 120, and 130°C were of the
Langmuir type while for Disperse Red 54, at 110°C the
adsorption followed Langmuir while at 120 and 130°C
adsorption isotherms agreed well with Nernst type.
The difference between the adsorption isotherms was
explained by the dye solubility. The weak sorption affin-
ities (-Ap°) of both dyes being <1 kcal/mol were attrib-
uted to weak dye-fiber interactions and strong dye-sol-
vent interaction. Enthalpy changes (AH®) and entropy
changes (AS°) showed that the sorption process was
enthalpy-driven. Sorption kinetics suggested a pseudo
second-order kinetic model for disperse dyes on PLA
fibers. Raising dyeing temperature decreased the half-
time, increased dyeing rate constant and diffusion coef-
ficient. Temperature dependence of diffusion coefficients
was well reproduced using molecular collision based dif-
fusion model. The activation energies of diffusion had
been determined and rationalized using molecular vol-
ume of dyes. The result might provide predictive tools
for the investigation of dye compatibilities and migration
modelling of PLA packaging materials. Xu et al. devel-

oped two predictive models for the adsorption affini-
ties and diffusion coefficients of disperse dyes on PLA
matrix in non-aqueous medium, the only parameters
being required for both the models were temperature and
the solvent accessible surface area (ASA) of dye molecules
[40]. The developed models were validated using two azo
and two anthraquinone dyes. Reliable models for adsorp-
tion affinity and diffusion coefficient enabled computa-
tion based selection for improved dye uptake and better
dye compatibility on PLA fibers. It was emphasized that
surface area based predictive models might not hold true
for the systems containing dominant interactions other
than van der Waals forces, the quantitative structure-
property relationships in such systems requiring further
investigation. Kinetics of dyeing characterizes the reac-
tion rates i.e. how fast/slow dyeing takes place. From the
kinetic study of dyeings, important parameters such as
diffusion coefficients, activation energy, reaction velocity
and time of half-dyeing may be calculated. Fu et al. deter-
mined the affinity and diffusion coefficient of three dis-
perse dyes on PLA and reported that higher the values of
affinity and diffusion, higher would be dyeing rate [41].

DYEING TECHNOLOGIES

Most of the textile fibers are processed at ambient
atmospheric pressure; however polyester fibers are typi-
cally dyed at elevated temperature under pressure. On
industrial scale, PET is dyed at 130°C, pH 4.0-4.5 for
45-90 minutes [42]. Dyeing PET at high temperature
allows efficient exhaustion of the dye and the ability to
achieve level and deep shades. However unlike PET, the
recommended dyeing conditions for PLA are 110°C, pH
4.5—5.0 and 30 minutes [6, 43]. The lower dyeing temper-
ature of PLA as compared to PET is due to the inferior
hydrolytic stability of PLA particularly at high tempera-
ture and longer processing time [44, 45]. It was recom-
mended that holding the dyeing temperature at 90-95°C
for 5 min might be beneficial in obtaining shades of good
levelness with dyes of poor levelling properties. Finally
the dyebath should be dropped below 50°C to avoid fab-
ric creases [46]. In another study, Yang and Huda advised
that a gradual decrease in dyebath temperature might
enhance dye exhaustion on PLA as dyeing was an exo-
thermic process [47, 48]. Nakamura et al. and Nakamura
stressed the importance of liquor to material ratio that
affected dye uptake, for light and medium shade depths
[49, 50]. It was claimed that in heavy shade depths, the
dyeing temperature played the most significant role with
respect to the maximum equilibrium dye uptake. It is
important to realize that long liquor ratios cost high in
terms of electricity, heating and also inflict excessively
on waste treatment plants.

Carrier dyeing is an exhaust technique wherein poly-
ester textiles are imparted color in a dyebath containing
suitable organic aromatic compounds. These compounds
which have low solubility in water and a similar chemical
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and physical nature to the fiber are called carriers. Due
to low aqueous solubility, the industrially available car-
riers are oil in water (O/W) emulsions of organic chemi-
cals having milky appearance. There are different theo-
ries about the mode of action of carriers. Carriers may
lower glass transition temperature (T) so that dyeing can
take place at low temperature. Another point of view is
that since carriers are organic compounds and so are the
polyester fibers, e.g. PET and PLA, the carriers swell the
fibers resulting in faster penetration of disperse dyes into
the fibers. Carriers may also interact with disperse dyes
thereby enhancing their hydrophobicity and hence better
exhaustion on the hydrophobic fibers [51]. In addition to
enhancing exhaustion properties, carriers also improve
the dye migration properties within the fibers. Baig dyed
PLA with disperse dyes in the presence of a range of com-
mercially available carriers and reported different levels
of success in achieving good color strength [25]. Kinashi
et al. applied a photochromic dye to PLA in aqueous and
solvent mediums [52]. In aqueous medium, the dyeing
was carried out in the presence and absence of carriers
such as o-phenylphenol (PP) and benzyl alcohol at 40°C
for 24 hrs. It was reported that optimal dye transfer (K/S:
21.0) took place in the presence of PP.

Non-aqueous media such as supercritical carbon diox-
ide (sc-CO,) is being investigated as an alternative to
aqueous based dyeing systems. Bach et.al., dyed PLA
with C.I. Disperse Red 167:1 (4% o.m.f.) and C.I. Disperse
Blue 79 in sc-CO, at 28 MPa for 1 h at temperatures in the
range of 50-95°C [53]. It was reported that though maxi-
mum dye uptake for red dye was obtained at 90°C, even
at 50°C the fibers were completely dyed. Dyeing above
90°C led to hardening and crinkling of the knitted fab-
ric. Dyeing of PLA in sc-CO, medium with C.I. Disperse
Blue 79 was also carried out and it was shown that the
breaking strength loss of PLA dyed in sc-CO, at 120°C
for 60 minutes was only 9.2% while there was a loss of
44.7% at the same process conditions in aqueous medium
[54]. PET has been dyed with disperse dyes in the pres-
ence of suitable organic solvents as well, though there
is a little work published on the solvent dyeing of PLA
fibers. In a recent study, Xu et al. dyed PLA with disperse
dyes in non-aqueous medium such as liquid paraffin
and claimed high quality dyeings being obtained [55].
The color fastness of solvent and aqueously dyed fabrics
was found to be comparable. In a recent study, Xu et al.
extended the concept of using liquid paraffins, as dyeing
medium, to other polyester fibers as well [56].

COLORIMETRIC PROPERTIES

The most important properties of dyes on textiles dur-
ing dyeing are their substantivity, exhaustion, buildup,
strike, levelling and fastness properties. The dye buildup
gives information about their tinctorial strength; the dyes
exhibiting high color strengths at low shade depths hav-
ing stronger tinctorial strengths. These dyes are economi-

cal from cost point of view and intuitively attract lower
transportation cost as well. Exhaustion is another impor-
tant dye property, dyes with higher exhaustion profile
always being preferred due to lesser amount of colorants
being discarded into waste effluent. The level of exhaus-
tion of dyes depends on the shade depth applied as well.
Most of the dyes exhaust well at low shade depths, but
in deep shades exhaustion decreases owing to the limita-
tions imposed by the maximum amount of dye that fibers
can absorb; the fibers becoming saturated at a particu-
lar shade depth. Further increase in dye concentration
in the dyebath does not lead to any appreciable changes
in color strength. The importance of color strength and
color coordinates cannot be underestimated in indus-
trial color matching. Choi and Seo and Choi et al. stated
that the yellow and blue disperse dyes were greener
whereas orange/red dyes were yellower in hue on PLA
than on PET [57, 58]. PLA dyeings showed greater light-
ness (L), chroma (C") and hue angle (1h°) values as com-
pared to PET dyeings. It was stated that greater values of
chroma are indicative of brighter shades being produced
on PLA than on PET for a particular dye. It was difficult
to achieve dark shade such as navy and black on PLA due
to lower exhaustion levels. However, deep black shades
were obtained on PLA fibers containing high percentage
of D-isomer while a more brownish black was achieved
on low-D PLA fibers because of the lower exhaustion
of the blue component of the mixture [59]. Fattahi et al.
dyed PLA pre-treated with UV/O, and concluded that
color depth of disperse dyes increased on PET and PLA;
the increase in depth of dyeing was claimed to be due to
surface roughening of the fibers during irradiations [60].

Buildup properties

The buildup of disperse dyes varies among different
chemical classes of dyes. Mathematically, the buildup
may be defined as the rate change of color strength as
a function of shade depth. Baig applied a range of dis-
perse dyes on PLA knitted fabric at 60 to 130°C and
reported color strength (K/S) in the range of 5-23 among
disperse dyes [1]. It was stated that except C.I. Disperse
Red 167:1, all others reported dyes reached to the max-
imum K/S at 110°C which is the recommended dyeing
temperature for PLA fibers [6]. Another corollary of the
above research was that existing disperse dyes might be
classified for PLA based on kinetic properties.

Exhaustion properties

The exhaustion, usually expressed as %, is a measure
of the relative amount of dye absorbed by the fibers.
Mathematically, it is the difference in absorption of dye
before and after dyeing expressed as a percentage. Since
the commercially available disperse dyes have been
designed for PET fibers, for PLA the buildup and exhaus-
tion varies. It was stated that medium-energy disperse
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dyes were the most suitable for dyeing PLA [61]. Lunt and
Bone, applied nine disperse to PLA at 110°C for 60 min-
utes and all the nine disperse dyes had 80% exhaustion
levels [62]. Five of the nine dyes exhibited very similar
performances in terms of percentage exhaustion on both
PLA and PET substrates, the degrees of dye exhaustion
being generally equal to or lower than that on PET. It was
known that the low saturation balance of PLA fibers led
to a lower dye uptake and poor buildup properties as
compared to PET [49]. Yang and Huda applied ten dis-
perse dyes on PET and PLA and it was observed that all
the dyes exhibited high exhaustion on PET compared to
PLA [47]. C.I. Disperse Red 60 exhibited high diffusivity
and low saturation dye uptake on PLA. It was reported
that the rate of dye diffusion was much higher in PLA
than that of PET. According to a research undertaken
on the effect of disperse dye class on exhaustion, it was
found that medium-energy dyes produced high levels
of exhaustion on PLA, whereas high- and low-energy
dyes gave variable and low exhaustion, respectively [6].
Karst & Yang 2005, stated that exhaustion of disperse
dyes might be correlated with the concept of solubility
parameter [11]. The dyes having solubility parameter
close to that of PLA might exhibit good exhaustion prop-
erties. Those dyes that didn’t have solubility parameter
close to that of PLA might be substituted with suitable
chemical groups to pull their solubility parameter close
to that of PLA. Choi and Seo applied twenty disperse
dyes of differing energies on PLA and PET fabrics and
reported a wide range of exhaustion (12-88% at 4% o.w.f.)
among dyes [57]. Nine dyes that exhausted above 70%
were screened for further comparison of shade and fast-
ness properties between PLA and PET. In another study
Choi et al. applied twenty two disperse dyes that con-
sisted of high-light-fast dyes for polyester and amongst
two ranges of dyes for diacetate [58]. It was reported
that only eight dyes exhibited exhaustion above 60%
when applied at 4% o.w.f,, 110°C for 40 min. It was also
reported by the same authors that though C.I. Disperse
Blue 374 and C.I. Disperse Blue 284 exhibited exhaus-
tion levels of 60.6 and 43.8%, respectively at 2% o.w.f,,
a 60:40 mixture of Blue 374 and Blue 284 formed a syn-
ergistic mixture as the exhaustion increased up to 87%
which was higher than each of the dyes alone. Liang et
al. synthesized a range of hydrophobic anthraquinone
disperse dyes containing alkyl substituents of varying
lengths and applied on PLA [9, 10]. The exhaustion val-
ues of these dyes as compared to C.I. Disperse Blue 3, C.L
Disperse Blue 56 and C.I. Disperse Blue 73 were up to 85
and 50%, respectively. Liang et.al., prepared azo-anthra-
quinone disperse dyes and reported that the optimum
dyeing conditions for PLA were 90°C, pH 5.0 and 60 min
at which maximum exhaustion values were achieved
(ca. 65%), however, except one the other two dyes exhib-
ited up to 80% exhaustion on PET [13]. Choi et al. dyed
PLA with 18 carbocyclic azo dyes bearing a hydrolysable
N-alkylphthalimide, substituted with various alkyl sub-

stituents viz., n-butyl, sec-butyl, or iso-propyl, while the
adjoining phenyl ring bore -CN and -Br groups [14]. It was
claimed that there existed a broad correlation between
dye exhaustion onto PLA and PET fibers. No relation-
ship was found between percentage exhaustion and par-
tition coefficients (log P)/solubility parameter values. As
was found to be the case with PET, the wash fastness of
dyes on PLA tended to be highest when their diazo ring
was substituted with electron acceptors. Sriumarom et al.
applied curcumin, a natural dye, on PLA and PET fabrics
and reported good build up and a bathochromic shift
on PLA [31]. Wu et al. investigated the effects of various
dyeing factors on the dyeability of PLA with emodin,
a natural dye, and reported a bright color with excellent
fastness properties [32]. Burkinshaw and Jeong carried
out ultrasound-assisted disperse dyeing of PLA [63]. It
was reported that ultrasound enhanced color strength of
three of the six dyes, the increase in color strength being
attributed to the disaggregation of dyes and decrease in
crystallinity of fiber. However, dyeing at 80°C, resulted in
the pale and dull shades for five dyes due to the dye dis-
persion being broken. In another study the same authors
investigated the effect of ultrasound on fastness proper-
ties of disperse dyed PLA knitted fabric. It was concluded
that ultrasound imparted more color strength to dyeings
before and after reduction clearing for five of the six dyes.
The observed decrease in rubbing fastness was attrib-
uted to the initial greater color strength of ultrasonic-
assisted disperse dyeings [63]. Lihua et al. measured the
exhaustion of five yellow azo-anthraquinone disperse
dyes on PLA and reported good exhaustion percent-
age [18]. It was reported that the alkyl substituents had
little influence on dye color. Choi et al. prepared twelve
phthalimide-derived azo dyes containing ester groups
and reported exhaustion values as low as 33.5% to as high
as 95.2% [20]. No correlation was found between exhaus-
tion (%) and calculated solubility parameters presumably
the influence of dye structure being masked the heavy
depth applied (4% ow.f.), dispersion stability, particle size
and crystal morphology.

Spectroscopic properties

The polymer environment affects the light absorption
properties of dyes. The brightness of PET and PLA can
be explained in terms of Fresnel’s reflection. Since surface
reflection decreases with decrease in refractive index, it
is logical that PLA dyeings will look brighter than PET
when dyed to the concentration, i.e. same number of dye
molecules per unit volume of fiber. It was stated that deep
shades could be more easily produced on PLA than PET
due to lower refractive index (1.35-1.45) of the former [61,
64]. Some workers claimed that brighter shades were pro-
duced on PLA [64].

An incident light will follow the longest path, if pass-
ing through the same medium. Since the refractive index
of PET is higher than PLA, the path length for the latter
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will be longer. Since the absorption of light is directly
related to the path length (I), PLA fabrics will exhibit
deep-dyeings if PLA and PET are dyed with a certain dye
to the same shade depth in terms of the number of mol-
ecules per unit volume of fiber. It was claimed that color
strength on PLA would be higher than on PET if both the
fibers had the same amount of dye in the bulk [50, 64].
Avinc showed that a lower quantity of disperse dyes was
required (ca. 25% less) to produce a color strength (K/S) of
20 on PLA than on PET [65]. It was claimed that the lower
reflectance of PLA compared to PET resulted in less dye
being needed on the former to achieve the similar color
strength.

A comparison of the color yield obtained on PLA fiber
as compared with that on PET showed that most of the
azo dyes appeared stronger on PLA, which was in agree-
ment with their solution appearance in ethyl acetate com-
pared with methyl benzoate, chosen to simulate the polar
properties of the two fibers [66]. Nakamura applied C.L
Disperse Red 60 at 100°C to PET and PLA and reported
that the lower refractive index of PLA allowed higher
color strength to be produced [51]. The reflection spectra
of the same dye applied on PLA and PET fibers might
exhibit shifts in the wavelengths of maximum absorp-
tion (A, ), the maximum shift being noted was 20 nm.
The polymer environment affected the light absorption
properties of dyes [1]. Since PET and PLA are aromatic-
aliphatic and aliphatic polyesters, it is likely that the
interactions between dye and fiber will differ. Nakamura
applied C.I. Disperse Red 60 at 100°C to PET and PLA
and showed that the wavelength of maximum absorption
(A,.) was at a shorter wavelength for PLA [50]. Curcumin,
a natural dye, was applied on PLA and PET fabrics and
a bathochromic shift on PLA was reported [34]. Cui et
al. dissolved phenylazopyrazolone-containing acylamide
dyes in acetone and dimethylformamide (DMF) solvents
to record spectral data [17]. It was reported that substitu-
ents had little effect on A, when dissolved in the same
solvent, whereas changing the solvent does. Change in
solvent from acetone to DMF resulted in bathochromic
shift (AA: 8 to 13 nm). The bathochromic shift was
explained in terms of increase in solvent polarity from
20.56 (acetone) to 36.71 (DMF). The superior stabiliza-
tion of the dye’s excited electronic state, when dissolved
in DMF, led to a lower energy gap between the ground
and excited states of the dye molecules and resulted in
a bathochromic shift [67].

The reflection/transmission spectra of dyes are an excel-
lent representation of filters that attenuate selected wave-
lengths of light while allowing others to pass through
unaffected. The reflection spectrum of C.I. Disperse Red
167:1 showed that this particular dye allowed mainly the
long wavelengths of light along with some of the short-
wavelengths. Therefore the dye looked bluish red. The
integration of area under the curve weighted with suit-
able color matching functions yields chromaticity coor-
dinates whose transformation generates L'a’b" values. The

L’ gives information about the lightness while other two
terms provide information about the tone of a dye. The
color coordinates have industrial significance in that the
shades have to be matched such that there is little percep-
tion of the color difference. Since the reflection spectra of
PLA was slightly shifted to the left, due changes would
have to be done to produce the same shade on PLA as on
PET textiles.

FASTNESS PROPERTIES

Color fastness is another important quality character-
istic of dyeings. The fastness properties such as wash,
crock and light of disperse dyes have been investigated
by many researchers. The general trend is that color fast-
ness of disperse dyes tend to be lower on PLA than on
PET, at similar shade depths. The following sections dis-
cuss selected fastness properties of dyed PLA textiles.

Wet fastness

It has been claimed that most of the disperse dyes
on PLA fiber would have wash fastness acceptable for
apparel applications; that disperse dyes on PLA exhibited
good resistance to fading by nitrogen gas fumes and that
PLA fabrics exposed to outdoor light, having UV content,
faded slightly more than those exposed to indoor expo-
sure due to the difference in photo-energy distributions
of the light sources. PLA is more transparent to UV radia-
tion in the 370-240 nm range than PET, resulting in poor
light fastness of disperse dyes on PLA due possibly to the
destruction of dye chromophore, especially for blue dyes
[49]. It was reported that the effect of L- and D-isomers
would have negligible effect on wash fastness as the glass
transition temperature depended little on the contents of
L-/D-isomers [59]. Bach et al. reported that wash and rub
fastness of PLA fiber dyed in sc-CO, medium was good to
very good even without any after-clearing being carried
out in cold sc-CO, [53]. Choi and Seo reported that when
comparing the wet fastness of disperse dyes (4.0% o.w.f.)
on PLA and PET, ratings were either similar or slightly
worse on the former [57]. It was also mentioned that the
photo-stabilities of nitro-diphenylamine, monoazo, and
anthraquinone chromophores on PLA were very simi-
lar to those observed on PET except C.I. Disperse Blue
284. Choi et al. reported that the wash fastness of eight,
out of twenty, disperse dyes exhibiting good exhaustion
on PLA were either the same or 1 to 2 points less than
on PET [58]. Liang ef al. reported that the substitution of
amino groups had little effect on wash fastness of AQ
dyes [10]. Choi et al. dyed PLA with 18 carbocyclic azo
dyes bearing a hydrolysable phthalimide moiety substi-
tuted with various alkyl substituents viz., n-butyl, sec-
butyl, or iso-propyl, while the adjoining phenyl ring bore
-CN and -Br groups [14]. It was claimed that wash fast-
ness were relatively good compared to that of some con-
ventional disperse dyes applied to PLA. As was found to
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be the case with PET, the wash fastness of dyes on PLA
tended to be highest when their diazo ring was substi-
tuted with electron acceptors. Lihua et al. synthesized
five yellow azo-anthraquinone disperse dyes containing
different alkyl substituents on the phenyl alkyl-sulfon-
amide [18]. It was reported that for optimal wash fast-
ness the chain length shouldn’t exceed C-6. Burkinshaw
and Jeong applied six disperse dyes on PLA in the pres-
ence of ultrasound and reported decrease in wet and dry
rubbing as well as to two/three out of five wash cycles
[63]. It was suggested that decrease in fastness was due
to enhanced color strength imparted due to ultrasound
during dyeing. Choi et al. applied twelve phthalimide-
derived azo dyes containing ester groups and reported
that wash fastness in terms of staining and rubbing were
extremely good [20]. Avinc et al. reported that decrease
in wet fastness of selected disperse dyes on PLA as com-
pared to PET occurred as a result of thermal migration
during drying at 110°C [68].

Light fastness

Mogi et al. studied the light fastness of twelve azo and
AQ disperse dyes (1% o.w.f) on PLA fabrics, exposed
to carbon arc lamp, and reported that discoloration
increased with increase in exposure time [69, 70]. The
azo disperse dyes containing cyanoethyl or acetoxyethyl
substituents exhibited high light fastness. While cyano
or chloro groups had synergistic effect on light fastness,
the methyl group showed a negative effect. Deep-dyed
PLA fabric tended to exhibit higher light fastness than
a paler color one. PLA fabrics dyed with thirteen anthra-
quinone based dyes was subjected to the above condi-
tions and reported that though PLA fabric dyed with
C.I Disperse Red 127 and C.I. Disperse Violet 27 dyes
exhibited the highest light fastness grades, the fastness
rating decreased when PLA was dyed with their mix-
ture thus these dyes had antagonistic effect on each other.
The selection of proper dyes and the use of suitable UV
absorbers could be a solution obtaining higher light fast-
ness results [49]. Yang and Huda 2003 reported that akin
to wash and rub fastness, the light fastness of disperse
dyes was lower on PLA than on PET fabrics [47]. Mogi et
al. studied the effects of benzotriazole class of UV absorb-
ers on the light fastness of PLA fabrics dyed with C.L
Disperse Orange 25 and C.I. Disperse Orange 44 azo dis-
perse dyes and reported an increase from 3.0 to 3.8 and 1.1
to 2.9, respectively, assessed by instrumental method [71].
On the other hand, the same UV absorber had detrimen-
tal effect on AQ disperse dyes such as C.I. Disperse Red
60 and C.I. Disperse Red 127. Choi and Seo 2006 reported
that the photo-stabilities of nitro-diphenylamine, mono-
azo, and anthraquinone chromophores on PLA were very
similar to those observed on PET except C.I. Disperse
Blue 284 [57]. However, the color difference (AE’) upon
testing light fastness were greater in the case of the PLA
dyeings as compared with PET. Choi et al. reported that

light fastness of six high-light-fast disperse dyes was 0.5
or 1 grade (Blue Wool Scale) less on PLA than on PET [58].
Dorospers G/YEL KBGL was recommended as a good
choice for dyeing PLA to meet the super light fastness
requirement. Liang ef al. claimed that the substitution
of halogens into the anthraquinone chromogen could be
improved the light fastness on PLA [9]. Liang et al. also
reported that the light fastness of AQ dyes containing
aromatic-amino or cyclo-fatty amino groups was higher
than with fatty-amino groups [10]. Lihua et al. synthe-
sized five yellow azo-anthraquinone disperse dyes con-
taining different alkyl substituents on the phenyl alkyl-
sulfonamide [18]. It was reported that alky chain length
had little effect on light fastness.

Migration properties

Dry heat, particularly in the presence of finishes such
as softeners, may cause migration of disperse dyes to the
surface of PLA fibers. The thermally agitated non-ionic
disperse dyes in the presence of softeners which them-
selves are non-ionic chemicals may aggravate the migra-
tion behavior of disperse dyes. The migration of dyes to
the surface may adversely affect the fastness properties
of dyeings. Nakamura et al. reported that heat-setting
treatment decreased wet fastness of dyed PLA fabric [49].
Phillips et al. reported that, comparing with PET, the wet
fastness of dyed PLA was generally lower after heat-treat-
ment due possibly to the migration of disperse dyes to the
surface of substrates [43]. Avinc et al. applied softeners on
PLA and PET dyed with the same dyes and reported no
correlation between the hydrophobicity of dyes and soft-
eners [72]. Choi et al. applied twelve phthalimide-derived
azo dyes containing ester groups and reported that light
fastness ratings were mostly in the range of 3 to 4 [20].

AFTER TREATMENTS

It is important to realize that exhaustion is never
complete, particularly in deep shades. Since adsorption
is a constitutive stage in the dyeing of textile fibers, at
the end of dyeing some of the dye molecules do remain
occluded in the surface of polyester fibers. Being insol-
uble in aqueous medium, these disperse dye particles
cannot be cleared-off easily by simple washing treat-
ments. But since disperse dyes do have limited aqueous
solubility, these dye molecules will continue to bleed
into laundering liquor during washing thus staining and
impairing visual aesthetics of the white and pale colored
garments. Another issue closely attached with polyester
dyeing is the deposition of low molecular weight polyes-
ters on the surface of fibers. Due to being low molecular
weight species, these kinetically-triggered oligomers dif-
fuse out from the bulk of the fibers and being insoluble in
aqueous medium deposit on the surface of textiles. These
oligomers, if not removed, deposit in the yarn-guides and
build on various machine parts as white substance thus
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affecting surface properties of yarns. These white precip-
itous substances are also a source of nuisance and badly
affect productivity during yarn manufacturing. Over the
time, oligomers may also buildup in the dyeing machines
particularly on rough surfaces. If the machines are not
cleansed properly, these oligomers may provide nucle-
ation sites for disperse dyes to grow thus destabilizing
the dye dispersion. Though not affecting dyeing proper-
ties, the performance of finishes are badly affected if the
dispersing agents are not removed from the surface of
textiles after dyeing. It is important, therefore, to remove
surface deposited dye, oligomers and auxiliaries so that
quality dyeings are obtained [51].

Hydrolysis is a chemical reaction, usually catalyzed
in the acidic or alkaline pH, which involves the addi-
tion of water molecules into a chemical compound. If the
disperse dyes have hydrolysable groups such as esters,
cyanides, efc. the hydrolysis can transform these polar
groups into water-solubilising groups usually carboxylic
acid and hydroxyl functional groups. Since hydrolysis is
usually carried out in the alkaline pH, the carboxylic acid
groups are dissociated into carboxylates turning disperse
dyes into water-soluble compounds. Park et al. dyed PLA
fabric using temporarily solubilized azopyridone based
disperse dyes [73]. It was claimed that the wash and light
fastness results obtained from reduction-clear (RC) and
alkali-clear (AC) methods were comparable.

Reduction is a chemical reaction that involves the addi-
tion of electrons into a chemical compound. Reduction
clearing i.e. the removal of disperse dyes using reduc-
ing agents, is the most widely practiced technique in the
textile industry to clear surface-deposited dye particles.
Upon reductive fission, the disperse dyes may be con-
verted into smaller fragments that are very easily washed-
off. The most widely used inorganic reducing agent is
sodium dithionite (Na,5,0,) while the organics include
hydroxyacetone, hydroxymethylsufhinate, formamidine
sulfonic acid/thiourea dioxide (FAS/TUDO) and iron
salts. Avinc examined the effect of acid and alkaline RC
of PLA dyed with disperse dyes and reported that neither
of the methods adversely affected the polymers molecu-
lar weight and fabric tensile properties [65]. Avinc et al.
studied the effect of various RC conditions on dyed PLA
and concluded that the preferred conditions, where least
color loss and good wash fastness were obtained, were
Na,S,0, 2 g/dm? Na,CO, 2 g/dm’ for 15 minutes at 60°C
[74]. Bach et al. reduction cleared dyed PLA in supercriti-
cal carbon dioxide and reported a decrease in color depth
and non-uniform shade [53]. Burkinshaw et al. studied the
ultrasonic-assisted reduction-clear (RC) washing of dyed
PLA and reported that the presence of ECE (ECE is the
European Colorfastness Establishment) detergent assisted
in the removal of surface deposited dye whereas water
alone even in the presence of ultrasound didn’t have much
effect on color strength [75-77]. Avinc studied the effect
of air, in the RC bath, on the washing fastness of disperse
dyed PLA and reported that the lower air content, higher

amounts of Na,5,0, and long liquors led to better wash
fastness of disperse dyes [78]. Avinc RC washed PLA knit-
ted fabric with sodium dithionite under acidic conditions
and reported that the improvement in the wash fastness
was lower in acidic than in the alkaline medium [79].

Avinc et al. oxidatively cleared disperse dyed (C.I.
Disperse Red 167:1 & Blue 148 each at 1 and 2% o.w.f)
PLA knitted fabrics using ozone in neutral distilled water
at room temperature [80]. It was reported that none of
the ozonation processes resulted in high wash fastness
and that when ozonated for long dwell times, it resulted
in high color differences. As an addition, warm soaping
steps of 1 and 3 min followed ozonation carried out at
200 cm?*/min O, gas flow rate. It was reported that though
soaping of 1 min after ozonation improved wash fastness
to acceptable levels, the results of conventional RC treat-
ment were still better. Eren et al. blew O, on wet disperse
dyed polyester and reported wash fastness comparable
to RC method with little loss of mechanical strength and
added advantage of low water consumption [81]. Eren
also reported that clearing with O, produced better wash
fastness than conventional RC treatment without causing
significant changes in color [82]. Oxidative clearing (OC)
also led to a lower value of COD (the Chemical Oxygen
Demand) of the effluent. In another study Eren treated
disperse dyed polyester with gaseous O, for 1-15 min
at ambient conditions [83]. When compared with RC
treated samples, there was not much difference in light-
ness except of a high-energy blue dye which belonged to
azo class. It was concluded that O, improved wash fast-
ness but at the expense of change in hue. Ozone treat-
ment for >1 min also led to loss in mechanical properties.
The OC was particularly valuable when the dyeing of PC
blends was carried out in a neutral bath as the dyed fabric
could be subjected to RC due to degradation of reactive
dyes [84]. Gomes et al. compared the oxidative and reduc-
tive clearing techniques and concluded that OC is envi-
ronment friendly [85]. Since AQ dyes are prone to oxida-
tion, therefore, there always remain some dyes residues
which may be removed by an oxidative treatment. These
residues, on PET, may be removed in a mildly alkaline
bath containing NaClO 3 g/dm? available Cl, at 50-60°C.
However, chlorine bleaches do require an anti-chlor
treatment to remove traces of chlorine which otherwise
may cause yellowing and generate fishing odors due to
the formation of chloramines. Other possible oxidizing
agents may be peracetic acid or activated hydrogen per-
oxide systems that work at low temperature.

FUTURE TRENDS

Since textile industry consumes huge amounts of
water, the disposal of wastewater with high biodegrad-
ability index COD/BOD (BOD - Biochemical Oxygen
Demand) is a concern worldwide. Alternative dyeing
mediums such as super-critical carbon dioxide and spe-
cial wax formulations have been reported in the litera-
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ture. The main issues with sc-CO, technology are high
cost; lack of skilled workforce and operating machine at
high pressure. Eco-friendly chemicals such as hydrogen
peroxide and activated oxidation systems viz., sodium-
perborate/tetra-acetylethylenediamine (TAED), sodium-
perborate/nonanyl-oxybenznesulfonate (NOBS) and qua-
ternary compounds based systems may be investigated
as alternative clearing-off treatments.

Dyeing and finishing of fiber-blends is of special inter-
est from industrial viewpoint. Since the hydrolytic and
thermal stability of PLA is poor as compared to PET,
alternative processing routes or new unit operations have
to be designed or developed, respectively, that work at
mild process conditions. The dyeing of PLA-cotton and
PLA-wool blends is challenging because the poor stabil-
ity of PLA imposes a number of restrictions in choos-
ing the right dyeing techniques. One solution is to dye
these blends with pigments in the presence of binders
that either cure at relatively low temperatures or can
be cross-linked using UV radiations. Doped dyed PLA
can be mixed with other dope-dyed manmade fibers to
achieve aesthetic and performance properties in blends.

Biotechnology is likely to play an important role
in the surface modification of PLA textiles. The use of
enzymes in the after-treatments of disperse dyeings may
be of special interest. It has been reported that cutinases
can hydrolyze the cyclic oligomers of polyester. Aleem
assessed two enzymes i.e. a hydrolase and an oxidore-
ductase, as an alternative to RC method, but didn’t get
satisfactory results [86].

Electrochemistry may be taken advantage of in
a number of areas. In situ preparation and utilization
of chemicals in the same bath for textile applications is
an excellent idea. The denim industry is already using
electrochemical systems in washings. Aleem employed
electrochemical method was also investigated using Fe¥-
triethanolamine (TEA) complex to reduce 0.1 g/dm? dis-
persion of C.I. Disperse Red 73 but no satisfactory results
were reported [86].

Use of advanced technologies such as corona dis-
charge and plasma treatments has been reported in lit-
erature. As a proof of concept, polyester fabric padded
only with a disperse dye was plasma-treated using oxy-
gen, air, water vapor and hydrogen as feeding gases.
It was reported that hydrogen gas afforded acceptable
wash fastness results. Plasma treatment may be used
to improve wicking, charge dissipation and improving
adhesion of coatings on PLA. Computational science can
solve a number of mysteries. Molecular modelling may
be employed to investigate dye-fiber interactions thus
helping synthesize disperse dyes tailored for PLA fibers.
Artificial Neural Networks (ANN) and Artificial Neural
Networks — Fuzzy Inference System (ANN-FIS) are of
special interest in modelling the color match systems.
The recipes developed for PET may be used to predict
recipes for PLA using artificial intelligence applications.
The mechanical and colorimetric properties may be mod-

elled using ANN and related techniques to predict the
optimum process conditions for PLA.

CONCLUSION

PLA fibers have the attractive features of biodegradabil-
ity and sustainability. One of the major milestones in the
success of PLA is that improved and more efficient polym-
erization methods have been developed that have made it
possible to synthesize high molecular weight PLA polymers
tailored for various applications. Since existing disperse
dyes have been developed keeping in view the chemistry
and structure of PET, the industrially available disperse
dyes exhibit variable levels of substantivity, exhaustion and
fastness properties on PLA. New disperse dyes with differ-
ent substituents have shown good exhaustion on PLA; and
in some cases very good wash and light fastness properties
have also been reported. Molecular modelling techniques
have increasingly been taken advantage of in understand-
ing the dye-fiber interactions and have proved to be a useful
tool in designing new disperse dyes with enhanced dyeing
properties. PLA has been dyed with various natural and
synthetic dyes in aqueous medium. It has been argued that
at the same concentration of dye in the fibers, PLA dyeings
look not only deeper but brighter as well when comparing
with corresponding PET dyeings. Though most of the work
has been on aqueous-based dyeing systems, non-aqueous
dyeing of PLA has also been investigated and these include
the sc-CO, and more recent liquid paraffin as a medium
of dyeing. It has been realized that the existing processing
technologies and protocols have been designed for PET and
therefore they require modifications as the thermal and
hydrolytic stability of PLA is far less than that of PET fiber.
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