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Preface 

This book is based on a series of lectures given to final year under
graduates and MSc students of the Department of Colour Chemistry and 
Dyeing at The University of Leeds. As such, the main intention, in writ
ing the first three chapters of the book, was to provide these students, 
and others who have a fundamental understanding of dyeing, with an 
overview of the theories of dyeing the three major synthetic fibres, namely 
polyester, nylon and acrylic. In the case of a reader who has less knowl
edge of dyeing or one who may be newly entering the field, each of the 
first three chapters includes an introduction to the various dye classes that 
have been used to dye the three fibre types. 

The subject of the theory of dyeing polyester, nylon and acrylic fibres 
has attracted enormous interest over several decades and, whilst none of 
the first three chapters represents an exhaustive account of the vast amount 
of published literature, it was intended that the references presented should 
provide the reader with a broad, general background of knowledge. 

Accounts are provided of the dyeing of the three types of fibre with 
several dye classes; whilst, nowadays, some of the classes of dye included 
either enjoy little usage or are not commercially employed owing to var
ious reasons, it was decided to include such dye classes so as to provide a 
balanced view of the dyeing of these fibres. In a similar manner, although 
carrier dyeing is currently little used owing, primarily, to environmental 
reasons, this subject, which has attracted a great deal of attention in pub
lished literature, has been included. Furthermore, as the subject of carrier 
dyeing spans each of the Chapters 1-3 and as carrier dyeing was of great
est importance with regard to the dyeing of polyester, an account of the 
carrier dyeing of this fibre in Chapter I comprises a detailed description 
of this subject that included references to work carried out using other 
fibres, this having been done in an attempt to provide an account of the 
evolution of the theory of carrier dyeing. 

The final chapter of the book concerns the dyeing of microfibre, which, 
although a relatively recent textile substrate, continues to grow in impor
tance. The intention in writing Chapter 4 was to demonstrate why the 
dyeing of microfibre differs to that of conventional decitex fibre by the 
use of explanatory accounts of the effects that decreasing linear filament 
density have upon the colour yield and fastness properties of dyeings. 

SM Burkinshaw 
Leeds, April 1995 
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1. Polyester 

1.1. Introduction 

The undeniable outstanding success of polyester fibres, which were com
mercially introduced by ICI in 1948 under the trade name 'Terylene', can 
be attributed to their excellent textile properties and generally very high 
chemical resistance under typical dyeing and finishing conditions. The 
poly(ethylene terephthalate) (PET) fibres, which, typically, are prepared 
from terephthalic acid and ethylene glycol [1-3], now enjoy world-wide 
production and are marketed under a variety of trade names. Although 
other polyester fibres, such as the 'Kodel II' (Eastman) range prepared 
from 1,4-dimethylolcyclohexane and terephthalic acid [2, 4] are also avail
able, this account concerns only the dyeing of PET fibres. 

Owing to the compact and highly crystalline structure of the hydro
phobic fibres the rate of dye diffusion within the fibres is very low. Copo
lymerisation of ethylene glycol and terephthalic acid with a third 
comonomer such as ethylene oxide, isophthalic acid or 4-hydroxybenzoic 
acid, reduces the structural regularity of the homopolymer thereby 
improving the dyeability of the fibre with disperse dyes. The use of non
ionic comonomers results in 'non-carrier dyeing' or 'deep-dyeing' PET 
fibres [5] and the use of anionic comonomers, such as 5-sulphoisophthalic 
acid imparts basic-dyeability to the fibres while the use of certain nitro
gen-containing comonomers confers substantivity towards anionic dyes 
[3]; high-shrink PET fibres are also obtained by copolymerisation [6]. 
Additionally, the pilling performance of the fibre is enhanced by means of 
copolymerisation. Physical modifications employed in fibre production, 
such as modifications of the spinning conditions or the use of shorter 
molecular chains [6] also alters the fibre structure thereby modifying the 
dyeability and pilling performance of the fibre [2]. The 'Kodel II' (East
man) range of poly(l,4-dimethylolcyclohexane) fibres [2, 4] also are mod
ified in a similar manner as PET fibres [4]. 

PET fibres possess high resistance to oxidising and reducing agents and 
also to many organic solvents at room temperature although some sol
vents, at or near their boiling points, and in some cases at room tempera
ture, induce shrinkage of unset fibres [7]. The fibres are prone to 
hydrolysis in the presence of dilute acids or alkalis as well as water [1]; 
however, this is of relatively little significance even under high-tempera
ture dyeing conditions (130°C) provided that the pH is maintained within 
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the range 4.5 to 6 [5]. Although possessing reasonable resistance to dilute 
aqueous acids, they are slowly degraded by concentrated acids; whilst the 
fibre will withstand typical alkaline conditions encountered in vat dyeing 
of PET/cotton blends, hot, concentrated alkali solutions hydrolyse the 
polymer although this is limited to surface saponification of the fibre at 
temperatures up to the boil [5]. Controlled saponification by means of 
treatment with hot aqueous sodium hydroxide is used to enhance the aes
thetics of PET fabrics. Although it was observed in 1950 [8] that treat
ment of PET filaments with potassium hydroxide increased the fineness of 
the filaments, the use of sodium hydroxide to reduce fabric mass and thus 
enhance fabric aesthetics was first disclosed in 1952 [9] and later devel
oped to impart high lustre [10]. Caustic treatment is now mainly used to 
improve the suppleness [11] of the fibre, the change in aesthetics, which is 
a direct function of fabric mass reduction [11], being dependent upon the 
temperature, duration and concentration of sodium hydroxide employed 
[11-13]. It has been demonstrated [14] that such alkali treatment enhances 
the dyeability of the fibre and it is considered [5] that alkali-treated PET 
is dyed more rapidly and to deeper shades than untreated fibre. A more 
detailed discussion of the mass reduction of PET fabric and its effects on 
dyeability is given in Chapter 4. 

Barriness in PET fibres arises mainly from variations in crystallinity 
introduced during primary spinning, drawing, texturising and heat setting 
prior to dyeing; generally, barre effects introduced during texturising and 
heat setting are more prevalent than those imparted during drawing. 
Although an increase in crystallinity reduces the accessibility of the dye to 
those regions in which dye adsorption occurs, and thus rate of dyeing, the 
availability of such regions is aiso reduced, thereby reducing the satura
tion value of the fibre. 

Although acid- and basic-dyeable variants have been developed for use 
in blends with conventional PET fibres, these variants enjoy considerably 
less usage than their disperse-dyeable counterpart. Nowadays, virtually all 
PET fibres are dyed using disperse dyes, although the fibres are dyeable 
with vat dyes, azoic colorants and, in the case of anionic-modified PET, 
cationic dyes. 

1.2. Disperse dyes 

A disperse dye is defined [15] as a substantially water-insoluble dye having 
substantivity for one or more hydrophobic fibres, e.g. cellulose acetate, and 
usually applied from fine aqueous dispersion; thus, in addition to polyester, 
this dye class is used to dye polyacrylonitrile fibres (see Chapter 3) and 
also polyamide and acetate fibres [16-18]. Disperse dyes were devised in 
the 1920s for the coloration of the relatively hydrophobic secondary cellu
lose acetate fibres. The 'temporarily solubilised' Ionamine (BDC) range of 
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dyes [19-21], as exemplified by Ionamine Red KA (I), introduced in the 
early 1920s, were the immediate precursors of disperse dyes; water-solubi
lity was conferred upon these dyes by means of an N-methylsulphonic 
acid group, which, during dyeing, hydrolysed to yield the parent, low
solubility dye. This dye range was superseded in the early 1920s by ranges 
of disperse dyes, such as SRA (Br.C) [22-25] and Duranol (leI), that 
were devoid of ionic solubilising groups. These sparingly water-soluble 
'Acetate' dyes were applied to cellulose acetate in the form a fine aqueous 
dispersion; several methods [26-29] were devised to disperse these early 
disperse dyes, which resulted in the dispersion method currently used for 
this dye class. The subsequent introduction of the more hydrophobic cel
lulose triacetate and, more importantly, polyester fibres, brought about 
considerable development of the dyes, which, in essence, was directed 
towards increasing the sublimation fastness of the dyes by means of 
increased polarity and molecular size [16-18, 30-37]. 

The chemistry of disperse dyes has been discussed by several authors 
[18, 30, 32-35, 37]; several chemical types are exemplified such as azo 
(eI Disperse Blue 79 (II)), anthraquinone (eI Disperse Blue 26 (III)) and 
methine (eI Disperse Yellow 99 (IV)). Although the dyes do not contain 
ionic groups they possess polar groups which impart to the relatively 
small molecular size dyes a small, but highly important, aqueous solubi
lity (Table 1.1). Owing to their relative lack of cohesive energy in the 

Table 1.1 Solubility of pure (dispersant-free) 
disperse dyes [171] 

Dye Solubility in water (mg dm·3) 

25°C 80°C 

V 0.3 7 
VI 0.4 18 
VII 7.1 240 
VIII 4.4 43 
IX 0.4 11 
X 1.2 35 

(Reproduced with penuission from c.L. Bird and 
the Society of Dyers and Colourists) 
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solid state the non-ionic dyes are volatile, enabling them to be applied in 
the vapour phase. 

CLASSIFICATION. Although disperse dyes are widely used on all hydro
phobic fibres, no universal system of classifying the dyeing behaviour of 
the dyes has been adopted by the dye makers [38]. Owing to their often 
varied dyeing behaviour on different fibres, the SDC has proposed a 
series of tests by which the dyeing behaviour of disperse dyes on second
ary cellulose acetate [39], triacetate [40] and PET [41] under practical 
exhaustion (immersion) conditions can be determined. Some dye makers 
ascribe different trade names to ranges of dyes according to the fibre for 
which the dyes are intended; most disperse dyes marketed for use on PET 
fibres are classified by the respective maker, for instance, in accordance 
with the sublimation character of the dyes or the ability of the dyes to 
cover variations in texturised PET material. 

GENERAL PROPERTIES. Generally, the dyes, as represented by the Dis
persol (ICI), Samaron (Hoechst), Serilene (YCL), Foron (Sandoz), Palanil 
(BASF) and Terasil (Ciba-Geigy) ranges, furnish a wide variety of hues 
and possess good build-up and very good fastness to light and wet treat
ments on polyester fibres, although some dye combinations can exhibit 
anomalous light fading. The heat fastness of disperse dyes on PET is of 
great importance in view of the high temperatures involved during sub
sequent pleating, heat setting or ironing processes to which the dyed 
materials may be subjected. 

Owing to the low rate of diffusion of disperse dyes within PET fibres at 
temperatures up to the commercial boil (98°C), the dyeing rate is raised 
to a commercially acceptable level by the use of high temperatures (com
monly 130°C) and carriers; thermofixation, employing temperatures in the 
region of 210°C, is also used. Generally, thermofixation gives better cov
erage of barre effects than does exhaustion dyeing methods; in the latter 
case, superior coverage is achieved using elevated temperatures (up to 
135°C) and prolonged dyeing times and by the use of suitable carriers at 
1l0-125°C. However, although good coverage of barre in texturised PET 
can be achieved using high temperatures and long dyeing times, such con
ditions can degrade the bulk, handle and elasticity of the fibres. Conse
quently, efforts have been directed towards maximising dye migration, 
and thus coverage of barre, through optimisation of the rate of dye bath 
exhaustion achieved by control of the temperature and dye concentration 
as well as consideration of the diffusion behaviour of the dyes [42-44]. 

DEGRADATION. Many disperse dyes degrade if the pH is uncontrolled 
during aqueous dyeing; some dyes are hydrolysed by acids or alkalis, the 
hydrolysed form of the dye being of different shade and in some cases of 
different affinity for PET to the unhydrolysed dye. In some cases, such 
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pH induced changes are reversible although, commonly, alkaline condi
tions are considered to cause a permanent deterioration of the dye [45]. 
Schmitt [46] concluded that the colour yield obtained with disperse dyes 
decreases with increasing pH; in some cases, application at pH values of 
8-10 destroy the dye. From measurements of redox potentials [47] it was 
considered that reduction and hydrolysis of disperse dyes were the main 
sources of problems encountered in the dyeing of PET blends and the use 
of a buffer system to alleviate such problems was proposed. In a study of 
the dyeing of wool/PET blends, Shnider [48] showed that under neutral to 
alkaline conditions, certain disperse dyes are hydrolysed and that saponi
fication of certain functional groups in the dyes occurs leading to the for
mation of by-products that exhibit low affinity for PET. This author [48] 
also demonstrated that the wool component of PET/wool blends reduced 
disperse dyes and that at negative redox potentials, certain azo and AQ 
dyes are reduced, the extent of which increases with increasing pH; Shni
der [48] further proposed the use of oxidising agents as well as a buffer 
system to reduce the extent of dye reduction during the dyeing of woolf 
PET blends. Richter and Wergerle [49] showed that azo disperse dyes that 
are susceptible to reduction are reduced, primarily by the thiol groups in 
wool, during the aqueous dyeing of wool/PET blends; hydrazo and amine 
degradation products were isolated, the extent of dyestuff reduction 
increasing with increase in pH, as found earlier by Shnider [48]. It has 
been observed [48] that under acidic conditions, the semi-acetal formed by 
degradation of the cellulosic chain can reduce certain disperse dyes during 
the dyeing of cotton/PET blends and also that dye saponification occurs 
during the HT dyeing of cellulose triacetate fibre; the use of acidic buffers 
to counteract these effects has been proposed. As discussed in section 
1.2.6, some dispersing agents reduce azo disperse dyes. 

EFFECT OF METALS. Dulling of shade of AQ disperse dyes can occur 
owing to the presence of metals in the dyebath, the extent of dulling 
varying from dye to dye [50]. Although sequestering agents can be 
employed to counter this problem [50, 51], whilst sequesterants are bene
ficial in the case of AQ disperse dyes, their presence can cause loss of 
colour yield of some azo dyes, especially during dyeing at pH values 
greater than 5. This has been attributed to the sequestering agent displa
cing metals from ligninsulphonate-dispersing agents which accentuates the 
reductive potential of this particular type of dispersant [51]. In order to 
minimise reductive dye decomposition, the pH of dyeing preferably 
should be in the range 4 to 5; reduction inhibitors may also be employed 
[45]. 

DISPERSING AGENTS. A detailed account of the effects of dispersing 
agents on dye adsorption is given in section 1.2.6. As mentioned above, 
disperse dyes are sparingly soluble in water; furthermore, the dyes, as 
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Figure 1.1 Range of size of particles present in a good dye dispersion [52] 
(Reproduced with permission from the Society of Dyers and Colourists) 

synthesised, are often crystalline and of varying particle size. These char
acteristics are inadequate for practical purposes as difficulties will arise in 
dispersing the dyes in water and the resultant dyeings will be unlevel and 
weak. In order to achieve the required particle size and particle size dis
tribution (commonly a maximum of less than I 11m [45, 52-54]) the dis
perse dye is milled, usually in the presence of a dispersing agent [17, 36, 
53, 55--58]. Figure 1.1 shows the range of particle sizes present in a dye 
dispersion. 

The dispersing agent, commonly anionic, ligninsulphonates or poly
condensates of aryl sulphonic acids [53, 55, 56, 59, 60], facilitates milling 
by preventing agglomeration of the dye particles and enables the dye to 
be prepared in powder or liquid forms [17, 36, 56, 58]. Commonly, less 
dispersing agent is incorporated into disperse dyes prepared in liquid 
form than in powder form since the preparation of liquid brands entails 
less mechanical and thermal processing; also, liquid forms of the dyes are 
predispersed and therefore do not require to be redispersed in the dye
bath. Although the dispersing agent also facilitates dispersion of the dye 
in water (Table 1.5), its main function, other than facilitating comminu
tion of coarse dye particles, is to maintain a stable dispersion during 
dyeing [17, 36, 55-59]. Additional dispersing agent is often added to the 
dye bath to maintain dispersion stability, especially in the case of liquid 
forms of the dye and when dyeing is carried out at high temperature. A 
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discussion of the effects of dispersing agent, particle size as well as the 
crystal form of the dye on dye adsorption is given in sections 1.2.4 to 
1.2.6. 

1.2.1. Aqueous phase transfer 

Since their introduction in the 1920s, a considerable volume of work has 
attended the nature of the interaction of disperse dyes with hydrophobic 
fibres. Although much of this work has concerned fibres other than poly
ester, it is generally accepted that the mechanism of the aqueous phase 
transfer of disperse dyes is identical for all hydrophobic fibres. 

Shortly after their introduction, Clavel [61] proposed that disperse dyes 
were adsorbed by secondary cellulose acetate fibres from a saturated aqu
eous solution of the dye which, during dyeing, was replenished by dissolu
tion of dye particles present in a bulk dispersion. Burns and Wood [62] 
also proposed that the disperse dye was adsorbed on to secondary cellu
lose acetate from aqueous solution and suggested that adsorption oc
curred at sites present within the fibre. In contrast, Kartaschoff [63] pro
posed that the positively charged, solid dye particles were attracted to, 
and formed a surface layer on, the negatively charged secondary cellulose 
acetate fibre; the solid dye then dissolved or diffused within the substrate 
by means of a solid-state mechanism forming a solid solution. 

Clavel's proposal is now generally accepted as describing the aqueous 
phase transfer of disperse dyes to hydrophobic fibres. As illustrated in 
Figure 1.2, a small amount of the disperse dye forms an aqueous solution 
with, initially at first, the greater proportion of the dye in dispersion in 

Bulk dispersion 

. . . .. . .... ~ '. . . " . 

AqueOU:-:::S_--+-:L.0_~!II~:""-;: );·~?·:··::):0 
solution Fibre 

' . ... , ... -
~ '. :. .. 

<:'::~; :{.:.;. ; (~-./.:' :,,:~'~ :.;. 
.. . . ...... - -' . .- ~. 'e: .... ~ .. : ... 

Figure 1.2 Mechanism of the aqueous phase transfer of disperse dyes to hydro
phobic fibres 



10 CHEMICAL PRINCIPLES OF SYNTHETIC FIBRE DYEING 

the dyebath. Monomolecular dye is adsorbed on to the surface of the 
fibre from the aqueous dye solution situated at the fibre surface; as dye 
molecules diffuse, monomolecularly, from the surface to the interior of 
the substrate, dye particles from the bulk dispersion dissolve in the deple
ted aqueous dye solution which is thus replenished with monomolecular 
dye that can be further adsorbed on to the fibre surface. This process 
continues until either the dyebath is exhausted of dye or the fibre is satu
rated with dye. 

The mechanism by which the disperse dye interacts with the fibre has 
attended much debate; in the context of the solid solution mechanism 
proposed by Kartaschoff [63], several workers [64-67] demonstrated that 
when dyeing was carried out in the presence of dispersing agent, disperse 
dyes did not adhere to secondary cellulose acetate, thereby contradicting 
the suggestion made by Kartaschoff that the positively charged dye mol
ecules were attracted to the fibre. However, Bird et al. [66, 67] showed 
that in the absence of dispersing agent, as was the case in Kartaschoff's 
work [63], disperse dye particles were attracted to cellulose diacetate and 
it has been suggested [16, 17] that in the presence of dispersing agent, the 
dye particles are negatively charged and therefore not attracted to the 
fibre. Although some workers have adopted Kartaschoff's solid solution 
theory to explain all disperse dye-hydrophobic fibre interaction, the 
adsorption-at-sites mechanism proposed by Burns and Wood has also 
gained support [16]; however, as discussed below, there is little difference 
between these two, seemingly diverse, theories. 

1.2.2. Thermodynamics of dyeing 

Although practical aspects of the dyeing of PET fibre with disperse dyes 
appeared shortly after its commercial introduction [8, 68-79] the first 
detailed discussion of the mechanism of dye-fibre interaction did not 
appear until 1953. Schuler and Remington [80] demonstrated that the 
uptake of three pure disperse dyes (l-amino-4-hydroxyanthraquinone 
(Figure 1.3), 1,4-dihydroxyanthraquinone and N,N'-diphenyl-3-nitrosul
phanilamide), in the absence of dispersing agent, on PET fibres followed 
a Nernst or Partition mechanism obeying equation (1.1) wherein K is the 
partition coefficient, Df and Ds represent the concentration of dye in the 
fibre and solution and Sf and Ss the saturation values of the dye in the 
fibre and solution, respectively. 

K = D f = Sf 
Ds Ss 

(Ll) 

These workers [80] showed that the isotherm obtained for each dye was 
linear up to saturation of the fibre; linear isotherms have also been 
obtained for the adsorption of disperse dyes on other hydrophobic [17, 
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Figure 1.3 Adsorption isothenn of l-amino-4-hydroxyanthraquinone on poly
ester at 98°C [80] 

(Reprinted with permission from the Royal Society of Chemistry) 

66, 81] as well as hydrophilic [17, 82, 83] fibres. From the linearity of the 
adsorption isotherm, Schuler and Remington [80] considered that the 
mechanism of adsorption of disperse dyes on PET was one of dye solu
tion in the fibre, although solution was not ideal. The findings that linear 
partition isotherms have been obtained for the adsorption of disperse 
dyes on a variety of hydrophobic fibres have been considered to support 
the view that the disperse dye interacts with the fibre by means of a solid 
solution mechanism, according to which the dye dissolves and diffuses in 
the fibre as it would in an organic solvent. However, as Rattee and 
Breuer [31] point out, the view that the hydrophobic fibre acts as a sol
vent for the dye in a manner analogous to that of a solvent such as ethyl 
acetate, is highly tenuous, since linear partition isotherms are also 
obtained for the adsorption of disperse dyes on hydrophilic fibres such as 
wool. Indeed, as discussed by Vickerstaff [84], there is little difference 
between these two seemingly diverse theories. According to the solid solu
tion theory, the dye will dissolve in the fibre by means of various forces 
of interaction, such as hydrogen bonding and dispersion forces. The 
adsorption-at-sites theory requires that the disperse dye interacts with 
sites in the fibre; since these sites can be considered as being identical to 
those with which the dye would interact if it dissolved in the fibre, then it 
can be proffered that there is little, if any, difference between the two 
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mechanisms. Since, at present, no direct experimental evidence is available 
in support of either of these two mechanisms and that there may, in fact, 
be no difference between the two mechanisms, it seems reasonable to pro
pose that the distinction between the mechanisms is nebulous. In the con
text of disperse dye adsorption on to polyester fibres, Patterson [85] and 
Patterson and Sheldon [86] obtained results which suggested that dye
polymer interaction could not be described as solid solution. In a discus
sion of the results obtained by several workers [86-90], Rattee and Breuer 
[31] consider that disperse dyes are adsorbed on to sites in the fibre, the 
energies of interaction being such that isothermal behaviour is obtained 
which is comparable to that of ideal mixing processes. 

1.2.2.1. Molecular dispersion. Schuler and Remington [80] concluded 
from the linearity of the isotherms obtained for the adsorption of disperse 
dyes on PET that the dye was monomolecularly dispersed in both the 
fibre and dyebath phases; Hoffmann et al. [91] also proposed that the 
dyes were monomolecularly dispersed in both the dyebath and PET fibre 
phases. Merian [92] concluded that disperse dyes were monomolecularly 
distributed in PET fibres whilst Wegmann [93] considered that although a 
monomolecular distribution of CI Disperse Violet 1 (1,4-diaminoan
thraquinone) in PET was probably achieved when dyeing had been car
ried out from a monomolecular solution of the dye, multilayer adsorption 
occurred when the dye was applied from over-saturated solution. Lipp
Symonowicz and Urbancyk [94] proposed that the dyes stimulate crystal
lisation of the component polymer macromolecules and participate in the 
formation of mixed, polymer-dye crystalline aggregates within the fibre 
whilst Kuehni [95], in a study of the normalised ratios of absorptivity of 
disperse dyes in solution and in polyester fibre, concluded that the dyes 
were partially aggregated in the fibre. In a study of the anomalous light 
fastness of disperse dyes on various fibres including PET [96], and in a 
later study of the fading of various dyes [97], Giles et al. proposed that 
although a proportion of the adsorbed dye was monodisperse the remain
der was present in the fibre as very small aggregates, a view which this 
author, from surveys [98, 99] of relevant literature, concluded was applic
able to all hydrophobic fibres. McDowell and Weingarten [100] concluded 
that with some disperse dyes, association of the dye in aqueous solution 
may occur. The relative lack of conclusive evidence in this context can, as 
discussed by Jones [101] be attributed to the experimental difficulties 
involved in such examinations. Nevertheless, it can be argued that the 
various forces of interaction that contribute to the substantivity of the 
hydrophobic dyes for hydrophobic fibres (discussed below) may well also 
contribute to dye-dye interaction (aggregation) in both the fibre and dye
bath; however, the dis-aggregating effect of dispersing agents may reduce 
the propensity to aggregation in the dye bath. The foregoing clearly 
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reveals that the precise molecular state of the dye in both the dyebath 
and PET fibre remains a matter of debate. 

1.2.2.2. Dye-fibre substantivity. Schuler and Remington [80] proposed 
that the mechanism of adsorption of disperse dyes on PET was one of 
dye solution in the fibre; however, owing to the relatively large heat of 
dyeing obtained (61.7 kJ mor l ) for the adsorption of l-amino-4-hydroxy
anthraquinone, these authors proposed that solution was not ideal and 
that the dye interacted with the fibre, possibly by hydrogen bonding. 
Although Allingham et al. [102], using dimethyl terephthalate as a homo
morph of PET, also suggested that hydrogen bonding may be responsible 
for adsorption of dyes to the PET fibre, subsequent authors [58, 98, 99, 
103-105] have proposed that the adsorption of disperse dyes on all 
hydrophobic fibres can be accounted for by the combination of strong 
hydrogen bonding and weak dispersion forces. Although Glenz et al. 
[106] concluded that hydrogen bonding was a more important contributor 
towards dye-fibre interaction than were dispersion forces, these authors 
proposed that dipole-dipole and dipole induced dipole forces of interac
tion also may operate between the fibre and the dye; Majury [87] also 
considered that dipole-dipole and dipole induced dipole forces as well as 
hydrogen bonding may be operative. It can thus be concluded that, as 
with all dyes on all fibres, the substantivity of disperse dyes towards PET 
fibre can be attributed to a variety of forces of interaction. In the case of 
disperse dyes and PET fibre, although it is considered that hydrogen 
bonding predominates, the relative contribution that dispersion forces, 
and possibly dipole-dipole and dipole-induced dipole forces, make 
towards substantivity will depend to a greater or lesser degree on the 
structure of the dye. 

1.2.2.3. Solubility parameter concept. It is well known that marked dif
ferences in substantivity of disperse dyes for PET and other hydrophobic 
fibres can accompany subtle differences in the structure of the dyes; the 
solubility parameter concept has been employed in an attempt to explain 
such structure-substantivity relationships. The following account of solu
bility parameter concept serves only as a brief introduction; more detailed 
accounts are available [107-109]. In 1916 Hildebrand and Scott [108] 
published the first of many papers concerning the compatibility of non
polar compounds to which Scatchard [110] later introduced the concept 
of cohesive energy density (CED). In a liquid, the molecules possess a 
potential energy, E, that arises from the forces of attraction operating 
between the molecules and which is equal in magnitude to the energy 
required to separate the molecules by an infinite distance. The cohesive 
energy is numerically equal to the potential energy per unit volume of the 
material and, since E for the individual molecules in a liquid is reduced to 
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zero during evaporation, CED is defined [108] as the energy of vaporisa
tion per cm3 and its square root as the solubility parameter, 8 (equation 
(1.2)), where Hv and Ev are, respectively, the heat and energy of vaporisa
tion of the liquid, V the molar volume of the liquid, R the gas constant 
and T the temperature (K). 

8 = (CED)o.s = (Ll~v t = (LlHv R:t (1.2) 

CED and thus 8 can be measured for all vaporisable compounds using 
equation (1.2) from a knowledge of the molar heat of vaporisation; 8 for 
liquids can also be determined using methods based on the physical prop
erties of the liquids [107-109, 112]. The solubility parameter concept was 
developed to predict the ease of mixing of non-polar liquids in terms of 
the enthalpy of mixing, LlHm (equation (1.3)), wherein Vm is the total 
volume of the mixture and VI and V2 are the volume fractions of the two 
liquids in the mixture) but has been extended to embrace polar solvents 
and polymers as well as the mixing of fibres (semicrystalline polymers) 
with dyes and also carriers. 

(1.3) 

In the context of a polymer/solvent system, for a polymer to dissolve 
spontaneously in a solvent, then the free energy change (LlGm) of the pro
cess must be negative (equation (1.4)), where LlGm, LlHm and LlSm are, 
respectively, the free energy, enthalpy and entropy changes on mixing. 

(1.4) 

Since the dissolution of a polymer in a solvent is always accompanied by 
an increase in entropy, then, according to equation (1.4), the magnitude 
and sign of the enthalpy change involved (LlHm) determines the sign of 
LlGm. Thus, in order for LlGm to be negative and therefore for mixing to 
occur, LlHm must be negative or zero, or, if positive, must be numerically 
less than the term (T LlSm); usually, LlHm is positive and thus mixing will 
occur optimally when LlHm is at a minimum. Equation (1.3) shows that 
LlHm is at a minimum when the solubility parameter of both components 
(in this case polymer and solvent) are equal. Therefore, in essence, the 
solubility parameter concept predicts that two components will be mis
cible if the solubility parameters of the components coincide; the applica
tion of this theory in the context of fibres has been discussed by 
Ingamells [112] and Moore [113]. 

As mentioned, there are several methods available for determining the 
solubility parameter of a compound. Commonly, the group molar attrac
tion constant method of Small [114] or Hoy [115] has been used to deter
mine 8 of disperse dyes [116-124], although Siddiqui [119,125] used a 
solubility method. Different values of 8 have been obtained for the same 
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disperse dye by different workers [116, 119, 120, 125], which can be 
attributed to the difference in the methods employed in their determina
tion. From a consideration of the various groups present in both PET 
fibre and typical disperse dyes, three contributions to the cohesive energy 
density can be expected for each component - namely, dispersion forces, 
hydrogen bonding and polar forces. Although the solubility parameter 
concept originally concerned only dispersion forces, various modifications 
[107, 109, 111] have been made to the concept so as to permit the parti
tion of the total solubility parameter (Ot) into contributions from the var
ious forces involved, as given by equation (1.5) in which 0d, op and Oh are 
the contributions from dispersion forces, polar forces and hydrogen bond
ing respectively: 

Ot2 = ol + Op2 + Oh2 (1.5) 

More simply, equation (1.5) takes the form of equation (1.6), where oa, 
the association solubility parameter, represents all polar forces that con
tribute to cohesive energy density. 

(1.6) 

Owing to the non-volatility of polymers, methods other than from heats 
of vaporisation must be employed to determine their solubility para
meters [107, 109, 111]. Several values, for example, 10.7 [113, 114, 116], 
10.8 [117], 11.2 and 11.3 [116] (cal cm-3)O.5 have been ascribed to the 
total solubility parameter (Ot) of PET, the variation in these values being 
attributable to the different methods employed in their determination. 
Generally, values of solubility parameter are quoted at 25°C and will 
decrease with increasing temperature; in this context, Urbanik [116] cited 
that the value of Ot for PET will change from 11.2 (cal cm-3)O.5 at 25°C 
to 10.4 (cal cm-3)O.5 at 129.4°C and the values of Od and oa will reduce 
from 9.6 to 8.9 and from 5.8 to 5.4. (cal cm-3)O.5, respectively, over the 
same temperature difference. Koenhen and Smolders [126], using several 
methods of determination, gave values of 9.54, 1.7 and 4.2 (cal cm-3)O.5 

for 0d, op and Oh contributions respectively to the Ot of PET and values 
of 4.8 [118], 4.53 [123] and 5.8 [116] (cal cm-3)O.5 have been quoted for 
the oa contribution at 25°C. Although, owing to differences between the 
methods of determination, the values quoted in the literature for the 
total solubility parameter, 01> and the Od, oa and op contributions for 
both PET and disperse dyes are not absolute, they nevertheless are rea
sonably consistent. 

In the context of the application of the solubility parameter concept to 
the substantivity of disperse dyes towards PET fibres, Ibe [118] deter
mined Ot for several disperse dyes and attempted to relate the solubility of 
the dye in both cellulose di- and triacetate to the Ot of the dye; a very low 
correlation was obtained. Kaushik and Deshpande [127] also obtained no 
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XI: R = -CH3; XII: R = -C2Hs 

correlation between saturation uptake and Ot of six monoazo disperse 
dyes on Indacrylon fibre. 

Gerber [117], in a study of the relationship between the structure of 
monoazo disperse dyes and their dyeing behaviour on polyester, found 
that of two pairs of dyes, XI/XII and XIII/XIV of Ot 11.3/13.0 and 10.9/ 
11.7 (cal cm3 mol-1)o.s, respectively, high substantivity was exhibited only 
by dyes XI and XIII whose Ot deviated from that of PET (Ot = 10.8 (cal 
cm3 mol-1)o.s) by less than one unit. 

This worker also found that of 60 monoazo dyes of general structure 
XV, for those dyes which displayed very high substantivity towards PET, 

XV 
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C-b-N
" -0- l 
N \ j N, 

b 

XVI 

(Reprinted with permission from AA Teq 

Table 1.2 Disperse dyes used by Ingamells and Thomas 
[123] 

Dye Substituent in XVI 

a b c d 

A CH3 CH3 OCH3 

B C2HS C2Hs CH3 

C H C2HS CH3 

D CH3 CH3 

E C2HS C2Hs 
F CH3 CH3 Cl 
G C2HS C2HS Cl 
H C2Hs C2HS N02 

I C2HS C2Hs N02 CH3 

J C2HS C2HS N02 Cl 
K C2Hs C2HS N02 N02 

L H CH3 N02 

a linear relationship existed between the molar attraction constant (LF;) 
and molar volume (V M) of the dyes. As ()t = LF;/V M (the slope of 
the straight line obtained for the LF; versus V M plot was 10.8 (cal cm-3 

mor1)O.5, this corresponding to the 8t of the fibre used, this author [117] 
therefore concluded that suitable dyes for the fibre must have a value of 
()t close to that of the fibre. However, as only few dyes whose total solu
bility parameter lay in the region 10.3 to 11.3, this being within one 
(cal cm-3t unit of that of polyester (8t of 10.8), showed good sub
stantivity towards the substrate, this worker commented that coincidence 
of Ot for dye and polymer does not necessarily imply miscibility of the 
two components since the nature of the cohesive forces present in dye and 
PET may differ [117]. This latter point was investigated by Ingamells and 
Thomas [123] who measured the equilibrium uptake of twelve closely 
related monoazo disperse dyes of general structure XVI (Table 1.2) on 
PET at wODe. 

The series of monoazo dyes used had a restricted range of total (Ot) 
and dispersion (()d) solubility parameter values that were close to the 
respective values for PET (Ot of 10.56 and Od of 9.54 [126]) but displayed 
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a wide range of association solubility parameter (oa) values that were 
within some ± 2 (cal cm-3)O.5 units of the oa value of PET (oa of 4.53 
[126]). These authors [123] demonstrated that equilibrium uptake of the 
dyes increased with increasing oa value of the dye, reaching a maximum 
value for the dye whose association solubility parameter was closest to 
that of the fibre, and thereafter decreased with further increase in oa of 
the dye (Figure 1.4). Furthermore, these workers [123] also claimed that 
the relative magnitude of the dispersion (Od) and polar (oa) cohesive 
forces involved in dye-fibre interaction, as given by (ol fOa2), influence 
the affinity of disperse dyes for PET insofar as, for the twelve dyes exam
ined, maximum equilibrium dye uptake occurred when the ol fOa 2 of the 
dye was closest to the value of olfoa2 for PET (Figure 1.5), a finding 
subsequently observed by Kaushik and Deshpande [127] for the satura
tion uptake of six monoazo dyes on PAN fibre. 

However, this latter result may not provide conclusive evidence of the 
relative contributions that dispersion and polar forces make towards dye 
affinity since, although the series of dyes used by Ingamells and Thomas 
[123] displayed a wide range of association solubility parameter (oa) 
values that were within some ±2 (cal cm-3)O.5 units of the oa value of 
PET, the dyes had a restricted range of dispersion (Od) solubility para
meter values that were close to the respective value for PET. Thus, this 
work [123] showed that maximum dye-fibre affinity occurred when the 
association solubility parameter of the dye was close to that of the fibre. 

It is therefore possible to conclude that the solubility parameter con
cept has provided some information concerning the nature of the interac
tion between the dyes and PET and, as Gerber [117] commented, the 
concept deserves further consideration in this context. 

1.2.3. Kinetics of dyeing 

Glenz et al. [106] determined the rate of dyeing curves for several disperse 
dyes on PET from infinite dyebaths and observed that values of apparent 
diffusion coefficient, calculated using Hill's equation for different dyeing 
times, were reasonably constant over a range of Md M 00 values. Patterson 
and Sheldon [128] showed that the rate of dyeing of three disperse dyes 
on PET at 100°C was independent of dye concentration insofar as, in a 
plot of dye uptakefdyebath concentration versus dyeing time for several 
dye bath concentrations, all points lay on a single curve (Figure 1.6). 
These workers [128] also demonstrated that the diffusion coefficients of CI 
Disperse Red 1 and CI Disperse Red 15 within both continuous filament 
and staple PET fibre, calculated using Vickerstaff's [84] approximation of 
Crank's equation for diffusion from semi-infinite media employing de
sorption studies carried out over the temperature range 70 to 95°C, 
were independent of concentration. Confirmation of the concentration-
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Figure 1.6 Concentration-independence of dyeing rate of CI Disperse Yellow 
on PET fibre for different mean dyebath concentrations at 100DC [128] 

(Reprinted with permission from D. Patterson and the Royal Society of Chemistry) 

independence of dye diffusion within PET at 100°C has subsequently been 
obtained by other workers using infinite dyebaths [129-132]. Datye and 
Rajendran [131] demonstrated the concentration independence of diffu
sion coefficient of 4-anilino-l,5-dihydroxy-8-nitroanthraquinone within 
dyed PET at 210°C and also that in the case of two initial dye concentra
tions, values of diffusion coefficient calculated using several equations 
were reasonably consistent. In later work, Datye et al. [132] showed that 
the diffusion coefficients of ten disperse dyes within PET at different tem
peratures up to 2100 C were concentration independent. As similar results 
have been obtained by other workers for disperse dyes on several hydro
phobic fibres, it is considered [16, 133, 134] that the diffusion of disperse 
dyes within all hydrophobic fibres is governed by a constant diffusion 
coefficient. It is considered [16, 134] that owing to the concentration-inde
pendent diffusion coefficient of disperse dyes within hydrophobic fibres, 
concentration-distance profiles for dye diffusion within such fibres typi
cally show that experimental results fall on the curve calculated from 
Fick's law assuming a constant diffusion coefficient, thereby indicating 
that a constant surface concentration of dye is achieved. However, 
Blacker and Patterson [135] obtained evidence of time-dependent surface 
concentration. 

Glenz et al. [106], employing a size factor, S, that was considered to 
reflect the geometrical properties of disperse dyes, found that for several 
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disperse dyes on PET, the reciprocal of diffusion coefficient increased 
linearly with increase in S. In a similar manner, Sekido and Kojima [129] 
found that the diffusion coefficient of several disperse dyes within PET 
decreased with increasing molecular size of the dye. Datye et al. [136] 
found that for a series of dyes of similar constitution, the diffusion coeffi
cient of the dyes in PET at 170, 190 and 210°C decreased with increasing 
molecular area of the dye and Cegarra and Puente [l37] devised an equa
tion relating the diffusion coefficient, time of half-dyeing (t l/2) and the 
specific surface of several disperse dyes on PET. These findings support 
those of other workers using secondary cellulose acetate [92, 13S, l39] 
and nylon [S4], thereby indicating that the diffusion of disperse dyes 
within hydrophobic fibres is related to steric factors of the dye. 

Glenz et al. [106] obtained a value of approximately 34 kcal mol- l for 
the activation energy of diffusion (E*) of CI Disperse Yellow 1 on PET 
over the temperature range 100 to l3SSC and Datye et al. [132] 
obtained E* values in the range 24 to 39 kcal mor l for the diffusion of 
several disperse dyes in PET at temperatures over the range 170 to 210°C. 
Patterson and Sheldon [12S] obtained greater values for E* (between 46 
and SO kcal mol-I) for the diffusion of CI Disperse Red 1 and CI Dis
perse Red 15 in PET over the range 70 to 95°C and also found that 
values of E* varied for the diffusion of the same dye within different 
types of PET fibre, increasing with increase in draw ratio of continuous 
filament and being greatest for heat-set staple fibre. In a similar manner, 
Cegarra and Puente [140] obtained values for E* of between 67 and 75 
kcal mor l for the diffusion of CI Disperse Red 15 within PET over the 
temperature range 70 to 95°C and found that the values of E* varied 
between fibres of different denier. Patterson and Sheldon [12S] considered 
that the high E* values obtained for dye diffusion coupled with the low 
diffusion coefficients confirmed that dye diffusion within the polymer was 
the rate-determining step in the dyeing process. These authors [12S] also 
found that the diffusion coefficients of both CI Disperse Red 1 and CI 
Disperse Red 15 at 70°C were considerably lower than those at SO°C and 
higher temperatures, the values obtained at this lower temperature falling 
well below the Arrhenius plots from which the E* values had been 
derived. It was proposed [12S] that the activation energy of diffusion 
below SO°C was very high owing to the Tg of PET being in the region of 
SO°C and the corresponding virtual absence of segmental mobility of the 
polymer chains below the Tg• Furthermore, Patterson and Sheldon [12S] 
considered that the E* values obtained in their work were close to the 
value of 40 kcal mol- l obtained [141] for the activation energy of viscous 
flow, thereby indicating that the size of the polymer segments involved in 
both dye diffusion and viscous flow were similar. Blacker and Patterson 
[135] found that the apparent diffusion coefficients of three disperse dyes 
within PET at 100°C decreased with increasing time of dyeing. From the 
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finding that dye molecules adsorbed in later stages of dyeing were more 
highly orientated than those adsorbed earlier, these workers [135] pro
posed that the observed reduction in diffusion coefficient that accom
panied an increase in dyeing time was attributable to an increase in the 
entropy of activation of diffusion arising from the observed increase in 
orientation of the system. 

Several workers have proposed empirical rate of dyeing equations by 
which the rate of dyeing of disperse dyes can be described in terms of a 
rate constant. Patterson and Sheldon [128] concluded that in the initial 
stages of dyeing, the rate of dye uptake could be described by equation 
(1.7), in which Qt is dye uptake at time t and cb the dyebath concentration. 

Qt = const. Cbtl/2 (1.7) 

Cegarra and Puente [130] concluded that equation (1.8) fully represented 
the kinetics of dyeing PET where M t and Moo represent the masses of dye 
adsorbed at time t and equilibrium, respectively, and k' is the velocity 
constant. 

:: = [1- exp (~~~)t]v, (1.8) 

Militky [142] developed equation (1.9) whereby the integral diffusion coef
ficient, D', of Hill's equation could be obtained from the velocity con
stant, k', of the Cegarra-Puente equation (equation (1.8» and the radius, 
r, of the fibre. 

D' = 0.204k'r2 (1.9) 

Etters and Urbanik [143] developed equation (1.10) to describe the experi
mentally determined rate of disperse dyeing curves and also an equation 
for calculating time/temperature relationships necessary to maintain a 
linear dye exhaustion rate during the package dyeing of PET with dis
perse dyes. 

M t = [1-exp (-k"t Y')] 
Moo 

(1.10) 

Shibusawa [144] used statistical curve-fitting to compare the rate of 
dyeing curves calculated from the equations of Wilson and Newman, 
which describe the rate of diffusion of a non-ionic dye in a cylindrical 
fibre from a finite and infinite dyebath, respectively, with those obtained 
from several empirical rate of dyeing equations in the range Md M 00 of 
zero to about 0.8. Shibusawa [144] demonstrated that many of the empiri
cal equations, including equation (1.8), described the rate of disperse 
dyeing when dye adsorption was characterised by a delay in the early 
stages of dyeing (i.e. for sigmoidal plots of Md Moo versus t l /2) as have 
been obtained for the sorption of disperse dyes on PET [145, 146] and 
also cellulose diacetate [89, 147] fibres. Shibusawa [144, 148] considered 
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that the sorption delay can be attributed to resistance towards dye trans
port provided by the diffusional boundary layer that surrounds the fibre. 
This author [144] also found that equation (1.10) described the rate of 
disperse dyeing which was devoid of an initial sorption delay. 

Bird [149] suggested that in aqueous dyeing with disperse dyes, the dye
bath initially behaves as a saturated solution of dye but at some later 
stage becomes unsaturated. Etters and McGregor [150] considered that 
disperse dyeing systems may follow one of three main types of kinetic 
behaviour - namely, finite, infinite and transitional. If the dyebath is initi
ally unsaturated, then solutions of Fick's equation for finite dye baths are 
appropriate whereas for an initially saturated dyebath, then either infinite 
or transitional dyebath kinetics operate. These workers [150] proposed 
that when dyeing at high depths of shade with dyes of low aqueous solu
bility, the dyebath may remain saturated throughout the course of dyeing 
and thus infinite dyebath kinetics can be employed, whilst in the case of 
dyes of high water solubility when applied at low concentrations or at 
high liquor ratios, finite kinetics are appropriate. 

1.2.4. Effect of crystal form of the dye on dye adsorption 

Biedermann [151] demonstrated that the saturation uptake of five differ
ent crystal forms (ex, ~, ,¥, 8 and E (amorphous)) of an aminopyrazole 
yellow dye (XVII) on cellulose diacetate, at 80°C in the presence of an 
anionic dispersing agent, increased with decreasing thermodynamic stabi
lity of the crystal form of the dye (Table 1.3) and proposed that these 
results were applicable to polyester fibres. The findings (Table 1.4) of 
Shenai and Sadhu [152] that three crystal forms of CI Disperse Yellow 42 
and CI Disperse Red 54 possessed different saturation values on polyester 
at lOO°C in the presence of an anionic dispersing agent support the find
ings of Biedermann. 

It is considered [52, 151] that the differing saturation values obtained 
for different crystallographic forms of a chemically identical dye are attri
butable to a difference in the vapour pressure, and, thus, solubility of the 

Table 1.3 Saturation values of different crystal forms 
of XVII on cellulose diacetate at 80a C [lSI] 

Crystal form 

rx 
~ 
y 
1) 

E 

Saturation value (g dye 100 g-l fibre) 

0.77 
1.0 
2.13 
3.07 
5.5 

(Reproduced with permission from the Society of Dyers and 
Colourists) 
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XVII 

various fonns of the dye in both the water and fibre. Since the solubility 
of a particular form of a dye will depend on the difference between the 
chemical potential of that crystal modification in the solid state compared 
with that in either the fibre or water phases, then the difference in chemi
cal potential, and hence solubility, will be lowest for the most stable crys
tallographic fonn of the dye since this is of lowest energy content. Jones 
[153] proposed that modification of a particular crystallographic form of 
a disperse dye can occur during dyeing under aqueous conditions or in 
thermal treatments and demonstrated that such modifications occurred 
when an aqueous suspension of crystals of CI ~isperse Yellow 3 was 
heated at 80c C. Biedermann [151] showed that although metastable fonns 
of an aminopyrazole yellow dye gave higher saturation values on cellulose 
diacetate, they transfonn to more stable, lower solubility fonns upon 
heating during dyeing. Subsequently, Jones and Patterson [154] used hot
stage microscopy to demonstrate the transfonnation of the y fonn of an 
aminopyrazole yellow dye to the P form that occurred during heating of 
an aqueous dispersion of the dye in a non-ionic dispersing agent as well 
as the conversion of the P fonn of the dye to the a. fonn brought about 
by heating in the presence of an anionic dispersing agent and also 
employed differential scanning calorimetry (OSC) to detect transfonna
tions in disperse dye solids during thermal treatments [155, 156]. It is con-

Table 1.4 Saturation values of crystal forms I, II and III of two 
disperse dyes on PET at lOOT [152] 

Dye 

CI Disperse Yellow 42 
CI Disperse Red 54 

Saturation value (g dye 100 g,l fibre) 

0.97 
1.30 

II 

1.10 
1.09 

III 

1.53 
1.08 

(Copyright if; 1976 John Wiley & Sons, Inc. Reprinted by pennission) 
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sidered [45] that transformation proceeds more rapidly under aqueous 
conditions than in dry dyestuff. Such transformations, which can give rise 
to dyeings of low rub fastness [151] as well as reduced colour yield and 
dyeing rates [153], can be influenced by the presence of either non-ionic 
[155] or anionic [151, 154, 157, 158] surfactants as well as carriers [45]. In 
an excellent review of this particular topic, Braun [52] discusses the diffi
culties involved in determining the dissolution and thus dyeing properties 
of enantiotropic modifications of a disperse dye. This author [52] con
cludes that although, during dyeing, it is probable that a metastable form 
of a disperse dye is transformed into a more stable, less soluble form, 
with some exceptions, the effect of the various modifications on the 
dyeing properties of the dye is small in comparison to the characteristics 
imparted to the dye dispersion by milling and formulation. Nevertheless, 
many disperse dyes are sold in a metastable form; often [45] the dye 
maker submits the dye to a thermal treatment in order to secure a form 
that has adequate dispersion stability and dyeing behaviour. 

1.2.5. Effect of particle size and distribution on dye adsorption 

Vickerstaff and Waters [64] observed that the uptake of I-methylamino-4-
anilinoanthraquinone on to cellulose diacetate at 85°C after 24 hours 
increased with increasing severity of milling of the crystalline dye. Dar
uwalla and Limaye [159], in a study of the steam printing of disperse dyes 
on cellulose diacetate, found that the rate of transfer of CI Disperse Red 
1 from starch increased with increasing time of milling of the dye. These 
results are attributable to the fact that, in a manner analogous to that of 
the vapour pressure of a liquid in spherical drops, the aqueous solubility 
of disperse dye particles in a dispersion increases with decreasing particle 
size. Thus, an increase in milling reduces the size of the dye particles, 
thereby enhancing the solubility and hence dye uptake. 

In a typical dispersion comprising a distribution of particle sizes, the 
greater solubility of the small particles may cause the solution to become 
supersaturated with respect to the large particles with the result that dye 
crystallisation occurs on the surface of the large particles. Such crystal 
growth will increase the mean particle size and thus reduce the mean 
solubility of the dispersion with the result that dye uptake falls. This crys
tal growth or Ostwald maturation has been demonstrated by several 
workers [45, 160] including Vickerstaff and Waters [64] who observed that 
the saturation uptake of 1-isobutylamino-4-anilinoanthraquinone 
decreased during prolonged dyeing of cellulose diacetate. Crystal growth 
is intensified and accelerated by periodical heating and cooling, as often is 
encountered during shading operations. Heimann [53] considers that the 
phenomenon is unimportant in HT dyeing; however, crystal growth will 
occur during cooling of the dye bath owing to crystallisation of dye which 
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had previously been in solution at the higher temperature. In a study of 
the high-temperature dyeing of texturised PET, Skelly [161] showed that 
several Terasil (Ciba-Geigy) disperse dyes could be classified into three 
groups according to their propensity to recrystallisation during cooling 
from 130 to 95°C in both the absence and presence of dispersing and 
levelling agents. Beckmann and Hamacher-Brieden [162] observed that 
non-ionic levelling agents can promote crystal growth, thereby reducing 
saturation uptake of disperse dyes on PET, a view subsequently con
firmed by Skelly [161], who showed that only anionic products were sui
table additional dispersing agents for the HT package dyeing of PET; 
anionic dispersants are considered to stabilise a disperse dye dispersion 
against crystal growth [45]. In a review of the use of dispersing agents in 
the dyeing of PET using disperse dyes, Heimann [53] concludes that in 
addition to crystal growth and crystal transformation contributing to par
ticle size increase during dyeing, agglomeration of dye particles resulting 
from deterioration of the efficiency of dispersing agents above a certain 
temperature may also contribute. This worker [53] also suggests that such 
agglomerates may be redispersed at lower temperatures owing to the cor
responding increase in efficiency of the dispersing agent at lower tempera
tures. 

1.2.6. Effect of dispersing agents on dye adsorption 

As discussed previously, dispersing agents are used to facilitate milling of 
the dyes and to maintain dispersion stability (i.e. prevent agglomeration 
of dye particles) during dyeing. Dispersion stability is of prime impor
tance in exhaust dyeing since failure of the dispersion will result in 
agglomeration and possibly precipitation of the dye which, in turn, will 
result in unlevel dyeing. The propensity to dispersion failure is greatest in 
the case of HT dyeing [56, 163] and additional dispersing agent can be 
added to the dyebath to maintain dispersion stability under these condi
tions [55]. Skelly [161] showed that only selected anionic dispersing agents 
are suitable as added dispersing agents for the HT package dyeing of tex
turised PET. Some dispersing agents, such as ligninsulphonates, promote 
reduction of azo disperse dyes under HT dyeing; Murray and Mortimer 
[59] first reported the reductive tendency of ligninsulphonates, which was 
subsequently confirmed by several authors [164-167] and has been attrib
uted to the presence of catechols and other easily oxidisable species in 
lignin [164]. Although azo disperse dyes are more susceptible to reduction 
than are anthraquinone dyes, the latter undergo partial reduction to leuco 
derivatives which can be re-oxidised using mild oxidants [166]. Murray 
and Mortimer [59] showed that the presence of air during dyeing counter
acts the reductive effect of ligninsulphonates, a finding that was subse
quently confirmed by Dilling [164]. Ions of metals of high oxidation 
potential, such as Fe2 + and Cu +, were shown to accentuate the reductive 
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tendency of the ligninsulphonates [164] whereas other metal ions, such as 
Mn2+, Zn2+, Mg2+, and Ni2+ inhibited azo dye reduction. Dilling [164] 
also demonstrated that the addition of sodium nitrite to lignin sulphonate 
eliminated the reduction of several disperse dyes in both an oxygen
enriched and oxygen deficient environment in both the presence and 
absence of iron salts. In a later study [168] this worker compared the dis
persing properties of sodium and ammonium ligninsulphonate salts with 
those of ligninsulphonate salts incorporating other inorganic ions, alkyla
mines and alkanolamines. It was demonstrated [168] that amine and alka
nolamine salts of ligninsulphonates exhibited a considerably lower 
reductive propensity than sodium ligninsulphonate salts. Yin [169] 
demonstrated that increasing the relative molecular mass (Mr) and phe
nolic hydroxyl content of a ligninsulphonate dispersing agent decreased 
the reductive tendency of the dispersing agents towards azo disperse dyes. 
Synthetic thickeners used in textile printing are sensitive to both electro
lytes and anionic dispersing agents [170], as a result of which several dye 
makers [53] have marketed disperse dyes, dispersed using non-ionic dis
persants in place of anionic products. In addition to being compatible 
with many thickeners, these dyes yield brighter shades, higher colour yield 
and are less susceptible to reduction than conventionally dispersed dyes 
[170]. 

Dispersing agents increase the aqueous solubility of disperse dyes, as 
demonstrated by Bird [171] who found that the aqueous solubility of sev
eral pure disperse dyes, at 25°C, was increased in the presence of pure 
sodium 1-0Ieyl-4-anisidine-2-sulphonate to an extent that depended on the 
solubility of the dye. Furthermore, this worker demonstrated [171] that 
the aqueous solubility of several dyes at 80°C was increased in the pre
sence of other dispersing agents to an extent which depended on the dis
persing agent used (Table 1.5). 

Dispersing agents also affect both the rate and extent of uptake of dis
perse dyes on hydrophobic fibres; Bird [171] showed that the addition of 

Table 1.5 Solubility at 80a C of pure (dispersant-free) disperse dyes in water 
and 0.5% dispersing agents (Lissapol C (ICI) [sodium oleyl sulphate]; Dis
persol VL (ICI) [fatty alcohol-ethylene oxide condensate]) [171] 

CI Disperse Solubility (mg dm-3) at 80a C 

water Sodium oleate Lissapol C Dispersol VS 

Red 1 7 240 104 41 
Orange 3 9.5 60 31 29 
Orange I 0.5 46 18 21.5 
Violet 1 17 57 36 27.5 
Red 11 11 49 36 20 
Blue 24 5.5 40 17 8 

(Reproduced with permission from C. L. Bird and the Society of Dyers and Colourists) 
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dispersing agent lowered the exhaustion of the dyes on cellulose diacetate 
to an extent that was proportional to the degree of solubilisation affected. 
In later work, this author [173] demonstrated that the exhaustion of sev
eral commercial disperse dyes on cellulose diacetate at 80c C decreased 
with increasing concentration of sodium 1-0Ieyl-4-anisidine-2-sulphonate 
and that the equilibrium partition coefficient of CI Disperse Red 1 on sec
ondary cellulose acetate at 80a C decreased with increasing concentration 
of the pure dispersing agent [173]. Furthermore, it was found [173] that 
whilst at concentrations of 2 and 4 x 10 3M sodium 1-0Ieyl-4-anisidine-2-
sulphonate, identical saturation values for the dye were obtained, a con
centration of 2 x 1O-2M markedly lowered the saturation value. These 
findings can be attributed to the dispersing agent having increased the 
aqueous solubility of the dye, as previously demonstrated by Bird [171] 
or, as Peters [17] comments, having increased the affinity of the dye for 
the aqueous phase. Bird et at. [172] observed that the rate of uptake of CI 
Disperse Blue 24 on to cellulose diacetate at 80aC increased with increas
ing concentration of anionic dispersing agent, which was attributed to the 
surfactant having increased the rate of solubilisation of the particles of 
this low aqueous solubility dye. In contrast, the rate of uptake of two, 
more soluble, commercial disperse dyes decreased with increasing con
centration of dispersing agent, this being attributed to a lowering of the 
effective concentration of dye in the dyebath [172]. In the context of the 
effects of dispersing agents on the dyeing of PET fibres, Carbonell [163] 
showed that a typical anionic dispersing agent (disodium dinaphthyl
methane disulphonic acid) lowered both the rate and saturation uptake of 
two disperse dyes on Dacron at 130°C, the extent of this decrease increas
ing with increasing concentration of dispersing agent in the dye bath; this 
author [163] attributed this effect, the extent of which differed for the two 
dyes used, to the dispersing agent having increased the aqueous solubility 
of the dye. Similarly, Thakore et at. [60] also demonstrated that the 
uptake of seven commercial disperse dyes on PET fibre at 130°C 
decreased with increasing concentration of Dispersol F (Sandoz) in the 
dyebath, this effect being more marked for azo rather than anthraquinone 
dyes and also for dyes of higher aqueous solubility. 

1.2.7. Effect of levelling agents on dye adsorption 

Although dispersing agents are known to improve the migration [56] and 
levelling [163] of disperse dyes on polyester fibres under HT dyeing condi
tions, levelling during exhaust dyeing is most usually expedited by the 
addition, to the dyebath, of specific levelling agents, which can be non
ionic or anionic surfactants or an anionic/non-ionic surfactant blend. 
Non-ionic compounds increase the solubility of the dye thereby lowering 
the initial strike [60] and overall rate of dye uptake [56,174-176] which 
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can also cause a restraining effect that results in a loss of colour yield [56, 
60, 162, 174]. However, such compounds, whose effects are highly dye 
specific, can have a deleterious effect on the stability of dye bath disper
sions [56, 59, 162, 174]. The solubility of the agents decreases with 
increasing temperature [59] and, if the temperature of the dyebath is 
raised above the agent's cloud point (the temperature at which the surfac
tant becomes insoluble), then the dye dispersion breaks down resulting in 
dye aggregation and attendant unlevel dyeing. Although some non-ionic 
levelling agents of high cloud point do not cause dye aggregation, they 
can, nevertheless, impair dispersion stability [56]. Hedinger et al [176-178] 
propose that at concentrations greater than the CMC (critical micelle 
concentration) non-ionic agents lower dye uptake owing to a correspond
ing increase in solubility of the dye, this reduction increasing with increas
ing concentration of surfactant [177]. Anionic agents increase the cloud 
point of non-ionic levelling agents [59] and the use of non-ionic/anionic 
surfactant blends has been described [59, 175]. Careful consideration must 
be given to the amount of non-ionic levelling agent used owing to the 
often marked restraining effect exerted by these compounds on dye 
uptake. Anionic levelling agents, typically polycondensate dispersing 
agents, exhibit little if any restraining effect on dye uptake but can induce 
dye migration [56], are considered not to penetrate the fibre [162] and 
function by increasing the solubility of the dye and thus retarding dye 
uptake. 

1.2.B. Effect of temperature on dye adsorption 

In their study of the adsorption of disperse dyes on PET fibre, Reming
ton and Schuler [80] found that the gradient of the linear equilibrium iso
therm (the partition coefficient, K) decreased with increasing temperature 
of application whilst the saturation value of the dye in the fibre (SF) 
increased with increasing temperature (Figure 1.7). Identical findings were 
subsequently obtained by Bird et al. [67] for the adsorption of I-P
hydroxyethylaminoanthraquinone on cellulose diacetate and by White 
[179] for the adsorption of CI Disperse Red 1 on the same substrate. In 
order to explain the effects of temperature on the distribution of disperse 
dyes between water and hydrophobic fibres it is firstly necessary to con
sider that, since for the adsorption of disperse dyes on to PET (and other 
hydrophobic) fibres, the partition coefficient (K) is constant, then the 
standard affinity (1\11°) of the dye at temperature T K is given by equation 
(1.11) wherein K is the partition coefficient and R the gas constant: 

-1\11° = RT In K (1.11) 

Thus, from the finding [80] that K decreased with increasing temperature, 
equation (1.11) shows that the affinity of the disperse dye also decreases 
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Figure 1.7 Effect of temperature on the adsorption of l-amino-4-hydroxy
anthraquinone on PET [80] 

(Reproduced with permission from the Royal Society of Chemistry) 

with increase in application temperature. Generally, for all dye-fibre sys
tems, the standard affinity of a dye decreases with increasing temperature 
for two reasons. Firstly, since dye adsorption is generally an exothermic 
process, then an increase in temperature will reduce standard affinity; 
indeed, Schuler and Remington [80] found that the heat of dyeing of CI 
Disperse Red 15 on PET was -61.7 kJ mol-1 and several workers have 
also demonstrated the exothermic nature of the adsorption of disperse 
dyes on various hydrophobic [87, 90, 180] and hydrophilic fibres [83]. Sec
ondly, the standard affinity comprises both the heat (AH") and the 
entropy (ASO) of dyeing as shown in equation (1.12). 

AJ.L° = AH" - TASo (1.12) 

Combining equations (1.11) and (1.12) gives equation (1.13). 

-AJ.L° = RTln K = AH" - T AS" (1.13) 

Hence 

In K = _ (A:). (~) + ~o (1.14) 

and thus 

In K = _(AH") + ASo 
RT R 

(1.15) 
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Thus, as equation (1.15) shows, if AIr is a constant (independent of tem
perature), then as temperature increases, AHo / RT approaches zero and 
the partition coefficient (K) approximates to ASo / R. Thus, with increase in 
temperature, the partition coefficient (i.e. the partition of dye between 
dyebath and fibre) becomes increasingly governed by the entropy change 
(ASO) that accompanies dye adsorption. Since the adsorption of a dye 
molecule from the dyebath on to a fibre generally represents a loss in 
entropy (disorder) for the dye molecule, then with increase in tempera
ture, adsorption of the dye on to the fibre becomes less probable than 
desorption of the dye into the dyebath so that the partition coefficient 
and thus standard affinity both decrease. Several workers have shown 
that the adsorption of disperse dyes by various several fibres is accom
panied by a negative entropy change [17, 83, 87, 90, 180]. 

The effects of temperature on dyeing can be further explained (Figure 
1.8) in the context of the various enthalpy terms relevant to dyeing as 
first described by Majury [87] in a study of the nature of the interaction 
between disperse dyes and cellulose acetate. Majury's initial study, invol
ving the adsorption of five model disperse compounds on cellulose di
acetate, which, as discussed by Peters [17], was subsequently enlarged [90, 
181], concerned the determination of three enthalpy terms namely, the 
standard heats of dissolution of the solid dye in water (AHOsw), dyeing 
(AHOWF) and dissolution of the solid dye in the fibre (AHOSF). It was 
observed for the adsorption of a series of disperse dyes on cellulose di
acetate [90] that dissolution of the dye in water entailed the absorption of 
heat in order to create an interface between the water and the dye [17], 
and thus AIrsw was positive. This energy (heat) was then regained 
during the transfer of the dye from solution to the fibre so that AHoWF 
was negative and, finally, that the transfer of the solid dye to the fibre 

"""":"'------- Water (W) 

J ~H~F 
--~-- Fibre (F) 

----------- Solid (S) 

Figure 1.8 Enthalpy diagram (after Majury [87]) 
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required the absorption of a small quantity of heat so that 11.!r SF was 
positive. Thus, since dissolution of the dye in water is an endothermic 
process, the aqueous solubility of the disperse dye will increase with 
increasing temperature, as has been observed by several workers [86, 171], 
and, similarly, since dissolution of the solid dye in the fibre is an endo
thermic process, then this too will increases with increasing temperature. 
Bird and Harris [90] showed that for the adsorption of several disperse 
dyes on cellulose diacetate, and also from the results obtained for the 
adsorption of l-amino-4-hydroxyanthraquinone on PET fibre [80], that 
the absolute heat changes involved increased in the order 11.!r SF < 
I1.!rWF < I1.Hosw from which it can be concluded that since I1.Ho sw was 
greater than I1.Ho SF then the rate of dissolution of the dye in water was 
greater than the rate of dissolution in the fibre with the effect that the 
partition coefficient (K) decreases with increasing temperature. Since 
transfer of the dye from the water to the fibre phase was an exothermic 
process then this will decrease with increasing temperature thereby further 
supporting the observations that K decreases with increasing temperature. 
Bird and Harris [90] demonstrated the significance of aqueous solubility 
in dye adsorption by showing that the partition coefficient of several dis
perse dyes on cellulose diacetate decreased with increasing aqueous solu
bility of the dyes. 

However, although the partition coefficient and thus affinity of disperse 
dyes on hydrophobic fibres decreases with increasing temperature, the 
saturation value of dye uptake increases with increasing temperature [67, 
80, 179]. This may be attributed to the dissolution of the dye in both the 
aqueous and fibre phases (I1.Ho sw and I1.Ho SF, respectively) being endo
thermic processes as a consequence of which, both Ds and DF will 
increase with increasing temperature and thus saturation uptake will 
increase with increasing temperature. The findings of Giles [182], that the 
saturation uptake of several disperse dyes on cellulose diacetate increased 
with increasing aqueous solubility of the dyes, can be considered as pro
viding support in favour of this view. One further possible explanation 
for the observed increase in saturation value of dye uptake that accom
panies an increase in temperature is that the fibre undergoes some struc
tural change whereby the accessibility of the fibre towards the dye is 
increased; however, as Peters [17] points out, no evidence is available in 
this particular context. 

1.2.9. Isomorphism 

On the basis of the mechanism of adsorption of disperse dyes on hydro
phobic fibres proposed earlier - namely, that of 'ideal mixing' - when sev
eral disperse dyes are applied in admixture, the adsorption of an 
individual disperse should occur independently of the other dyes in the 
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mixture. In support of this, Schuler and Remington [80] showed that 
when l-amino-4-hydroxyanthraquinone and Nl,~ -diphenyl-3-nitrosul
phanilamide were applied to PET fibres in admixture, the saturation 
values and partition coefficients obtained were virtually identical to those 
obtained for application of the dyes alone. In a study of the rates of 
uptake of several commercial disperse dyes on to nylon 6.6, Vickerstaff 
[183] concluded that adsorption of the individual components in admix
ture proceeded in the same manner as when applied alone and Daruwalla 
and Limaye [159] demonstrated that in the application of binary mixtures 
of CI Disperse Red 1 and CI Disperse Red 11 to cellulose diacetate, both 
the rate and saturation uptake of each dye were unaffected by the pre
sence of the other component in any proportion. Furthermore, Johnson 
et al. [184], in a study using four disperse dyes of dissimilar structure on 
cellulose diacetate and triacetate as well as nylon fibres, demonstrated 
that the isotherms obtained for the dyes when applied in binary mixture 
were identical to those given when each dye had been applied separately. 

However, Vickerstaff and Waters [64] found that in the dyeing of cellu
lose diacetate with binary mixtures of closely related anthraquinone dis
perse dyes, certain mixtures gave greater saturation values than any of the 
individual components, the value being almost that of the sum of the two 
components. Similar results were obtained [185] for the adsorption of 
closely related anthraquinone disperse dyes in admixture on cellulose dia
cetate. Such additivity of saturation values, which has been employed as a 
means of improving the build-up characteristics of disperse dyes [64, 186-
189], involves only dyes of similar structure. 

In contrast, several workers [63, 185] have obtained evidence of inter
action between dye molecules insofar as less dye was adsorbed in admix
ture than when the dyes had been applied separately. Schuler and 
Remington [80] observed that the saturation values of l-amino-4-
hydroxyanthraquinone and l,4-dihydroxyanthraquinone on PET were 
lowered by some 20% when one component was applied in the presence 
of a large concentration of the other and both Vickerstaff and Waters [64] 
and Bird and Rhyner [185] found that interaction occurred with some 
mixtures of closely related anthraquinone dyes on cellulose diacetate 
fibres. These latter workers [185] observed that the decrease in the satura
tion values of dyes in admixture was paralleled by a reduction in the 
aqueous solubility of the dyes whereas Johnson et al. [184], in their study 
of the solid-state properties of dye mixtures, observed that non-interacting 
dyes, which exhibited additivity of isotherms in admixture, gave conven
tional melting point diagrams with a eutectic point whereas interacting 
dyes showed no eutectic from which it was considered that interacting 
dyes were isomorphous insofar as such dyes, which are of very similar 
structure, can form mixed crystals within the fibre. However, Hoffmann 
et al. [91] considered that mixed crystal formation did not occur in the 
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fibre but instead suggested that isomorphous pairs of dyes interact in the 
dye bath as a result of which the aqueous solubility of the dyes is reduced, 
as first proposed by Bird and Rhyner [185]. 

1.2.10. Oligomers 

XVIII 

Typically, PET fibres contain between 1.5 and 3.5% [7] by mass of low 
Mr esters, the principal oligomer being cyclic tris(ethylene terephthalate) 
(XVIII) with smaller quantities of a dimer, pentamer as well as traces of 
other compounds [190, 191]. These substances migrate from PET fibre 
during dyeing and steam setting and, to a lesser extent, during dry-heat 
setting. Although little migration occurs at temperatures below 110°C the 
amount increases with increase in temperature up to those commonly 
encountered in HT dyeing and steam setting namely, 125-l35°e [7]. 
Skelly [161] showed that following treatment at l300e for one hour in the 
presence of a dispersing agent, an average of 0.13 % of cyclic trimer was 
deposited on the surface of both untexturised and texturised PET. The 
finding that treatment in the presence of a carrier increased the surface 
deposition to an average of 0.18% demonstrated that carriers can pro
mote migration of the trimer to the surface of the fibre. It is considered 
[7] that a similar quantity (about 0.2%) of oligomer is present in the dye
bath and, in part, on - the surfaces of the dyeing vessel. Although the 
deposition of crystalline oligomers on the fibre surface is of little sig
nificance for several forms of dyed PET fibre, other than the appearance 
as a white deposit, it may, for example, impair the spinning character
istics of yarns and reduce liquor flow during package dyeing. Although 
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the crystalline cyclic trimer is not dyed with disperse dyes, its presence 
may cause nucleation and growth of dye crystals or agglomeration of dye 
particles under certain conditions. Although the cyclic trimer may initially 
be dispersed in the dyebath at 125-130°C, owing to the marked reduction 
in solubility of the crystalline material at temperatures below this [7], 
deposition on the dyeing vessel or fibre surface may occur as the bath 
cools. Such deposition can be reduced by discharging the HT dyebath 
without prior cooling and Skelly [161] suggests that certain carriers may 
aid the solubility or dispersion of the trimer from the fibre surface 
thereby reducing recrystallisation on the fibre or dyeing vessel during 
cooling of HT dyebaths. The liberation of oligomers during dyeing can be 
minimised by lowering the dyeing temperature from 130 to 120°C and by 
using the shortest possible dyeing time; non-ionic levelling agents are con
sidered to minimise redeposition of oligomers produced during HT 
dyeing. Calhoun et al. [192] demonstrated that an emulsified silicone 
lubricant present in the dye bath or in an aftertreatment bath reduced oli
gomer deposition in the package dyeing of PET. Oligomer deposits are 
effectively removed from the fibre surface by reduction clearing followed 
by rinsing, and, if necessary, neutralisation using dilute acetic acid; more 
severe treatments are often necessary to remove deposits of the cyclic 
trimer from dyeing vessels [5]. 

1.2.11. Carrier dyeing 

The term 'carrier' describes a type of accelerant particularly used in the 
dyeing or printing of hydrophobic fibres with disperse dyes [15]. In an early 
study of the dyeing behaviour of PET fibres, Waters [8] demonstrated 
that disperse dyes characteristically exhibited a slow rate of uptake on to 
the substrate even at the commercial boil (98°C) and established that this 
was attributable to the low rate of diffusion of the dyes within the sub
strate. This author examined some 300 compounds, and ascribed the term 
'carriers' to those which, when added to the dyebath, accelerated the rate 
of dyeing. Waters [8] divided the compounds that he used into four 
groups namely, phenolics, primary amines, hydrocarbons and esters, and 
concluded that although some compounds were effective in increasing the 
rate of dyeing at the boil, with phenolics being the most practicable, all 
compounds examined possessed inherent disadvantages or hazards such 
as toxicity, malodour, volatility in steam and shrinkage effects that pre
vented this author from recommending anyone particular compound. 
Waters [8] proposed the use of a limited range of fast-diffusing dyes in 
the absence of carrier to obtain medium-depth dyeings but mentioned 
that carriers would probably be used for full depths or in printing. 

Despite the reservations expressed by Waters [8] concerning the unde
sirable characteristics of carriers, their use became widespread as a means 
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of achieving a comprehensive shade range until high-temperature (HT) 
dyeing machinery became widely available. However, although some car
rier dyeing of PET fibre is still carried out, HT dyeing is by far the pre
ferred immersion application method. 

In this account of carrier dyeing, reference is made not only to research 
that has been carried out on the carrier dyeing of PET fibres with dis
perse dyes but also to work on the carrier dyeing of other classes of dye 
on other substrates, so as to provide a comprehensive account of this 
topic. 

A vast number of compounds have been examined as potential carriers 
for use in the dyeing of PET and other hydrophobic fibres; typically, car
riers are small molecular size, aromatic compounds which are added to 
the disperse dye bath in solution or emulsion form. Currently, their use is 
mostly restricted to PET and cellulose triacetate fibres; for PET, popular 
carriers include o-phenylphenol, diphenyl or chlorinated benzenes whilst 
tripropyl phosphate or butyl benzoate are commonly used for cellulose 
triacetate. Carriers increase the rate of uptake of disperse dyes on to 
hydrophobic fibres such that acceptable dyeing rates are achieved in the 
presence of a carrier at the commercial boil rather by recourse to high 
temperatures (commonly 130 and 125°C for PET and triacetate fibres 
respectively). Murray and Mortimer [193] reviewed the carriers used in 
the early 1970s and outlined the desirable characteristics of a carrier, con
cluding that no single carrier possessed all the desirable characteristics. 

1.2.11.1. Adsorption of carriers. Fortess and Salvin [194] proposed that 
the adsorption of carriers on to PET fibre occurs by a mechanism iden
tical to that of the adsorption of disperse dyes, a view subsequently 
affirmed by other workers [126, 195, 196]. Indeed, linear isotherms have 
been obtained for the adsorption of various carriers on PET [195, 197-
199] (Figure 1.9) and PAN fibres [200, 201, 202]. 

It has been demonstrated that hydrophobic carriers are more effective 
on PET fibres than their hydrophilic counterparts [203] and that the more 
hydrophobic a carrier then the larger is its partition coefficient on PET 
[195] and PAN [200] fibres. Lemons et al. [204] proposed that PET-sol
vent (carrier) interactions occur primarily by means of dispersion forces; 
similarly, Derbyshire and Peters [205] suggested that carriers were ad
sorbed on to PET primarily by virtue of non-polar forces operating 
between the aromatic regions in both carrier and fibre although with car
riers, such as phenol, that carry polar substituents, polar forces may also 
contribute to adsorption. Support for this view was furnished by the find
ings of Ingamells et at. [126, 206, 208] that plasticisation of PET fibres is 
dominated by dispersion forces with polar forces playing a small part in 
the process. Brown and Peters [208, 209] observed no detectable shifts in 
the infrared absorption spectra of PET which had been treated in various 
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Figure 1.9 Adsorption isotherm of o-phenylphenol on PET fibre at 98°C [197] 

chi oro benzenes and concluded that only van der Waals' forces were 
operative. However, although relatively little work has attended the 
nature of the forces of interaction that contribute towards carrier-fibre 
substantivity, it seems reasonable to suggest that the substantivity of car
riers towards PET and other hydrophobic fibres accrues from the various 
forces of interaction that have been proposed to account for the sub
stantivity of disperse dyes towards such fibres (as discussed previously). 

Schuler [210], using a dyeing system of 2,2,4-trimethylpentane, demon
strated that the rate of uptake of several carriers in PET fibre increased 
with increasing concentration of carrier and proposed that the carrier dif
fuses into the fibre ahead of the dye. McGregor et al. [211] used a micro
densitometer technique to establish that when CI Disperse Red 15 was 
applied in the presence of trichlorobenzene to PET film, the carrier and 
dye diffused simultaneously into the film. However, the penetration front 
of the carrier was invariably found to be ahead of that of the dye and 
these workers concluded that the carrier penetrated the film more rapidly 
than the dye can penetrate the region in the fibre that the tri
chi oro benzene has already occupied. Hedinger et at. [212], using a carrier 
dyeing process that involved a heating-up phase from 20 to 95°C, found 
that the adsorption curve of several carriers On to PET fabric was sigmoi
dal in shape, with carrier uptake increasing only gradually with increase 
in temperature up to about 70-80°C, after which uptake increased dra
matically with further increase in temperature up to 95°C and reached a 
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Figure 1.10 Concentration-distance profiles for 1,2,4-trichlorobenzene, o-di
chlorobenzene, I-methylnaphthalene and n-butyl benzoate on PET yarn at 

97°C [213] 
(Reproduced with permission from G. Roberts and the Society of Dyers and Colourists) 

constant value after some 30 to 60 minutes at this temperature; the extent 
of carrier uptake was found to vary between the carriers used. The rate of 
uptake of CI Disperse Red 60 in the presence of carrier was found to 
follow closely that of the carrier but the adsorption of both methyl naph
thalene and 1,2,4-trichlorobenzene preceded that of the dye. 

Roberts and Solanki [2l3] found that the concentration profiles of four 
carriers on PET were sigmoidal in shape (Figure 1.lO) and therefore dif
fered to those of disperse dyes in the fibre. These workers considered that 
the initial increase in the gradients of the profile curves was due to 
increasing plasticisation of the fibre as the concentration of carrier in the 
substrate increased, causing a reduction in the glass transition tempera
ture (Tg) of the polymer and a consequent increase in rate of carrier dif
fusion; the subsequent decrease in rate of uptake of the carriers may then 
be attributed to a reduction in the carrier concentration gradient as equi
librium uptake is approached. In explaining this finding, these workers 
[2l3] referred to the findings of McGregor et al. [211] that the rate of 
dyeing curves obtained for CI Disperse Red 15 in the presence of tri
chi oro benzene on to PET film were markedly sigmoidal and suggested 
that these sigmoidal curves arose from the plasticisation of the polymer, 
during dyeing, by the more rapidly diffusing carrier. Roberts and Solanki 
[2l3] also found that the apparent diffusion coefficients of four carriers 
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Table 1.6 Apparent diffusion coefficients, D., (calculated at MdMao 0.5) and apparent 
activation energies and entropies of diffusion of carriers within PET yarn [213] 

D. X 1011 cm2 8-1 

E* l!.S* 
Carrier 85°C 89SC 93°C 97"C kJ mOrl J mol-I K-I 

o-dichloro benzene 27.5 25.7 47.9 72.4 96 ± 6 95 ± 15 
1,2,4-trichlorobenzene 12.9 14.8 28.8 49.0 129 ± 7 182 ± 19 
I-metbyJnaphthalene 3.6 6.6 10.2 16.6 139 ± 7 201 ± 17 
n-butyl benzoate 0.8 1.4 3.2 5.0 172 ± 6 280 ± 16 

(Reproduced with permission from G. Roberts and the Society of Dyers and Colourists) 

within PET fibre were several orders higher, whilst the apparent activa
tion energies and entropies of activation of diffusion were lower than 
those of typical disperse dyes in PET, which was attributable to the smal
ler size of the carrier molecules (Table 1.6). 

Furthermore, both the rates of uptake and the equilbrium uptake of 
the four carriers varied considerably with variation in the chemical nature 
of the carrier. The observation [213] that the apparent diffusion coefficient 
of each of the four carriers increased with increasing concentration of car
rier in the fibre differs to that for disperse dyes, for which the values of 
diffusion coefficient decrease with increasing dye uptake owing to a reduc
tion in concentration gradient. The authors [213] concluded that the 
observed increase in apparent diffusion coefficient that accompanied an 
increase in carrier content of the polymer was attributable to a corre
sponding increase in plasticisation (reduction in Tg) of the fibre. Roberts 
and Solanki [213] consider that the major difference between the diffusion 
behaviour of carriers and disperse dyes in PET fibres is the concentration
dependence of the diffusion coefficients of carriers; these workers pro
posed that the more rapidly diffusing the carrier, the greater the con
centration-dependence of apparent diffusion coefficient. 

1.2.11.2. Effect on dye adsorption. Although the linearity of the adsorp
tion isotherm of disperse dyes is unaffected by the presence of carriers 
[80, 195, 196] the partition coefficient of the dye is altered [195, 196]. 

Balmforth et al. [195] found that although the three hydrophobic car
riers (biphenyl, phenyl salicylate and o-phenylphenol) increased the parti
tion coefficient (K) of CI Disperse Red 15 on to PET, the more 
hydrophilic benzoic acid decreased K of the dye (Figure 1.7), the latter 
finding thus confirming the result obtained by Remington and Schuler 
[80] that benzoic acid reduced K of several disperse dyes on PET. Balm
forth et al. [195] also observed that the three hydrophobic carriers each 
had a high partition coefficient for the fibre whereas benzoic acid had a 
low K; also, the solubility of the dye in benzoic acid was considerably 
greater than that in each of the three hydrophobic carriers used (Table 
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Table 1.7 Partition coefficients of carriers between water 
and polyester fibre as well as solubility of CI Disperse 
Red 15 in saturated solutions of carriers at 95°C [195] 

Carrier Partition Dye solubility 
coefficient (mg dm-3) 

None 29.0 
Biphenyl 574 34.1 
o-phenylphenol 90 40.0 
Phenyl salicylate 437 42.9 
Benzoic acid 3.7 344 

(Reproduced with permission from D. Balmforth and the Society 
of Dyers and Colourists) 

1.7). These authors [195] concluded that the manner by which hydro
phobic carriers assist dyeing differed to that of hydrophilic carriers. 

Schuler [210] observed that the rate of uptake of disperse dyes on to 
PET fibre was increased in the presence of carrier and found that the effect 
of different carriers on dyeing rate was similar when a similar concentra
tion of different carriers was present in the fibre. Glenz et al. [106] showed 
that the increase in rate of uptake of several disperse dyes on to PET 
brought about by two carriers was approximately the same for a similar 
concentration of each carrier in the fibre. These workers [106] also demon
strated that the diffusion coefficient of several disperse dyes in PET was 
increased in the presence of both carriers used and found a wide variation 
in the effect of the two carriers on enhancement of diffusion coefficient for 
dyes of similar structure. As discussed later, the observation that carriers 
increase the diffusion coefficient of disperse and other classes of dye within 
hydrophobic fibres has been employed by several workers to explain the 
mechanism of carrier action in terms of fibre plasticisation. Ingamells and 
Yabani [206] showed that the diffusion coefficient of CI Disperse Orange 3 
into undrawn PET filaments at 95°C increased exponentially with increas
ing concentration of 2-phenoxyethanol in the dyebath and also with 
increasing dye bath concentration of five different carriers in the case of 
drawn PET filaments [214]. The diffusion coefficient of CI Disperse Red 1 
at 95°C in PET fibre was also found to increase exponentially with 
increase in concentration of four carriers in the fibre [215]. The latter 
workers [215] and others [216, 217] have observed that the diffusional 
behaviour of various dyes was independent of the chemical nature of the 
carrier and thus confirmed previous suggestions [106, 206, 210] that differ
ent carriers have approximately equivalent action when present in PET in 
similar concentrations. However, although the influence of different car
riers on the diffusional behaviour of a given disperse dye within PET is 
relatively independent of carrier structure, the effect of a given carrier on 
the diffusion of several disperse dyes varies [106, 162, 215]. 
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1.2.11.3. Theories of carrier action. Several theories have been proposed 
to explain carrier action. In essence, the various mechanisms can be con
sidered to support one of two main theories of carrier action - namely, 
that the carrier has an effect on the disperse dye in the dyebath or that 
the carrier has an effect upon the fibre; at present, it is generally con
sidered that carrier action is attributable to the latter effect. Although in 
the following account of the various mechanisms that have been proposed 
to explain carrier action, the majority of the evidence presented concerns 
PET fibre, results of work carried out using other hydrophobic fibres are 
also included so as to present a full account of this large topic. 

1.2.11.3.1. Complex formation. Fern and Hadfield [218] proposed that 
the disperse dye and carrier formed a complex that could diffuse more 
readily into the fibre than the dye alone; however ElM [219, 220], using 
UV spectroscopy, was unable to verify such dye-carrier complex forma
tion and the work of Senner et al. [221, 222] showed no evidence in sup
port this theory of carrier action. 

1.2.11.3.2. Increased dye solubility. On the basis of the currently accep
ted mechanism of the aqueous phase transfer of disperse dyes to hydro
phobic fibres namely, that dyeing occurs from a dilute aqueous solution 
of the dye, Zimmerman et al. [223], in a study of the effects of various 
types of carrier on the uptake of several disperse dyes on to PET, pro
posed that the carrier increased the solubility of the dye in the aqueous 
phase, as a consequence of which, more dye was available for adsorption 
and thus diffusion within the fibre. It was shown [196] that six disperse 
dyes possessed high solubility in five carriers at 80°C although it was con
cluded that solubilisation was both dye- and carrier-specific. Balmforth et 
al. [195] demonstrated that four carriers each increased the aqueous solu
bility of CI Disperse Red 15 at 95°C and Murray and Mortimer [59] 
found that whilst the rate of uptake of CI Disperse Red 60 on PET fibre 
decreased with increasing concentration of methylnaphthalene in the dye
bath, the rate of dyeing increased with increasing concentration of an 0-

phenylphenol-based carrier. This latter observation was attributed [59] to 
the dye being more soluble in methylnaphthalene than in o-phenylphenol 
with the result that a greater proportion of the dye was retained in the 
dyebath containing methylnaphthalene. These workers [59] concluded that 
although the solubilising effect of carriers influences the rate of dyeing 
and extent of dye exhaustion, these effects are both dye- and carrier
specific and also depend on the concentration of carrier employed. Her
linger et al. [212] demonstrated that three disperse dyes possessed high 
solubility in 1,2,4-trichlorobenzene and also that the extent of solubilisa
tion varied for the three dyes. These workers [212] also showed that solu
bilisation of the three disperse dyes was time-dependent, insofar as the 
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solubility of the dyes in the carrier increased with increasing time, reach
ing a maximum value after a particular period of time that was specific 
for each dye, and thereafter decreased with further increase in time. The 
reduction in dye solubility observed for prolonged times was attributed 
[212] to modification of the crystal form of the dyes, which, as discussed 
in section 1.2.4, is considered to occur during prolonged dyeing. Balm
forth et al. [195] demonstrated that there was no correlation between the 
solubility of CI Disperse Red 15 in three carriers and the effectiveness of 
the carrier in enhancing uptake of the dye on to PET fibre; similar find
ings have been obtained [224] for the dyeing of Courtelle S with CI Basic 
Green 4 in the presence of several carriers. Murray and Mortimer [59] 
demonstrated that carriers which have a marked solubilising effect on dis
perse dyes are highly effective levelling agents for disperse dyes in the HT 
dyeing of PET, insofar as the solubilising power of the carriers expedites 
dye migration during dyeing. Similar findings to those of Murray and 
Mortimer [59] were obtained [196] during a study of the desorption of 
fifteen dyes from two types of PET fibre affected by three carriers; this 
earlier work [196] also demonstrated that considerable variation occurred 
in the levelling character of the dyes examined. Beckmann and Hama
cher-Brieden [162] also demonstrated the marked levelling action exerted 
by carriers on the uptake of disperse dyes on PET and found that the 
effect was strongly dye-specific but varied for different carriers. No corre
lation was obtained between the solubility of CI Disperse Blue 27 in five 
different carriers and the extent of uptake of the dye on to cellulose 
triacetate fibre; also, whilst tripropyl phosphate was an excellent solvent 
for CI Disperse Blue 27, this carrier did not increase the rate of uptake of 
the dye on to PET fibre [196]. These workers [196] concluded that whilst 
increased solubility of the dyes as affected by the carrier may contribute 
to enhanced dyeing rate for dyes of very low water solubility, this theory 
was not the major contributor to carrier action. 

1.2.11.3.3. Film formation. The ability of carriers to act as solvents for 
disperse dyes was also considered by Vickerstaff [225], who, in quoting 
the work of Peters and Sumner, proffered that water-insoluble com
pounds form a film, that surrounds the fibre, in which the disperse dye 
dissolves. Dyeing then occurs more rapidly since the concentration of dye 
in this dye-rich film is greater than in the aqueous solution of the dye in 
the dyebath. Choquette [226] also proposed that in the dyeing of PET 
using monochlorobenzene as carrier, the dye dissolves in the carrier form
ing a layer of concentrated dye solution around the fibre. In support of 
this 'film' theory, Millson [227] observed the presence of droplets of p
phenylphenol on the surface of PET fibres. Herlinger et al. [212], using CI 
Disperse Blue 139 and 1,2,4-trichlorobenzene as carrier, obtained micro
scopical evidence that dye-saturated carrier droplets were deposited on 
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the surface of PET fibres at temperatures up to 50°C; at higher tempera
tures the droplets assumed a flatter configuration and eventually resulted 
in the presence of a dye-saturated film. Ravichandran et al. [228] obtained 
electron microscopical evidence of the deposition of both salicylic acid 
and anthranilic acid at or just below the surface of PET yarns. Further
more, from a study of cross-sections of Courtelle S which had been dyed 
using CI Basic Green 4 in the presence of 2% o.w.f. o-phenylphenol, it 
was shown [224] that after 30 minutes' dyeing at 80°C, the fibre was 
markedly ring-dyed and also that the interstitial regions of the fibre 
matrix were deeply coloured. The observation that the extent of this ring
dyeing was considerably reduced by subsequent rinsing in acetone and 
that the interstitial coloration was completely removed by an acetone 
rinse, led these workers [224] to conclude that the carrier was present 
both at the periphery of the fibre and in the interstitial regions and that 
the carrier effect of o-phenylphenol on PAN fibres may in part be attri
butable to dissolution of the dye within the adsorbed carrier and the con
sequent establishment of a high concentration gradient of the dye within 
the fibre. Fortess and Salvin [194] suggested, from work carried out using 
cellulose triacetate fibres, that carrier present within the fibre may solvate 
the dye with the possible formation of a fibre-additive media for dye 
solubilisation. However, since other workers [196], from studies using sev
eral carriers on PET, concluded that carrier action does not occur by dis
solution of the dye in a film of carrier located at the surface of the fibre, 
this particular aspect of the mechanism of carrier dyeing remains open to 
debate. 

1.2.11.3.4. Increased water imbibition. Vickerstaff [225] suggested that 
carriers, such as o-phenylphenol and benzoic acid, which contain hydro
philic groups diffuse rapidly within the fibre; whilst the aromatic portion 
of the carrier is involved, via the operation of van der Waals' forces, with 
the hydrophobic fibre, the hydrophilic groups (e.g -OH) of the carrier 
attract water molecules. The ensuing increased water imbibition of the 
hydrophobic fibre was considered to result in a more hydrophilic environ
ment within the fibre thereby creating a more acceptable medium for the 
sparingly soluble dyes. It was demonstrated [196] that although the pre
sence of o-phenylphenol and also trichlorobenzene increased the water 
imbibition of PET, the increase furnished by the presence of tri
chlorobenzene was only very slightly lower than that secured using the 
more hydrophilic o-phenylphenol and, consequently, these workers con
cluded that their results did not support the theory of increased water 
imbibition as the basis of carrier action. 

1.2.11.3.5. Fibre swelling. Waters [8] was the first of many workers [68, 
72, 74, 75, 218, 229] to propose that carriers swell PET fibre, as a result 
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of which, the rate of dye diffusion and thus dyeing rate are increased. 
Waters [8] showed that several carriers induced shrinkage in PET fibre 
but was unable to demonstrate a correlation between the extent of fibre 
swelling (as measured by fibre contraction) imparted by a carrier and the 
effectiveness of the carrier in enhancing the rate of disperse dye uptake. 
Although methyl salicylate and trichlorobenzene were found not to swell 
PET fibres, as determined using specific gravity measurements [196], both 
these compounds and also o-phenylphenol caused considerable shrinkage 
of PET yarn. However, it was considered [196] that no correlation existed 
between the extent of yarn shrinkage induced by the three carriers and 
the effectiveness of the carriers in enhancing the rate of uptake of the dis
perse dyes used in this work. Although Hendrix [230] observed that PET 
fibres were swollen by phenolic compounds, this author found no correla
tion between fibre swelling and carrier action, as was also found by other 
workers [204]. Asquith et al. [231], from a study of the effect of p-nitro
phenol on the dyeing of Acrilan with CI Basic Blue 22, concluded that 
the compound exerted carrier action, as demonstrated by a reduction in 
Tg of the fibre, but did not swell the substrate and proposed that p-nitro
phenol decreased aggregation of the dye. Gur-Arieh and Ingamells [232] 
found no correlation between fibre swelling and Tg reduction of wet Acri
Ian filaments for a series of organic compounds; indeed, some compounds 
were shown to cause swelling but to slightly increase the Tg of the fibre. 
In a later study of the effects of nine carriers on undrawn PET filament, 
Ingamells and Yabani [206] demonstrated that although none of the com
pounds examined caused significant swelling of the undrawn filaments, 
the diffusion coefficient of CI Disperse Orange 3 in undrawn PET fila
ments increased markedly with increasing concentration of 2-phenoxy
ethanol in the dyebath, thus showing that increased dye ability was not 
related to increased swelling. In later work [214], these workers demon
strated that several carriers caused significant swelling of drawn PET fila
ments and that the diffusion coefficient of CI Disperse Orange 3 in drawn 
PET filaments was little affected in the presence of varying concentrations 
of 2-phenoxyethanol in the dyebath, which supported their earlier findings 
that increased swelling and increased dyeability are not related. Hence, as 
Waters [8] argued, the effectiveness of a carrier is not solely a function of 
its ability to swell the fibre. 

1.2.11.3.6. Fibre modification. Salvin [233] established that a character
istic aspect of carrier action is that the carrier must be adsorbed by the 
fibre; in support of this, Salvin et al. [196] demonstrated that tripropyl 
phosphate is adsorbed by cellulose triacetate fibre and acts as a carrier 
for the fibre whereas this compound is not a carrier for PET fibre on 
which it is not adsorbed. Rochas [234, 235] and coworkers [236] deter
mined the extent of carrier uptake on to PET gravimetrically and 
observed that treatment of the carrier-treated fibre with acetone failed to 
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remove all carrier. This small quantity of carrier was considered by 
Rochas to be responsible for carrier action and, since enhanced disperse 
dye uptake was obtained even after the complete removal of this carrier, 
it was proposed that it had caused some permanent physical modification 
of the fibre. Rawicz et al. [203] obtained similar results to Rochas in that 
the effectiveness of several carriers on dye uptake on to PET yarn per
sisted after the carrier had been removed from the fibre and concluded 
from results of X-ray diffraction that the carrier produced changes in the 
mechanical properties of the substrate that were consistent with those 
expected in partial disorientation. Brown and Peters [208, 209], in a study 
of the effects of mono- and poly halogenated benzenes on the uptake of 
2-nitro-4'-ethoxydiphenylamine-4-sulphonamide on PET, found that dye 
uptake on to fibre which had been treated with a-dichlorobenzene and 
from which all carrier had been subsequently removed by extraction with 
acetone was greater than that obtained when dyeing had been carried out 
in the absence of carrier. These workers [209] also employed X-ray diffrac
tion to establish that permanent disorientation of the fibre occurred as a 
result of treatment with the carriers. However, although Brown and Peters 
confirmed Rochas' findings that structural alterations to the fibre con
tribute to carrier action, their observation that 1,2,3-trichlorobenzene 
exhibited high carrier action at concentrations lower than those required 
to affect permanent fibre modification casts some doubt as to the con
tribution that permanent fibre modification makes towards carrier activity. 

1.2.11.3.7. Fibre plasticisatian. On the basis of results obtained using 
PET, Schuler [210] proposed that carriers reduced the interchain forces 
within the fibre, as a result of which, the diffusion rate of the dye (and 
also carrier) was increased. Rawicz et al. [203] obtained some correlation 
between disperse dye uptake and the mechanical properties of PET in 
that the uptake of an anthraquinone disperse dye was related to the 
extent of contraction of the fibre caused by the presence of several car
riers. These workers [203] considered that the contraction of PET fila
ments brought about by immersion in several carriers was indicative of 
swelling and that the carrier reduced the attractive forces operating 
between the polymer chains in PET thereby increasing their mobility and 
leading to increased dye diffusion within the fibre. In a similar vein, as a 
result of studies of the dyeing of cellulose triacetate, Fortess and Salvin 
[194] proposed that the carrier, once adsorbed on to the fibre, solvates the 
fibre molecules, reducing intermolecular forces and thereby increasing the 
segmental mobility of the macromolecular chains. These workers [194, 
203, 210] thus considered that carrier action entails disruption of the fibre 
structure; this particular theory of carrier action - namely, that carriers 
plasticise hydrophobic fibres - subsequently has received considerable 
support from the results of many workers. 

As is also discussed in Chapter 3, Rosenbaum [237] correlated the tem-
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perature-dependence of the diffusion of CI Basic Green 4 with the Tg of 
PAN fibres using the WLF equation expressed in the form of equation 
(1.16) wherein A and B are constants, D and D are diffusion coefficients 

T Tg 

at ambient temperature T and at Tg and log aT is the shift factor. 

log DT = -log aT = A(T - T g) (1.16) 
DTg B+ (T - Tg) 

The finding that the variation of diffusion coefficient of the dye with tem
perature was related to Tg of the fibre by the variable (T - T g) con
firmed that the segmental mobility of the polymer chains, which controls 
the viscoelastic properties of the substrate, also governs dye diffusion 
within the polymer. Bell and Murayama [238] confirmed the findings of 
Rosenbaum using CI Basic Blue 22 and also showed that the diffusion of 
non-metallised acid dyes in nylon [239] and that of disperse dyes in PET 
[240] was controlled by the segmental mobility of the polymer chains. 

Fujino et al. [241] suggested that carriers adsorbed on to PET increased 
the segmental mobility of the molecular chains and reduced the Tg of the 
fibre by an extent that was proportional to the concentration of the com
pounds adsorbed. Ingamells et at [242, 243], by measuring the elongation 
in length of Acrilan filaments immersed in aqueous solutions of phenol 
and other carriers, established that the carriers reduced the Tg of the fila
ments and that the decrease in Tg was proportional to the concentration 
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of phenol in aqueous solution (Figure 1.12). These workers [242] also 
demonstrated that the diffusion coefficient of p-aminoazobenzene at 70°C 
in PAN filaments increased in the presence of several carriers and was 
related to the variable (T - Tg) (Figure 1.13). Furthermore, Ingamells et 
al. [242] determined the appropriate shift factors (aT in equation (1.16)) 
using values of 10.8 for A and 28.5 for B as given by Rosenbaum [237] 
and appropriate values of (T - Tg) obtained from the measured changes 
in physical property of the filaments brought about by the presence of 
different concentrations of phenol. A plot of log IjaT obtained against (T 
- Tg) showed that the effects of the carrier upon the measured physical 
properties of the filaments conformed to the WLF equation and, there
fore, that the segmental mobility of Acrilan was enhanced by the presence 
of phenol (Figure 1.14). 

These workers then showed that the diffusion of CI Disperse Red 1 in 
Acrilan filaments in the presence of different concentrations of phenol 
also conformed to the WLF equation from the finding that a plot of log 
DT (diffusion coefficient of the dye at various phenol concentrations) 
versus (T - Tg) could be superimposed upon the plot of log IjaT against 
(T - Tg) by a vertical shift of the ordinate of the diffusion data (Figure 
1.14). Thus, this work [242, 243] clearly demonstrated that the diffusion 
of the disperse dye in Acrilan was governed by the segmental mobility of 
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the polymer chains and that the carrier plasticises the fibre thereby 
increasing the segmental mobility of the polymer chains. Evidence in sup
port of this finding was obtained [242] in terms of the superimposition of 
a plot of log DT versus phenol concentration for the diffusion of disperse 
dyes in PET film in the presence of varying concentrations of phenol in 
the dyebath on a plot of log l/aT versus (T - Tg) calculated using equa
tion (1.16) (Figure 1.15). 

Gur-Arieh and Ingamells [244] provided further support for these find
ings in that a plot of log D of CI Disperse Orange 3 into Acrilan fila
ments in the presence of varying concentrations of benzyl alcohol in the 
dyebath versus (T - Tg) could be superimposed on a plot of log l/aT 

versus (T - Tg). The increase in rate of dye diffusion affected by a car
rier can be considered to be equivalent to that obtained by an increase in 
temperature of (Tg - Tg(c)) where Tg and Tg(c) are, respectively, the glass 
transition temperatures of the fibre in water and carrier solution [112]. 

Glenz et al. [106] suggested that the activation energy of diffusion (E*) 
of disperse dyes in PET was reduced by the presence of carriers. Reduc
tions in E* with increasing concentration of carrier in the dyebath have 
been obtained for the diffusion of disperse dyes in PAN filaments in 
the presence of benzyl alcohol [244] and also phenol [242, 243], that of 
four disperse dyes in PET fibre in the presence of several carriers [215] 



POLYESTER 51 

Phenol concentration (gIl) 

Scale A.--_____ ---,-O _____ ...,20 ______ 4_O ___ --,SCale B 
-6 

o 
Ol o 

-7 

-9 

--' -11 

-13 

o 

• 

o CI Disperse Orange 3 (Scale B) film thickness 11.4 microns 

• CI Disperse Orange 3 (Scale B) film thickness 8.3 microns 

• CI Disperse Red 1 (Scale A) film thickness 11.4 microns 

'f CI Disperse Red 1 (Scale A) film thickness 8.3 microns 

A = 10.8 and B = 28.5 

- -8 

-10 

-12 

L-__________ ~ ____ ~ ____ ~ -14 

20 40 

T-Tg (DC) 

60 80 

Figure 1.15 Coincidence of the variation of the diffusion coefficient of different 
disperse dyes and phenol concentration and physical properties of PET films [243] 

(Reproduced with permission from R.H. Peters and the Society of Dyers and Colourists) 

together with the diffusion of cationic dyes into PAN fibres in the pre
sence of benzyl alcohol [200, 245], o-phenylphenol [246], phenol [201, 
246], nitrobenzene [201] and other carriers [200]. Roberts and Solanki 
[213] demonstrated that the presence of carrier within PET fibre reduced 
the entropy of activation of diffusion (AS*) of four disperse dyes and AS* 
of CI Basic Green 4 in Courtelle S was also found to be reduced by the 
presence of varying concentrations of phenol in the dyebath [246]. The 
observed reduction in entropy of activation of dye diffusion in the pre
sence of carrier can be attributed to the polymer chains having gained 
entropy, as a result of their increased mobility brought about by the plas
ticising action of the carrier, which serves to reduce the extent to which 
the entropy of the dyes must be raised in order for dyeing to occur [214]. 
The findings that carriers reduce both the activation energy of diffusion 
and entropy of activation of diffusion provides further confirmation that 
the increased diffusional behaviour of a dye affected by carriers is related 
to the corresponding increase in segmental mobility of the polymer chains 
and, thus, free volume, brought about by plasticisation of the substrate. 

Several workers have shown that the extent of plasticisation of a fibre 
(reduction in T J, as determined using various methods such as extension 
in length of illaments, dynamic mechanical analysis (DMA) or differential 
scanning calorimetry (DSC), increased with increasing concentration of 
carrier either applied to or present within the fibre [200, 205, 208, 209, 
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Figure 1.16 Effect of 2-phenoxy ethanol on the Tg of PET filaments [206] 
(Reproduced with permission from the Society of Dyers and Colourists) 

90 

216, 242-244, 247-252]. Ingamells et al. found that the extent of plastici
sation of PET filaments, as determined using extension in length, brought 
about by immersion in aqueous solutions of benzyl alcohol [251] and 
other carriers [206] reached a maximum value at a certain temperature for 
a particular concentration of carrier applied to the fibre (Figure 1.16). 

Aitken et al. [249, 250] employed DMA to demonstrate that the extent 
of plasticisation of Courtelle S caused by immersion in an aqueous solu
tion of benzyl alcohol reached a maximum value which was found [250], 
using gas chromatography, to correspond to the maximum uptake of the 
carrier on to the fibre. This latter work can be considered to lend further 
support to the theory that carriers plasticise the fibre insofar as the extent 
of plasticisation will, in general, increase with increasing concentration of 
plasticiser. Several workers have employed the dyeing transition tempera
ture, Td , as a reference temperature instead of Tg in describing the plasti
cizing action of carriers on fibres and its effect on dye diffusion. 
Commonly, Td is obtained as the intercept on the ordinate of a plot of 
dye uptake versus temperature (the dotted lines shown in Figure 1.17). 

In a study of the carrier action of phenol on the diffusional character 
of CI Disperse Orange 3 in PET films, it was concluded [252] that the use 
of Td as a reference temperature in place of Tg was justified and Alberti 
[248, 253] employed Td in studies of the effects of benzyl alcohol on the 
short-time dyeing of PAN fibre with CI Basic Green 4. Gur-Arieh and 
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Figure 1.17 Adsorption of p-aminoazobenzene on PET film after 10 minutes in 
the presence of phenol [243] 

(Reproduced with permission from R.H. Peters and the Society of Dyers and Colourists) 

Ingamells [244], in a study of the effect of benzyl alcohol on the dyeing of 
Acrilan filaments, observed that whilst a linear relationship existed 
between Tg of Acrilan filament determined using extension in length and 
Td measured from the uptake of CI Disperse Orange 3, the value of Td 
was some 12°C higher than Tg, a difference which these workers attrib
uted to the fact that the free volume required for onset of segmental 
mobility was less than that required for entry of the dye molecule into the 
fibre. In a study of the effects of four carriers on the dyeing properties of 
PET, it was also demonstrated [217] that values of Td determined from 
the uptake of several disperse dyes were greater than the values of Tg 
determined using extension in length, and concluded that Td is influenced 
by the structure of the dye. In a later study of the effect of benzyl alcohol 
on PET filaments, Ingamells and Narasimham [251] noted the need for 
caution when using Td as a reference temperature to the Tg in the WLF 
equation (equation (1.16)) insofar as a knowledge of both parameters is 
required. 

In view of the theory that increased dye ability results from the carrier 
plasticising the fibre, together with the observations that some carriers, 
such as monochlorobenzene and m-cresol [20S, 209] can dissolve PET or 
induce crystallisation of the amorphous polymer [204] or impart consider
able disorientation [200, 203, 209, 22S], the plasticisation of the fibre has 
been investigated in terms of the solubility parameter concept, which, as 
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mentioned in section 1.2.2, indicates the potential of interaction between 
a polymer and a solvent. Lemons et al. [204] investigated the plasticising 
effect of various solvents and carriers on PET and observed that those 
compounds which plasticised the polymer also accelerated the uptake of 
Latyl Violet 2R on to the fibre; these workers also demonstrated that the 
plasticisers had values of cohesive energy densities close to that of PET. 
Brown and Peters [209] found that although the 8t values of several halo
genated benzenes that exhibit carrier action were similar to that of PET, 
the correlation between carrier activity and similarity of 8t of carrier and 
fibre was not high. Indeed, many aliphatic halogenated solvents of similar 
8t to that of PET were found to have no more than a minimal carrier 
activity and these workers concluded that factors other than modification 
of fibre structure contribute to carrier action [209]. Rosenbaum [254] 
found no correlation between the 8t values of several plasticisers and their 
plasticising action on PAN fibre. Furthermore, no correlation was found 
between 8t of several carriers and the Tg reduction (determined using 
extension in filament length) of Acrilan [232] or PET filaments [205]. Ibe 
[118] observed no relationship between the solubility of several solvents 
and carriers in PET and coincidence of the 8t values of the polymer and 
carriers/solvents but found slightly better correlation between solubility of 
the compounds and their 8a values with those of PET. Ingamells and 
Yabani [206] showed that six carriers reduced the Tg of undrawn PET 
filaments, as measured using extension in length, and, since the extent of 
reduction in Tg was found to be the same for equimolar concentrations of 
the different carriers in the fibre, these workers confirmed the findings of 
other workers [209, 230] that the controlling influence in plasticisation of 
PET was independent of the nature of the carrier. Ingamells and Yabani 
[206] also established no correlation between the 8a of PET and that of 
the carrier insofar as although the extent of plasticisation (Tg reduction) 
of the fibre was the same for equimolar concentrations of the carriers, the 
8a values of the carriers ranged from 4.26 to 7.95 (calo.5) cm-1.5. However, 
the 8d values of the carriers, with the exception of phenol, were close to 
that of the fibre and these workers [206] proposed that this observation 
supported the earlier suggestion made by Derbyshire and Peters [205] that 
non-polar forces predominate in the interaction between carriers and 
PET. Ingamells and Thomas [123] showed that the equilibrium uptake of 
three monoazo disperse dyes on PET decreased with increasing value of 
8a for several solvents, thus indicating the relative unimportance of the 
contribution that polar forces make towards dye-fibre substantivity. 
However, these workers [123] employed the dyeing transition temperature 
(Td) as an indication of the effect of equimolar concentrations of various 
solvents on the dyeing behaviour of a monoazo disperse dye on PET and 
found that the Td of the dye reached a minimum value when the ratio 
(8i/8a2) of the solvents coincided with that of the polymer. This latter 
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result was considered [123] to demonstrate that although carrier action is 
dominated by dispersion forces, the association forces also play some 
part. However, Gur-Arieh et al. [255] observed that several carriers 
reduced the Tg of PAN fibres, as measured using extension in length, and 
also that the extent of Tg reduction increased with increasing concentra
tion of carrier in the fibre, but, in contrast to their findings with PET 
[206], the extent of plasticisation varied from carrier to carrier. Although 
these workers [255] found no correlation between plasticisation of PAN 
fibres and values of Od for the fibre and the various carriers used, max
imum plasticisation occurred when the oa values of the carrier coincided 
with that of the fibre. These workers [255] therefore conluded that polar 
forces only contribute to Tg reduction (plasticisation) of PAN fibre. Con
sequently, Ingamells and Yabani [206] suggested that the reason for the 
observed difference in the extent of plasticisation of PAN fibre obtained 
for equimolar concentrations of different carriers was attributable to the 
large variation in the oa values of the carriers employed. The small varia
tion in the Od values of the different carriers was considered to be unim
portant since dispersion forces were considered not to contribute to 
PAN-carrier interaction [206]. Thus, for a compound to exhibit carrier 
activity on a polar fibre such as PAN, the values of oa for carrier and 
substrate must correspond, whereas for non-polar fibres such as PET, Od 
of the carrier and the fibre correspond [206]. 

Several workers have demonstrated that the uptake of disperse dyes on 
to various hydrophobic fibres increased with increasing concentration of 
carrier applied to or present within the substrate [195, 196, 200, 207-211, 
214, 216, 242-245, 249, 250, 253, 256-259]. Rawicz et al. [203] found that 
uptake of Latyl Violet 2R reached a peak at a particular concentration of 
o-phenylphenol in the dyebath. McGregor et al. [211] observed that the 
equilibrium uptake of CI Disperse Red 15 on both PET and cellulose 
triacetate films increased with increasing concentration of carrier in the 
dyebath and reached a maximum value at the same carrier concentration; 
an increase beyond this particular carrier concentration decreased dye 
uptake. Other workers have observed that enhanced dye uptake brought 
about by the presence of a carrier reached a maximum value that corre
sponded to a particular concentration of carrier [162, 195, 198, 200, 206, 
214, 251, 257, 258] (Figure 1.18). 

Balmforth et al. [195] concluded that at carrier concentrations in excess 
of that which gave maximum dye uptake, undissolved carrier was present 
in the dye bath as a third phase in which the dye remained dissolved, 
thereby reducing dye uptake. Balmforth's suggestion has been endorsed 
by Ingamells and Narasimham [251] from studies of the effect of benzyl 
alcohol on the dyeing of PET with p-aminoazobenzene, although these 
workers also propose that maximum dye uptake may well represent a 
change in the molecular structure of the fibre. In a study of the effect of 
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Figure 1.18 Effect of carrier concentration on uptake of CI Disperse Blue 9 on 
PET fibre at !OO°C [195] 

(Reproduced with pennission from D. Balmforth and the Society of Dyers and Colourists) 

varying concentrations of o-phenylphenol [246] and also benzyl alcohol 
[200] on the uptake of several basic dyes on to Courtelle S at 98°C, it was 
found that for both carriers, dye uptake reached a maximum value that 
corresponded to the aqueous solubility of the carrier at 98°C. Since an 
increase in concentration beyond the aqueous solubility of the carrier 
reduced dye uptake, it was concluded [200, 246] that at concentrations in 
excess of its aqueous solubility, the carrier was present in the dyebath as 
a third (liquid) phase for which the dye had greater affinity than either 
the water or fibre phases, thus concurring with the explanation given by 
Balmforth et al. [195]. Subsequent work by Aitken et al. on the effect of 
several carriers on the uptake of CI Basic Blue 45 [249] and CI Basic Blue 
3 [250, 216] on to Courtelle S at 80°C, confinned the findings [200, 246] 
that maximum dye uptake coincided with the aqueous solubility of the 
carriers at the particular temperature used. These workers also used gas 
chromatography [216, 250] to demonstrate that maximum uptake of CI 
Basic Blue 3 coincided with the maximum uptake of the carriers on to 
Courtelle S which, in tum, corresponded to the maximum aqueous solu
bility of the carriers. Furthennore, it was shown that at concentrations in 
excess of its water solubility, the uptake of each carrier decreased with 
increasing concentration, as a consequence of which, the extent of plasti
cisation (Tg reduction) as determined using DMA, decreased. These work
ers [216] concluded that the decrease in dye uptake that occurred at 
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concentrations beyond the aqueous solubility of the carriers was primarily 
due to a reduction in the extent of plasticisation of the fibre, although 
dissolution of dye in undissolved carrier present in the dyebath as a third 
phase, as proposed by Balmforth et al. [195], may also contribute. 

Carriers can also affect a change in the structure of PET fibre; both the 
crystallinity [228, 251, 252] and degree of orientation [199, 203, 209, 228, 
251] of the substrate are altered in the presence of carriers. These struc
tural changes brought about by carriers are similar to those produced as 
a result of heat setting [212], and it is considered that the extent to which 
crystallinity is increased by carriers is almost the same as that imparted 
by HT dyeing, whereas carrier dyeing causes a greater degree of dis
orientation of the fibre than HT dyeing [212]. Ingamells and Narasimham 
[252] demonstrated that carrier dyeing induced chain folding in PET 
fibres and that an increase in the extent of chain folding was accom
panied by an increase in the ease of dyeing. In a study of the effects of 
carriers on the crease recovery of PET after heat setting, Ingamells and 
Sherkat [260] found that permanent deformations could be easily intro
duced in fabric containing carrier and that the extent of this phenomenon 
depended on the concentration and composition of the carrier. It was 
considered [251, 252] that although the enhancement of dye diffusion in 
PET fibres caused by carriers can be explained in terms of increased seg
mental mobility of the polymer chains, changes in the molecular structure 
of the polymer must also be considered. Several workers [261, 263] have 
pretreated PET fibres at low temperature with carriers dissolved in an 
organic solvent so as to introduce the carrier into the fibre as a means of 
temporarily reducing the Tg of the fibre prior to dyeing. Pretreatment was 
found to increase the exhaustion of several disperse dyes; Moore and 
Weigmann [262] observed that pretreatment with methylene chloride/ 
biphenyl gave greater dye penetration of PET filaments than was 
obtained using a corresponding concentration of emulsified carrier in the 
dyebath which was attributed to either residual solvent present in the 
fibre or solvent-induced structural changes having occurred in the fibre. 

In conclusion, evidence suggests that carriers function as diluents, their 
action being attributable to plasticisation of the fibre which reduces the 
Tg of the polymer, as a result of which the rate of dye diffusion is 
increased. 

1.2.12. Solvent-assisted dyeing 

Broadhurst [7] proposes that such processes for PET, in which organic 
solvents are employed as dyebath additives in order to accelerate the rate 
of uptake of disperse dyes on the substrate, may be considered as variants 
of carrier dyeing. Although this particular dyeing system has attracted 
attention, it has not achieved commercial usage. 
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Table 1.8 Linear penetration (%) of CI Disperse Red 60 in PET [265] 

Water 
o-Dichlorobenzene 
0-Dichlorobenzene 
2-Phenoxy ethanol 
2-Phenoxyethanol 

Solvent: fibre 
ratio 

0.1: 1 
0.6:1 
0.4:1 
0.8:1 

100D C 

5 min 15 min 

5 5 
50 100 

100 100 
10 30 
80 100 

5 min 

30 
70 

100 
100 
100 

(Reproduced with permission from J. Skelly and the Society of Dyers and Colourists) 

120D C 

15 min 

60 
100 
100 
100 
100 

Derbyshire et al. [264] showed that the use of n-butanol at a concentra
tion of 50 g rl considerably increased the rates of diffusion of several dis
perse dyes within PET film, improved the migration characteristics of a 
slow diffusing dye on PET fabric and also reduced the time of dyeing 
required to achieve full depths at l30aC. In a study of the effects of sol
vents on the dyeing of PET and other hydrophobic fibres, in which the 
concentration of solvent in aqueous dye baths had been selected so as to 
give a two-phase system, Skelly [265] demonstrated that the degree of 
penetration of CI Disperse Red 60 in PET obtained in the early stages of 
dyeing at both 100 and 120aC was increased by the presence of both 2-
phenoxy ethanol and a-dichlorobenzene in the aqueous dyebath (Table 
1.8). 

Furthermore, the presence of these and two other solvents in the aqu
eous dye bath enhanced the extent of fixation of the dye in the early stages 
of dyeing at 100ac, whereas enhanced dye fixation was achieved using 
only 2-phenoxy ethanol and benzyl alcohol in the early stages of dyeing 
at 120aC. 

1.2.13. Solvent dyeing 

Much interest has attended the use of organic solvents as alternatives to 
water for the application of disperse dyes to PET and also other hydro
phobic fibres with chlorinated hydrocarbons, notably perchlorethylene 
(PER), having received most attention. The following account of this 
topic refers only to the dyeing of PET using disperse dyes from PER; 
details of the use of other solvents in the dyeing of PET [266, 267] and of 
PER and other solvents in the dyeing of other hydrophobic fibres are 
available elsewhere [7, 17, 112, 266, 268-270]. However, the solvent 
dyeing of PET and other hydrophobic fibres is not used commercially. 

Fibres are rapidly and efficiently wetted by PER [268], the solvent being 
removable by treatment with steam or hot air [269, 271]. It is considered 
[268] that fibre swelling is lower in PER than in water with the con
sequence that mechanical deformation will be smaller than in water; treat-
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ment of PET with boiling PER causes a change in the morphology of the 
fibre which appears to involve an increase in the degree of orientation of 
the fibre [269]. Liquid PER has a lower specific heat and latent heat of 
vaporisation (0.205 cal g-l C-1 [268] and 50 cal g-l [272] respectively) 
than liquid water (1 cal g-l C-1 [268] and 540 cal g-l [272] respectively) so 
that heating costs are lower for PER dyeing. Although the thermal con
ductivity of liquid PER (0.11 kcal h-1 C-1 [268]) is lower than that of 
water [0.51 kcal h-1 C-1 [268]) this is considered [268] to be of little sig
nificance since heating of PER dye baths is mostly carried out by convec
tion rather than conduction. Whereas water, which is polar, having both 
high permittivity and dipole moment, possesses a unique structure that 
influences the conventional (aqueous) dyeing of PET with disperse dyes, 
PER is non-polar and aprotic and does not have any of the particular 
properties of water with the result that, it is considered [269], differences 
may arise between the dyeing processes in the two solvents. Nevertheless, 
as discussed below, a close similarity is found between the mechanisms of 
adsorption of disperse dyes on PET from water and PER. In the context 
of the role of the solvent in disperse dyeing, Heit et al. [273] obtained cur
vilinear isotherms for the equilibrium adsorption of CI Disperse Red 1 on 
to cellulose diacetate at 25°C from various organic solvents in which the 
dye was sparingly soluble and also found that dye uptake varied with the 
solvent used, which these workers demonstrated was not attributable to 
differences in fibre swelling caused by the different solvents. The findings 
of Heit et al. [273], together with the observation of Bird and Harris [90], 
that this particular dye gave a linear isotherm on cellulose diacetate when 
applied from an aqueous dyebath, suggests that the solvent from which 
dyeing occurs may be involved in dye-fibre interaction. Thompson [274], 
from a study of the adsorption of azobenzene on cellulose diacetate, con
cluded that water does not simply act as a solvent in aqueous dyeing with 
disperse dyes, but may cause configurational changes in the substrate thus 
competing allosterically with the dye. 

The solubility of disperse dyes in PER, which increases markedly with 
increasing temperature [268], differs greatly for different dyes [269, 275]; 
Milicevic [268] found little correlation between solubility in PER at 121°C 
and partition coefficient on PET for a series of closely related amino an
thraquinone dyes. Linear isotherms are obtained for the adsorption of 
disperse dyes from PER on PET and, in a manner identical to that of 
aqueous phase transfer, the partition coefficient decreases and the satura
tion value increases with increasing temperature [268] (Figure 1.19). 

As observed for aqueous dyeing, Datye et al. [276] observed that for 
the application of several disperse dyes from PER on to PET film, the 
heats of dissolution of the dyes in both the substrate and PER were posi
tive whilst the heat of dyeing was negative. However, owing to the much 
greater solubility of disperse dyes in PER than in water [276], the parti-
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Figure 1.19 Adsorption isotherms of CI Disperse Orange 45, and CI Disperse 
Yellow 65, on PET from PER at 121°C [268) 

(Reproduced with permission from AA Teq 

tion coefficients obtained using PER are considerably lower than those 
obtained for aqueous application [268, 277], typical values for dyeing 
from PER being less than 10 [276] as opposed to values of between 30 
and 800 obtained typically for aqueous dyeing [275]. Harris and Guion 
[278] demonstrated that the low partition coefficient observed for CI Dis
perse Violet 1 when applied to PET from PER, was attributable to the 
close similarity of the total solubility parameter (()t) of the dye (12.4 (cal 
cm-3)O.5) to that of both the fibre (10.7 (cal cm-3)O.5) and PER (9.4 (cal 
cm-3)O.5), the suggestion being that owing to the similarity of ()t of both 
the solvent and fibre, the solubility of the dye in each of these phases is 
similar in magnitude and the dye therefore has little preference for the 
fibre. The low partition coefficient of the dyes on PET when applied from 
PER characteristically result in low dye exhaustion and hence low colour 
yields; since the characteristic low values for K accrue from the high solu
bility of the dyes in PER, then a reduction in the solubility of the dye in 
the solvent will therefore increase K and hence increase dye bath exhaus
tion. Consequently, although dyebath exhaustion increases with decreas
ing liquor to goods ratio [268, 275], little success has been achieved using 
temperatures in the region of 120°C owing to the very high solubility of 
the dyes at these temperatures [279]. 

Datye et al. [276] demonstrated that in a manner similar to that 
observed for diffusion in aqueous systems, the diffusion coefficient of sev-
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eral disperse dyes within PET film from PER was constant and that the 
rate of diffusion of several disperse dyes within PET film from PER was 
greater than that from water. Milicevic [269] employed DSe to show that 
treatment with boiling PER reduced the Tg of PET fibre from 70 to 47ce 
and concluded that the greater rate of dyeing obtained using PER com
pared to water could be attributed to this plasticisation of the substrate. 
The rate of dye adsorption from PER was found to increase with increas
ing temperature 1268, 276], values of the activation energy of diffusion 
(E*) obtained for dyeing from PER being comparable to those found for 
aqueous dyeing [276]. 

The use of secondary or 'booster' solvents, commonly polar com
pounds such as dimethylacetamide, methanol and benzyl alcohol [268, 
269, 275], improve the solubility of disperse dyes in pad liquors [268, 280]. 
Gebert [275] demonstrated that the addition of water (10% o.w.f.) to a 
PER dyebath markedly increased the rate of uptake and extent of pene
tration of several disperse dyes on PET. The observed increase in rate of 
dyeing caused by the presence of water in the PER dyebath, which con
curs with the findings of McGregor et al. [211], that the diffusion coeffi
cient of el Disperse Red 15 in PET film from iso-octane was increased 
by the presence of water, may be attributable to the water having lowered 
the Tg of the fibre [17, 112]. The influence of various solvents on the Tg 
and other physical characteristics of PET and other hydrophobic fibres, 
which has been studied by many workers, is reviewed by Ingamells [112]. 

1.2.14. High-temperature dyeing 

As previously mentioned, owing to the low rate of diffusion of disperse 
dyes in PET at temperatures up to the commercial boil (98°C), the use of 
high temperatures (in the region 125-135°C) enables the dyeing rate to be 
increased to a commercially acceptable level. The dramatic effect of tem
perature on the rate of dyeing of PET with disperse dyes can be demon
strated by the finding of Rochas [281] that dyeings of equal depth could 
be obtained after 11 seconds at 200oe, 5 minutes at 125c e and 5 days at 
60ce and of Merian et al. [282] that the rate of dyeing at 130c e was some 
200 times greater than at 100ce, showing that dyeing rate increases 
approximately six-fold for a temperature increase of 100e. 

It is generally considered that HT dyeing in the absence of carrier (in the 
region 125 to 135°C) offers several commercial advantages over carrier 
dyeing at 98°e, namely, shorter dyeing times, excellent penetration and 
coverage of barriness as well as higher colour yield and, in some cases, 
superior fastness properties of resultant dyeings. Essentially, the greater 
rate of dyeing and generally superior dye migration obtained in HT 
dyeing, as compared to dyeing at the boil in the presence of a carrier, can 
be considered to be a consequence of the higher kinetic energy of the dye 
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molecules, the greater segmental mobility of the less-ordered regions 
within the fibre and the higher aqueous solubility of the dye at elevated 
temperatures. However, the use of carriers in HT dyeing also offers several 
benefits, namely, superior coverage of barre effects in textured PET fabrics 
and, in some cases, improved levelling. Furthermore, since carriers enable 
HT dyeing to be expedited at lower temperatures (commonly in the range 
110- l2S°C), the handle and bulk of texturised PET materials is less 
impaired by dyeing at such lower temperatures, which, in addition, results 
in reduced liberation of oligomers from the polymer. Also, PET fibres 
shrink when immersed in hot water, the extent of shrinkage increasing 
with increase in temperature; shrinkage is promoted by carriers, this effect 
also increasing with increase in temperature [283]. As a consequence of 
fibre shrinkage, consolidation of the material can impede liquor flow caus
ing poor dye levelness and penetration, this being of particular significance 
in, for example, package dyeing. Commonly, specific carriers which are 
effective in promoting dye migration and which impart low shrinkage to 
PET under HT dyeing conditions are used [S, S6, 284]. Further, as pre
viously discussed, the propensity to dispersion failure is greatest in the case 
of HT dyeing; since some non-ionic levelling agents as well as some anio
nic dispersing agents can have a deleterious effect on dispersion stability, 
dye makers may recommend specific auxiliaries for use in HT dyeing. 

1.2.14.1. Classification of dyes for HT dyeing. The SDC has proposed 
four tests by which the migration, build-up, diffusion rate and critical 
dyeing temperature characteristics of disperse dyes on PET fibres under 
HT conditions can be determined [41]. Many dye makers have adopted 
their own classification system for their dye ranges; for example, ICI use 
an A, B, C, D classification system [28S-288] for their dyes based on the 
dyeing and heat (sublimation) fastness of the dyes, according to which, 
coverage of barre in fabric generally decreases in the order type B > type 
C > type D [28S] whilst heat fastness increases in the same order; type D 
dyes are predominantly intended for application by HT or Thermofixa
tion (section 1.2.IS) dyeing methods [287]. BASF [S] divide their range of 
Palanil dyes into four groups (A, B, C and D) according to their levelling 
power and into three groups (I, II and III) in accordance with their abil
ity to cover variations in texturised PET. In very general terms, dyes of 
high heat fastness tend to possess low diffusion rates within PET and 
exhibit poor coverage of barre; although such dyes are applicable to PET 
under HT conditions in both the absence and presence of carrier, often 
they are not suitable for carrier application at 98°C. Derbyshire [28S] 
considers that from the viewpoint of achieving adequate colour yields, 
virtually any type of disperse dye can be satisfactorily used in HT dyeing, 
although attention must be paid to their level dyeing properties, especially 
with respect to coverage of barre. 
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Figure 1.20 Effect of dybath temperature on exhaustion of CI Disperse Orange 3 
on PET fibre [295] 

(Reproduced with permission from H.R. Hadfield and the Society of Dyers and Colourists) 

1.2.14.2. Effects on dye exhaustion and levelling. Although this pressure 
dyeing method is commonly associated with PET and other hydrophobic 
fibres, particularly cellulose triacetate, its commercial introduction devel
oped from work initiated by Walter in 1938 on the dyeing of wool [289]. 
The beneficial effects of using elevated temperatures in the dyeing of PET 
were demonstrated shortly after the commercial introduction of the fibres 
[69, 72, 74-77, 79, 199, 290-293]. The extent of exhaustion of disperse 
dyes on PET fibre increases markedly with increasing temperature up to 
130°C [294] and also 140°C [295] (Figure 1.20), the increase in exhaustion 
being greater for dyes of low diffusional power [457]. 

Other workers have demonstrated that the rate of dye exhaustion 
depends on the temperature and duration of dyeing as well as the con
centration of dye in the dyebath [43, 296-299]. For a given dye at a 
given concentration on a given PET fibre, dye exhaustion occurs most 
rapidly over a particular temperature range; the test method devised by 
the SDC [41] to determine this 'critical temperature range' of disperse 
dyes (of approximately 30°C) is based on the temperature-, time- and 
concentration-dependence of dye exhaustion. The levelling properties of 
the dyes on PET also increase with increasing temperature up to 140°C 
and depend on the diffusional behaviour of the dyes, with faster diffusing 
dyes exhibiting greater levelling at all temperatures [295], and dyes of 
high sublimation fastness generally exhibiting poor levelling on PET 
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Table 1.9 Water solubility characteristics of disperse dyes [282) 

Solubility (mg dm-3) 

CI Disperse 80T lOO"C 130"C 

Orange 13 0.2 -0.3 -0.78 
Red 13 4.0 -16 -126 
Red 7 21 -93 -640 
Blue 14 -2 -5 - IS 
Blue 3 30 -62 -490 
Blue 23 61 -190 -920 

(Reproduced with pennission from the Society of Dyers and Colourists) 

[285]. Merian and Lerch [300], from a study involving several disperse 
dyes on PET, considered that although dyes of partition coefficient less 
than 700 exhibited good levelling, those of K value in excess of 700 were 
preferably applied at high temperatures in order to achieve good level
ling. Gerber [301] obtained an inverse relationsip between the migration 
properties of a series of disperse dyes on PET and their molar volume; 
the propensity to un levelness was also found to decrease with increasing 
aqueous solubility of the dyes. Merian et al. [282] demonstrated that the 
aqueous solubilities of six commercial disperse dyes increased, in some 
cases very markedly, with increasing temperature from 80 to l30°C 
(Table 1.9). These workers also showed that the diffusion coefficient of 
several disperse dyes at 130°C was significantly greater than that at 
100°C on both unset and heat set PET. Leube [45] considers that at 
130°C, especially in pale shades, the dyes can be assumed to be com
pletely in solution. 

1.2.14.3. Rapid dyeing processes. Rapid dyeing HT processes are pri
marily intended to shorten the HT dyeing method, but maximise dye 
migration, via optimisation of the rate of dyebath exhaustion. Essentially, 
in such processes, the rate of dye exhaustion is carefully controlled from 
the start of dyeing by means of temperature control, so that the dyes are 
adsorbed uniformly during the heating-up phase, with the result that the 
time required at top temperature (e.g. l30°C) is reduced. Generally, such 
methods involve quickly raising the temperature of the dyebath to the 
lowest critical temperature range for the dye combination used, then con
trolling the rate of temperature rise up to the highest critical temperature 
range for the particular dye combination; from this temperature up to top 
temperature, the dye bath is once more rapidly heated and dyeing con
tinued at this temperature for a prescribed time. Details of critical tem
perature ranges, heating rates and dyeing times at top temperature are 
usually provided by dye makers and the reader is directed to dye manu-
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facturers' literature for further details of such processes [5, 302, 303]. 
However, in the context of rapid dyeing HT processess, from a study of 
the effect of dye penetration on visual colour yield, Dawson and Todd 
[288] concluded that, for disperse dyes on PET, an increase in colour 
yield can occur as dyeing proceeds without a corresponding increase in 
dyebath exhaustion and proposed that rapid dyeing methods for PET 
may cause problems associated with ring-dyeing, unless care is exercised 
in dye selection. 

1.2.14.4. Dispersant-free dyeing. As a means of overcoming the pro
blems caused by the characteristic poor dispersion stability of disperse 
dyes under HT dyeing conditions - namely, inadequate levelling and 
poor reproducibility - an HT dyeing method has been devised [304] that 
involves the use of dispersant-free dyes dissolved in the presence of sur
factants and recycling of the residual liquor. Navratil [304], using CI Dis
perse Red 169, CI Disperse Red 50 and CI Disperse Blue 125 and 
textured PET, demonstrated that dye dissolution was best affected using 
a non-ionic/anionic surfactant mixture and that high surfactant con
centrations (between 28 and 72 times greater than the dye concentration) 
were required to dissolve the dyes and that this surfactant mixture 
increased the diffusion coefficient of the dyes within PET. The degree of 
exhaustion of the dispersant-free dyes was found to be virtually tempera
ture- and concentration-independent at a given surfactant concentration, 
the rate of dye exhaustion in the presence of surfactant being indepen
dent of dye concentration and also slower than that obtained for dyeing 
from dispersion [304, 305], from which it was proposed [305] that level 
dyeings could be obtained without recourse to special time/temperature 
programs. Navratil [304] developed a mathematical model that was 
shown to describe accurately the exhaustion kinetics of the three dis
persant-free dyes in the presence of surfactant. This author [304, 305] 
showed that for dispersant-free dyes in the presence of surfactant, the 
exhaustion curves and dye distribution within the fibre were independent 
of dye concentration, from which it was concluded [305] that for given 
dyeing conditions on a given substrate, each dye has only one exhaustion 
curve with the result that on-tone build-up can be achieved over a variety 
of concentrations and shades. Furthermore, Navratil [305] demonstrated 
the feasibility of HT dyeing of PET with true solutions of dyes in the 
absence of surfactant, showing that the rate of dye exhaustion obtained 
for such a system was much greater than that obtained for dye disper
sions. This author [305] concluded that although such a system would 
present no problems with dispersion stability, yield on-tone build-up over 
a range of dye concentrations and shades and probably shorten dyeing 
cycles, high rates of liquor circulation would be required to ensure an 
acceptable levelness of dyeing. 
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1.2.15. Thermofixation 

This dyeing process, introduced by Du Pont in 1949 under the trade 
name 'Thermo sol' [306-309] utilises the high rate of dyeing achieved at 
high temperatures (commonly in the region of 210a C [7]; indeed, a dyeing 
achieved in less than one hour at 130aC can be obtained after 20 to 60 
seconds at about 200a C [310]. Essentially, in this continuous pad-bake 
process, which, although applicable to non-ionic colourants (namely, vat 
and azoic colourants) other than disperse dyes and to hydrophobic fibres 
other than PET [308, 309], but in practice is nowadays mostly restricted 
to disperse dyes on polyester and polyester/cellulosic blends, the fibre is 
padded with dye dispersion, dried and then baked for between 5 and 90 
seconds at a temperature in the region of 175 to 225 a C depending on 
fibre type, dye class and heat source used [308]. Meunier [309] cites that 
on PET, dyeing is typically achieved in 60 seconds using dry air, 10 sec
onds with contact heating or some 3 seconds using infrared heating. 
Amongst advantages cited [286, 310-313] for this process are that owing 
to the high dye diffusion rate at the very high temperatures used no car
rier is necessary, heat setting and dyeing can be simultaneously effected, 
no pressurised equipment is required, high volumes of material can be 
economically processed owing to the continuous nature of the process 
and dye fixation in the region of 75 to 90%. However, since Thermosol 
dyeing is a continuous process and high-volume usage of PET was rare 
during the initial years of PET dyeing, it did not obtain great commercial 
importance until 1958 [310] when the popularity of PET/cotton blend 
rainwear fabrics warranted continuous production; the increasing popu
larity of PET/cotton blends, which occurred in the early 1960s [315] and 
has persisted to the present time, stimulated further demand for high
volume, continuous dyeing. Although, several dye classes and dyeing con
ditions can be employed for the cellulosic component, the application of 
disperse dyes to the PET component comprises, essentially, of padding 
with dye dispersion, drying and baking. Although a considerable amount 
of work has attended the thermofixation of dyes on PET blends, only the 
transfer of disperse dyes to PET under thermofixation conditions is con
sidered herein, the reader being directed elsewhere [7, 17, 285, 310, 314-
324] for discussions of the dyeing of PET/cotton blends using this pro
cess. 

Thermofixation of disperse dyes on 100% PET fibres is mostly restric
ted [247] to narrow fabric dyeing [310, 325] although the process has been 
applied to the dyeing of texturised PET fabrics. In the latter case, migra
tion inhibitors must be added to the pad liquor in order to reduce dye 
migration during drying [5, 285]. Furthermore, to reduce stiffness and loss 
of bulk of the goods, the temperature of fixation may be reduced to 
between 160 and 180aC, depending on fibre type [5] and the addition of 
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urea to the pad liquor increases the rate [285] and extent [323] of dye 
fixation. Also, at such reduced fixation temperatures, superheated steam 
often yields more rapid dye fixation than does dry heat [5]. 

Keaton and Preston [310] demonstrated that the quantity of disperse 
dye fixed to PET fibre varied for different dyes and was also dependent 
upon the duration and temperature of heating (Figure 1.21). For long 
periods of heating, the extent of fixation increased with increasing tem
perature, reaching a maximum value at a particular temperature and 
thereafter decreased with further temperature increase as a result of exces
sive dye sublimation (Figure 1.21). Furthermore (Figure 1.2\), the tem
perature at which maximum fixation occurred was found to decrease with 
increasing time of heating [3\ 0]. Oatye et at. [136] observed that both the 
rate and extent of dye fixation on PET at 2l0c C decreased with increasing 
time of heating. Somm [320] showed that the time required for dye fixa
tion on PET at a given temperature increased linearly with increase in 
concentration of dye and that the maximum achievable yield decreased 
with increase in dye concentration. 

Keaton and Preston [310] concluded that the optimum thcrmofixation 
conditions for a given disperse dye were dictated by the rate of diffusion, 
and thus the molecular size, of the dye. Somm [320] demonstrated that 
the diffusion coefficient of low sublimation dyes were only some 2 to 8 
times greater than those obtained for dyes of high sublimation fastness at 
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200°C in PET film and that the values of diffusion coefficient were 
approximately doubled for a temperature rise of lOoe. Datye et al. [131, 
132] demonstrated that the diffusion coefficient of disperse dyes within 
PET at temperatures up to 210°C were concentration-independent; these 
workers concluded that dye adsorption occurs from the vapour phase, the 
rate-determining step being diffusion of dye within the fibre. Datye and 
Pitkar [145] observed that sigmoidal plots of MIl M OCJ versus t l/2 were 
obtained for the rate of uptake of l-amino-2-methoxy-4-(p-toluene-sul~ 
phonyl) aminoanthraquinone on PET at 210°C, such non-linearity in the 
initial stages contrasting with the linearity predicted by Fick's equation 
for constant boundary conditions and a concentration-independent diffu
sion coefficient. Sigmoidal plots had also been obtained by Jones [147] for 
the ratc of adsorption of saturated azobenzene vapour on to secondary 
cellulose acetate and by Jones and Seddon [89] for the adsorption of satu
rated vapours of several model compounds and disperse dyes on this 
fibre. It is considered [89, 145] that curvature of the rate plots accrues 
from a two-stage adsorption process, the first stage, corresponding to the 
initial curvature being due to to a surface concentration that increases 
with time and the second stage, that corresponds to the linear portion of 
the curve, being due to steady-state diffusion in which the surface con
centration remains constant. 

Merimond [326] demonstrated that the extent of fixation of two dis
perse dyes on PET at 180°C was greater when a non-ionic agent rather 
than an anionic surfactant had been included in the pad liquor. Datye et 
at. [1361 found that the saturation value of dye uptake at 210°C on PET 
decreased with increasing concentration of dispersing agent present in the 
pad liquor; in a similar manner, the observation [320] that the fixation 
yield of a dye dispersed with different amounts of dispersing agent on 
PET was found to decrease with increasing concentration of dispersing 
agents was considered to support the use of liquid forms of dyes rather 
than powder brands. 

1.2.16. Afterclearing 

Commonly, the dyed PET is cleared of surface-deposited dye as well as 
auxiliaries (e.g. carriers, surfactants) by means of treatment with detergent 
or reductive or oxidative treatments, in order to secure optimum fastness 
of the dyeing to, for instance, rubbing, washing, light and heat setting 
and also to improve the brightness of shade. 

Dyeings on PET, especially in medium and heavy depths [5], are often 
reduction cleared; the treatment is given to some forms of PET materials, 
regardless of depth of shade, since it removes surface-deposited oligomers 
which otherwise, would impair the subsequent spinning performance of 
the fibre [7]. When the reduction-clearing process was devised [218] the 
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dyeing of PET was predominantly carried out using carriers at 98°C and 
the dispersion quality of the available dyes was such that their tendency 
to aggregate and deposit on the fibre surface was much greater than with 
modern disperse dye preparations [285]. However, although the impor
tance of the process has receded in recent years owing to the current pre
dominance of high-temperature dyeing methods together with the 
superior dispersion properties of modern disperse dyes and the excellent 
liquor exchange enjoyed with modern dyeing machines [285], the process 
continues in use especially for circulating-liquor dyeing processess [7]. The 
process typically consists of treating the rinsed, dyed material for 20 to 30 
minutes at between 50 and 70°C in an aqueous bath comprising 2 g C' 
sodium hydroxide (flake), 2 g 1-1 sodium dithionite and 1 g 1- 1 nonionic 
surfactant, followed by rinsing and, if necessary, neutralisation with dilute 
aqueous acetic acid; for some types of PET fibre that are sensitive to 
alkaline attack, NaOH may be replaced by ammonia [7]. The reduction
clearing process relies on the marked hydrophobicity of PET which pre
vents the penetration of water-soluble substances at temperatures below 
the boil, as a consequence of which, virtually complete destruction of sur
face-deposited dye can occur without harm to dye that has penetrated the 
fibre. 

In the cases of pale and medium-depth dyeings or for those dyes which 
cannot withstand reduction-clearing, the dyed fibre can be given an alka
line scour [5, 18]; residues of anthraquinone dyes which may remain after 
reduction-clearing, may be removed using an oxidative treatment [7]. 

1.3. Azoic colorants 

In the conventional application of azoic colorants to cellulosic fibres [8], 
namely, application of the coupling component followed by subsequent 
development with the diazotised base, the two components are applied, as 
ions, generally at low temperature under alkaline conditions. However, as 
observed by Waters in 1950 [8], although such a process is unsuitable for 
PET fibres, successful results can be achieved by using a 'concurrent' 
azoic process in which the aromatic amine and coupling component are 
applied together as aqueous dispersions at the boil, with subsequent 
development being carried out by immersion in hot nitrous acid or by 
means of a 'reversed' azoic process in which application of the amine is 
followed by that of the coupling component and subsequent development 
[7, 327]. The use of azoic colorants on PET fibres was discussed in the 
early 1950s [8, 69, 74, 75, 78, 218, 290, 328]; initially, only simple, low Mr 
amines and naphthols were employed [8, 285] that possessed adequate dif
fusional behaviour within the fibre at the boil, enabling deep, maroon, 
scarlet and red shades to be obtained [218]. With the advent of carrier 
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and HT dyeing methods, the range of coupling components increased 
[218, 285] and the use of CI Disperse Black 1 became of importance for 
the production of blacks [285]. However, as both the range of disperse 
dyes and the use of HT dyeing increased, the use of azoic colorants to 
produce deep shades on PET diminished, owing to the length of the azoic 
dyeing process and the propensity of many azoic combinations to 'blind
ing' [285]. The dyeing of PET with this class of colorant is nowadays little 
used commercially, with the exception of the HT application of CI Dis
perse Black 1 and CI Coupling Component 18 for the production of 
strong black [7, 285]. 

1.4. Vat dyes 

Although dyes of this class can be applied to PET fibres, their use is 
nowadays mostly restricted to the dyeing of PET/cotton blends [324]. The 
application of this dye type to PET was described as early as 1950 [329]; 
although selected dyes can be applied using both continuous [72, 73] and 
HT [7, 68, 69, 330] dyeing methods, the dyes are rarely applied by 
exhaustion methods [7]. The dyes can be applied from dispersion or as a 
dispersion of the vat acid [7, 76], suitable dyes being of small molecular 
size, belonging to the indigoid, thioindigoid and AQ classes [7]. The sul
phuric acid ester derivatives of vat dyes can also be applied to PET [7, 
76]. 
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2. Nylon 

2.1. Introduction 

In 1938 [1] Du Pont publicly announced the discovery, made by W H 
Carothers, of 'super-polyamides' to which the general term nylon had 
been ascribed; as a result of successful experimental-scale production and 
assessment, nylon 6.6, the first commercially available wholly synthetic 
textile fibre, was marketed in 1939 [2 8]. The term nylon now refers to 
members of a generic class of synthetic polyamides derived predominantly 
from aliphatic monomers and, as such, distinguishes such polymers from 
other polyamides, namely proteinaceous polyamino acids (such as silk 
and wool), lower melting point resins as well as wholly aromatic poly
amides (aramids), which also can be classified as [2-4] polymers whose 
structural units contain amide groups (- CONH -) as recurring integral 
parts of the main polymer chain. 

Commonly, commercial nylons are manufactured using processes rela
ted to either of three basic approaches [2-5], namely: 

(i) poly condensation of diamines and dibasic acid~, as exemplified by 
hexamethylene diamine and adipic acid (nylon 6.6); 

(ii) poly condensation of ffi-amino acids, as typified by II-aminoundeca
noic acid (nylon II); 

(iii) ring-opening polymerisation of lactams, such as c-caprolactam in 
nylon 6. 

Nylons obtained from diamines and diacids are generally referred to as 
AABB types whilst those derived from ffi-amino acids or from lactams are 
referred to as AB types; the polymers are labelled either by numbers 
which correspond to the number of carbon atoms in the monomer(s) (two 
numbers for the AABB type polymers, diamine.diacid for the AABB 
types, such as nylon 4.6, nylon 6.6 and one number for the AB type poly
mers, for example nylon 6, nylon 12) or sometimes by letters for certain 
types of monomers (e.g. MXD6, TMD1) [2 5]. 

Although a variety of polyamides are now manufactured and are mar
keted under various trade names, the two most important nylon textile 
fibres are nylon 6.6 and nylon 6; other polyamides, with the exception of 
the high temperature-resistant nylon 4.6 whose recent consideration as a 
textile fibre [9] has augmented its long-establshed commercial use in many 
engineering plastics applications, arc of little importance from a textile 
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Table 2.1 Some physical properties of nylon 6.6 and nylon 6 

Tg at 65% RH (Qq" 
Moisture regain (21 QC; 65% RH)" 
Water shrinkage (%; 15 mins; 98Qq" 
Melting point COqb 
Softening point COC)b 

" ref 9.b ref. 8 

Nylon 6 

60 
4.0-4.5 

10 
215-220 

170 

Nylon 6.6 

74 
3.5-4.0 

5.3 
250 
235 

viewpoint. As a consequence of the predominance of nylons 6 and 6.6 as 
textile substrates, this chapter mainly concerns the dyeing of these two 
types of polyamide fibre. 

Both nylon 6 and nylon 6.6 polymers are converted into yarn by melt 
spinning [3, 7, 8], the yarn being produced either as continuous filament 
or converted into staple fibre; depending on the intended use of the yarn, 
it may also be texturised. Both nylon 6 and 6.6 are linear, partially amor
phous materials; nylon 6.6 exists in two crystalline forms, \I.. and p, the 
latter form representing an intermediate stage in the formation of the tri
clinic \I.. form [4, 5, 10] whilst nylon 6 can crystallise in either the more 
predominant \I.. or the y forms, the two being interconvertible [11-13]. 
Although generally very similar, nylon 6.6 has a more compact and crys
talline structure than nylon 6, this being manifest in differences in both 
the physical properties (Table 2.1) and dyeing behaviour of the two types 
of fibre. The chemical characteristics of both types of fibre are determined 
by the functional end groups (-NH2 and - COOH) and chain amide 
groups ( - CONH - ) present, the hydrocarbon chain portions of the poly
mer being relatively inert [10]. The amounts of the various groups present 
in a typical nylon 6.6 sample (Table 2.2) shows that the quantities of 
acidic (- COOH) and basic (- NH2) groups are not equivalent owing to 
the use of 'chain stoppers', such as acetic acid, to control the degree of 
polymerisation of the polymer. 

Table 2.2 Typical analysis of nylon 6.6 [14] 

Group present 

Terminal amino ( - NH2) 

Terminal carboxylic ( - COOH) 
Chain amide ( - NHCO - ) 
Terminal acetylamino ( - NHCOCH3) 

Amount (m-eq. kg-I) 

45 
75 

I x 104 

4-5 
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CHEMICAL CHARACTERISTICS. The retention of water by nylon 6 and 
nylon 6.6 depends on the degree of orientation of the fibre, especially at 
high humidities [15], water absorption occurring predominantly at the 
strongly hydrophilic terminal amino groups and to those amide groups 
that are accessible [16]. In conjunction with their relatively low moisture 
regain (Table 2.1), both types of fibre swell very little when immersed in 
water [17] and are relatively stable to water at temperatures up to the 
boil, but are hydrolysed at temperatures above 150°C [2, 3, 9]. Whilst the 
polymers exhibit high resistance to aqueous alkalis, although severe 
hydrolysis of the amide link occurs at high temperatures, they are more 
sensitive to acids, being rapidly degraded by strong inorganic and organic 
acids [18]. It has been shown [19] that whilst the extent of degradation of 
nylon 6 fibres at temperatures of 70 and 100°C was independent of pH 
over the range 2 to 7, an increase in fibre degradation occurred at pH 
values of less than 2 in the presence of H2S04; furthermore, a marked 
increase in hydrolysis of the fibre occurred below a pH of 2.5 at a tem
perature of 130°C. Such acid degradation is of significance in dyeing as 
several types of dye are applied to the fibre under acidic conditions. Mar
fell [19] observed that ammonia and both amino caproic acid and amino 
percaproic acid were released from nylon 6 films during dyeing with an 
acid dye, the amino end group (AEG) content of the film increasing with 
increase in concentration of dye. Kyllo and Ladisch [20] demonstrated 
that simulated acid rain conditions of pH 3 and below degraded nylon 
6.6 fabric, the physical and chemical damage that occurred being pri
marily a function of the apparently synergistic action of light on the acid 
hydrolysis of the polymer. Both nylon 6 and nylon 6.6 are soluble in 
phenols, mineral acids and formic acid at room temperature and are dis
solved by unsaturated alcohols and nitro alcohols at higher temperatures 
[2, 3, 10]. 

Nylon fibres are prone to oxidation when heated in air at high tem
perature [21], as a consequence of which the rate of dyeing with anionic 
dyes is reduced [22] due to a corresponding decrease in AEG content 
[19, 22] and an increase in carboxylic acid end group content [23] caused 
by chain scission [19, 22]. The AEG content of nylon fibres is also 
reduced as a result of oxidative degradation when exposed to direct sun
light [24]; the photo- and thermal degradation of nylon has been studied 
by many workers [19, 25-32], various positions having been proposed for 
bond scission of nylon by UV light [25]. 

FIBRE MODIFICATION. The fibres can be modified in several ways so 
as to achieve end-use variation. The copolymerisation of polyamide 
homopolymer with either other homopolyamides or different monomers 
to those used in the polyamide have been employed to achieve modified 
moisture adsorption, dyeability, Tg and bulk, using block, random and 
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Table 2.3 AEG contents of anio
nic-dyeable nylon 6.6 fibres [14] 

Fibre type 

Ultra deep 
Deep 
Regular 
Low 

AEG content 
(m-eq. kg-I) 

99 
84 
45-50 
25-30 

also graft polymerisation methods, such modifications having involved 
both bicomponent and biconstituent fibres [7, 8]. The presence of terminal 
amino groups accords nylon fibres substantivity towards several classes of 
anionic dye, namely acid (including metal-complex), mordant, direct and 
reactive. The polar and relatively hydrophobic characteristics of the sub
strate also serve to impart substantivity towards disperse dyes; azoic col
orants and vat dyes can also be applied to the substrates although these 
two particular colorants are nowadays little used. The substantivity of 
anionic dyes towards the fibre can be modified by altering the concentra
tion of amino end groups in the substrate. By increasing the AEG con
tent [33-36], dye-fibre substantivity is enhanced [37] and both the rate 
and extent of dye uptake are enhanced [36]; anionic-dyeable variants for 
differential dyeing are commonly referred to as ultra-deep, deep, regular or 
low dyeing (Table 2.3). 

The introduction of carboxylic or sulphonic acid groups, for example 
by the use of 3,5-dicarboxy-benzene-l-sulphonic acid [7, 8, 14, 33], 
imparts substantivity for cationic dyes and, at the same time, the cationic
dyeable fibre exhibits reduced substantivity towards anionic dyes [34, 35]. 
Hence, differential-dyeable nylon fibres are available [33, 38]; both anionic 
and cationic-dyeable types of fibre are dyeable with disperse dyes. In the 
context of regular nylon, the most widely used dye classes are acid and 
disperse, the latter being confined mostly to hosiery. In this account of 
the dyeing of nylon, each of the various types of dye used is considered 
individually. 

2.2. Anionic dyes 

As mentioned, although five types of anionic dye (non-metallised acid, 
pre-metallised acid, mordant, direct and reactive) are substantive towards 
nylon fibres, acid dyes (both non-metallised and pre-metallised types) 
enjoy greatest use and also have attracted most attention from the view
point of the mechanism of their interaction with the substrate and, of 
this, focus has been placed on non-metallised acid dyes. Essentially, the 
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substantivity of anionic dyes towards nylon fibres arises primarily by 
virtue of ion-ion forces of interaction operating between the anionic 
(usually sulphonate) groups in the dye and the protonated terminal amino 
groups in the substrate. Other forces of interaction, such as hydrogen 
bonding, dispersion forces and polar van der Waals' forces can also be 
expected to contribute to dye-fibre substantivity. 

2.2.1. llarre eifects 

All anionic dyes are sensitive to both chemical and physical variations in 
the substrate and vary in their ability to cover such fibre irregularities 
[22, 39-43]; disperse dyes, in contrast, cover fibre irregularities well. Phy
sical variations are of two types, namely fine, which are introduced during 
fibre processing (drawing, setting) and gross, which are due to variations 
in the count of the fibre or crimp whilst chemical variations in the fibre 
are introduced during polymer spinning or blending of yarns of differing 
AEG contents [24, 44]. Each of these variations affects both the rate and 
extent of anionic dye uptake resulting in barre dyeing, which has been 
defined [45] as a continuous visual barred pattern or stripiness parallel to 
the yarn direction in a knit or woven fabric that is caused by physical, opti
calor dye differences in the yarns or geometric differences in the fabric 
structure acting either singly or in combination to produce the barred pat
tern. Holfe1d and Hallada [46] propose that chemical variations in nylon 
fibres are nowadays rare and it is generally agreed [44, 46-49] that barre 
dyeing problems are almost always due to physical variations in the sub
strate. Such physical variations, which tend to be emphasised by high Mr 
anionic dyes, are mostly associated with continuous filament yarns rather 
than staple yarns as the blending stages involved in the manufacture of 
the latter type of yarn minimise such dye-affinity variations. Diagnostic 
dyeing tests have been developed to detect the causes of both chemical 
and physical variations in nylon fibres [22, 40, 41, 43, 50]. 

Holfeld and Shepard [51] consider that physical variations alter the 
'porosity' of the substrate which determines the accessibility of dye sites 
and that such 'porosity' is determined by the total temperature-tension 
history of the fibre. Many workers have demonstrated that the various 
heat treatments to which nylon yarns are subjected affect the dyeing 
behaviour of the yarns and that inadequate control of such processes 
result in unlevel dyeings [22, 39, 40, 43, 45, 46, 48, 51-59]. The effect of 
both dry heat and steam setting on the dyeability of nylons 6 and 6.6 has 
been elegantly reviewed by Holfe1d and Shepard [60]. In essence, although 
both dry heat and steam setting increase fibre crystallinity, the modulus 
of the fibre is decreased by setting in steam and increases on dry heat set
ting. Steam setting increases dye uptake whilst dry heat setting decreases 
dye uptake. Although dry heat setting has been shown to reduce the 
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AEG content of nylon 6.6 as a result of oxidative degradation [22], as 
steam treatment does not markedly alter the AEG content nor the Mr of 
the fibre, it is generally accepted that the enhancement of dye uptake 
imparted by steam setting is attributable to changes in fibre structure, 
notably decreased orientation [60]. It has been shown that steam or hot 
water treatment decreases the number of bonds between the composite 
molecular chains in the fibre, whereas dry heat setting results in the for
mation of additional interchain bonds. Thus, whilst saturated steam and 
water increase dyeing rate, superheated steam is more like dry heat in 
terms of its effect on dyeability [60]. 

In a study of the effects of water on the physical properties of nylon, 
the following findings were included: 

• the Tg of nylon 6.6 was reduced from 800 e at 0% RH to between -10 
and -20oe at 100% RH; 

• moisture dramatically reduces the modulus of the fibre but markedly 
increases the crystallinity of undrawn fibre; 

• water reduces the melting point of nylon 6.6 from 250-255°e to 160-
1700 e and imparts shrinkage; 

• nylon can be set with steam at 93-121°e whereas dry heat setting must 
be carried out at 196-219°C. 

From such findings, Holfeld and Shepard [51] considered that water is a 
potent carrier for nylon, providing some 1000 e of thermal energy in its 
effects on fibre properties and that the dyeing of nylon in water is equiva
lent to dyeing polyester fibres in 100% carrier. These workers [51] also 
proposed that the structural changes imparted by water are reversible 
below about 75°e and irreversible above about 95°e, and that physical 
barre is caused by differences in accessibility rather than differences in 
crystallinity. 

The effect of different draw ratios on the dye ability of nylon fibres has 
been studied by several authors [47, 61-66] who have shown that whilst 
the rate of acid dye diffusion into nylon substrates is generally decreased 
by increasing draw ratio, equilibrium dye uptake was little affected by dif
ferences in draw ratio. Greider [47], in a study of the dye ability of nylon 
6 of normal and high draw ratios with four non-metallised acid dyes, 
found that the ratio of the dye diffusion coefficients in the two substrates 
was independent of both the dye used and the concentration of dye 
adsorbed by the fibre and concluded that the higher the diffusion coeffi
cient of the dye, the better the coverage of barre. 

Nylon fibres are radially non-uniform insofar as they have a core! 
sheath structure resulting from the processing conditions employed during 
melt spinning. Temperature gradients, polymer viscosity and stress varia
tions during yarn formation, as well as variations in stress during drawing 
[67], all contribute to the surface (sheath) of the fibres differing to the 
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interior regions (core) of the fibre in terms of properties such as orienta
tion and crystallinity. The existence of such a core/sheath arrangement in 
nylon fibres has been shown by several workers, this having been compre
hensively reviewed by Duscheva et al. [67]. It is considered that in poly
amide, three layers are present which differ in their orientation, namely a 
surface layer of high orientation, a layer immediately beneath this of 
lower orientation and a central layer which has a highly ordered uniform 
structure. Other workers propose that a fourth, thin layer exists between 
the central layer and the layer immediately above it which binds the 
sheath and core together [67]. The presence of this sheath/core structure 
in nylon has been discussed in the context of the barre dyeing of nylon. 
Heidemann [68] employed ATR IR spectroscopy to reveal orientation and 
crystallinity differences between the sheath and core of nylon 6.6 fibres 
and concluded, from a study of streakily dyed yarns, that the streakiness 
was caused by differences in skin orientation and that the orientation of 
the sheath determined the diffusion of dye into the core of the fibre. 
Garasimova et al. [69] showed that the core and sheath in nylon was dyed 
more rapidly than the core and, using tracer diffusion studies of C135_ 
labelled HCI and of S35-labelled CI Food Yellow 3 in nylon 6.6 filaments, 
Coates et al. [70] demonstrated that the surface layer acted as a barrier to 
diffusion of both types of anion. Holfeld and Pike [71] demonstrated the 
contribution that the uniformity of the surface of nylon made towards 
barre dyeing. 

Duscheva et al. [67] argue that, in nylon fibres, the sheath contains 
many pores, interstices and other defects that are created during drawing 
and especially during texturising; such pores and defects are also dis
tributed radially from the centre to the surface of the fibre such that the 
core contains none and that such defects can give rise to unlevel dyeing. 
These authors [67] consider that this difference in structure and dyeability 
of the sheath and core of the fibre can lead to unlevel dyeing. 

In general, physical variations can, in the case of acid dyes, be greatly 
reduced or even eliminated by the use of dyes of high migrating power, 
elevated dyeing temperatures (IIO-l1SoC for nylon 6 and lIO-120°C for 
nylon 6.6) and/or proprietary auxiliaries [72]; the latter approach is dis
cussed in section 2.2.2.1.1. 

2.2.2. Acid dyes 

The term acid dye derives from the use of acidic dye baths that were origin
ally employed for the application of the dyes to wool and silk. However, 
although some members of this dye class now require acidic conditions for 
their application to these two protein fibres and also nylon, many acid 
dyes exhibit considerable substantivity towards these substrates from 
neutral dyebaths. Early studies [73-75] clearly established the suitability of 
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acid dyes for the coloration of nylon fibres, this being not unexpected 
owing to the similar chemical nature (i.e. the possession of primary amine 
groups) of nylon and both wool and silk fibres for which this particular 
dye type had been developed. Although in the Colour Index [76], pre
metallised acid (metal-complex) dyes are included within this application 
class, as both dyers and dye chemists nowadays consider pre-metallised 
acid dyes to be distinct from their non-metallised counterparts [72, 77], the 
two types of acid dye will now be separately considered. 

2.2.2.1. Non-metallised acid dyes. The characteristic water-solubility of 
these dyes is commonly conferred by the presence of one or more sulpho
nate groups (-S03Na). Of the several chemical classes of dye to which 
non-metallised acid dyes belong [72], azo dyes are by far the largest 
representative, providing an extremely wide gamut of hues and, of these, 
monoazo types, such as CI Acid Red 266 (I) predominate although 
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disazo types, as exemplified by CI Acid Orange 156 (II), are also repre
sented; the traditional provision, by anthraquinone dyes such as CI Acid 
Blue 129 (III), of bright green to violet hues has in recent years been 
eroded by the introduction of bright monoazo types. In addition to the 
traditional powder form, the dyes are also available in liquid form [78]. 

CLASSIFICATION. Owing to the variability of non-metallised acid dyes 
in terms of their application and fastness properties on nylon fibres, it is 
common for dye makers to classify their range of dyes into subgroups; 
Stevens [79] employed a I to III system for classifying non-metallised acid 
dyes on nylon in terms of the relationship between the Mr and degree of 
sulphonation of the dyes and their dyeing behaviour and wet-fastness 
properties. 

GENERAL APPLICATION CONSIDERATIONS. Generally, highly sulpho
nated dyes exhibit low substantivity, high migration power but low fast
ness to wet treatments and are applied at lower pH values than their less 
sulphonated counterparts. Also, the saturation values of the dyes decrea
ses with increasing degree of sulphonation. Large Mr dyes of low water
solubility possess high substantivity under neutral pH dyeing conditions 
and display high wet fastness but poor coverage of fibre irregularities. 
Due to the higher crystallinity and more compact structure of nylon 6.6, 
the rate of dye uptake on to this fibre will generally be lower than than 
on to nylon 6. In general, the dyes are applied to nylon in the pH range 4 
to 8 on which they provide a wide range of bright shades of low to mod
erate wet fastness and moderate to very good light fastness. The parti
cular pH value employed for dyeing depends on both the type of dye 
used and the depth of shade applied (higher pH values are used for pale 
depths and lower values for heavy depths). Two general methods can be 
used to apply the dyes to nylon, namely by maintaining the dye bath pH 
at a value within a narrow pH range (or at a constant value) and control
ling the rate of dyeing and thus levelling, by means of temperature con
trol or by using a constant (or near constant) temperature for most of the 
dyeing process and employing a change in dye bath pH. As the former 
approach requires strict control of dye bath pH throughout the dyeing 
cycle, recourse is often made to buffer systems such as CH3COOH/ 
CH3COONa for the pH range 4-5, NaH2P04 for pH 5.5, NaH2P04/ 
Na2HP04 for the range pH 6 to 8 and Na4P207 for the range pH 8 to 9. 
The second approach, that of securing level dyeing by initially applying 
the dyes at high pH followed by a controlled lowering of dyebath pH, 
can be achieved using various systems. Ammonium sulphate or acetate 
can be employed for the temperature-dependent reduction of dyebath pH, 
as their decomposition at the boil liberates acid and ammonia. However, 
whilst this particular system may be adequate when open dyeing vessels 
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are used, the desired lowering of dye bath pH will not occur in enclosed 
vessels as the ammonia liberated during decomposition of the ammonium 
salt cannot escape. Consequently, recourse can be made to hydrolysable 
esters [80] such as y-butyrolactone [81] or 2-hydroxyethyl chloroacetate 
[82]; at high temperature the lactone hydrolyses to yield 4-hydroxybutyric 
acid. In this particular approach, the initial pH of dyeing is adjusted to 
8~9 using, for example, borax, Na2C03, NaOH or NH40H [82, 83] and, 
after a predetermined time at 98°C, the hydrolysable ester is added to 
gradually lower the pH by 3 units in the later stages of dyeing [83]. 

Although a dyeing temperature of 98°C is commonly used for both 
nylon 6 and 6.6, many dyes, especially those of low and medium sub
stantivity [24], display optimum exhaustion at lower temperatures. Ele
vated temperatures (11O~ 115°C for nylon 6 and 110~ 120°C for nylon 6.6 
[24]) can be employed to achieve level dyeing of very barre material; the 
enhanced fibre swelling that arises under such high temperatures expe
dites dye penetration, promotes dye migration and also improves the 
compatibility of the dyes when applied in admixture. However, as nylon 
fibres are prone to oxidative degradation at such elevated temperatures, 
it is recommended [24] that anti-oxidants such as thiourea or hydroxyl
amine sulphate are added to the dyebath. Selected dyes can be applied at 
low temperature (65°C) in the presence of a suitable auxiliary although, 
as little dye migration occurs at such a temperature, levelness must be 
achieved during the initial stages of dyeing [84]. Some anthraquinone 
dyes are prone to oxidation during dyeing, especially in the presence of 
FeIII and CUll ions [85] and it has also been shown that the azo linkage 
in some azo dyes can be reduced during dyeing, the rate of reduction 
increasing rapidly above pH 7 [86]. Many dyes, especially blues, are 
prone to ozone fading, this being prevalent in warm, humid conditions 
and particularly marked in the case of dyeings of pastel shades. Moore 
et at. [87] showed that the ozone fading of acid dyes in nylon is influ
enced by the rate of dye migration to the filament surface and proposed 
that, to minimise the effect, the morphology of the fibre should be 
manipulated so as to secure a compact structure and thereby minimise 
dye mobility and also to employ dyes (i.e. of large Mr) that either diffuse 
slowly or, ideally, are esentially immobile. Proprietary agents are avail
able which, when employed as an aftertreatment of the dyed fibre, 
improve the fastness to ozone [88]; in this context, an aftertreatment with 
either the full backtan or a syntan is reported to be effective, as is the 
addition of ammonium thiocyanate to the dyebath [89]. The light fast
ness of acid dyes on nylon can be improved by the use of proprietary 
UV absorbers or metal salts, these being applied towards the end of 
dyeing [89]. Also, as dyeings of some dyes are dulled by the presence of 
certain metal ions such as calcium, iron and copper, sequestering agents 
may be required. 
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2.2.2.1.1. Levelling agents. Although both pH and temperature con
trol will promote level dyeing, these measures are not sufficiently effective 
in overcoming barre dyeing; consequently, dyeing auxiliaries are also used 
in nylon dyeing. 

For all dye-fibre systems, level dyeing problems can be divided into 
either gross unlevelness throughout the substrate which is related to the 
dyeing process or localised unlevelness which is related to non-uniformity 
of the substrate [90]. Barriness in nylon is an example of the latter type of 
level dyeing problem and, as mentioned previously, since all anionic dyes 
are sensitive to both chemical and physical irregularities in the substrate, 
considerable attention has been focused on both the causes and cures of 
barre dyeing; much research has also attended the overall level dyeing 
behaviour of acid and other anionic dyes on nylon. The level dyeing 
behaviour of acid dyes on nylon has become of especial interest in recent 
years owing to the trend towards dyeings of higher wet fastness and the 
attendant problem that, in general, the higher the wet fastness of a dye 
the less easy it is to apply the dye evenly. 

ANIONIC LEVELLING AGENTS. Earlier methods that were used to 
apply acid dyes to nylon employed both temperature and pH control in 
order to promote dye levelling. However, such techniques were not espe
cially effective in overcoming barre [91] and thus, in the 1950s, recourse 
was made to the use of anionic levelling agents [48, 92-96] either as an 
addition to the dyebath or as a pretreatment of the nylon substrate, prior 
to dyeing, to promote both levelness and coverage of fibre irregularities. 
The latter technique. namely the application of an anionic 'blocking' 
agent to the undyed substrate, was employed to achieve maximum effec
tiveness of the anionic surfactant and, as all the acid required for dyeing 
was added with the anionic agent, to also eliminate gross pH changes 
that could occur if acid was added during dyeing; the rate of dyeing was 
then controlled by means of temperature [91]. In the case of such anionic 
agents, careful dye selection is also necessary in order to achieve level 
dyeing [92]. 

The mechanism by which such anionic levelling agents work is that, as 
they are substantive towards the fibre, they compete with the anionic dye 
for sites both within the substrate and on the fibre surface [24, 97]. How
ever, their effect is temporary [24] in that once adsorbed on to the fibre 
they are displaced by the dye anion. Thus, such agents reduce the rate of 
dye uptake and, because their occupation of dye sites reduces the total 
number of available dye sites in the fibre, they increase the relative 
saturation of the fibre Srel (the ratio of the number of dye anions in the 
system to the number of dye sites in the fibre), thereby improving dye 
levelling [97]. Hughes et al. [98] demonstrated that when applied prior to 
the dye, the anionic 'blocking' agent Lissapol D (lCI) (cetyl-oleyl sodium 
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Figure 2.1 Rate of dyeing curves for three anionic dyes (1 % o.mJ.) on nylon 6.6 
(pH 6.8, 95"C) in the absence and presence of 2% o.mJ. Lissapol D [98] 
(Reproduced with the permission of H.H. Sumner and the Society of Dyers and Colourists) 
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sulphate) was very rapidly adsorbed on to nylon 6.6 under typical dye
bath conditions. Calculation of the affinity from this revealed that the 
value obtained for the anionic agent was similar to that of one of three 
non-metallised acid dyes used in the study (Table 2.4). Furthermore, it 
was observed [98] that whilst equilibrium uptake of the surfactant on to 
nylon 6.6 was achieved in 30 minutes under the particular application 
conditions used, that of four non-metallised anionic dyes took 3 hours. 
The difference in rates of adsorption of the anionic agent and three of the 
dyes is reflected in the t Yz values displayed in Table 2.4. These workers 
[98] also showed that the presence of the adsorbed anionic surfactant on 
the substrate markedly reduced the initial rate of dye uptake (strike) and 
that the extent of this retardation in dyeing rate decreased with increasing 

Table 2.4 Affinities and times of half-dyeing of Lissa
pol D and three anionic dyes on nylon 6.6 (95°C; pH 
6.8) [98] 

Agent or dye -8110 t Yl 

(kcal mol-I) (min) 

Lissapol D 13.8 ~2 

CI Acid Red 266 13.9 18 
CI Acid Red 138 18.4 24 
CI Acid Blue 113 20.7 23 

(Reproduced with the pennission of H.H. Sumner and the 
Society of Dyers and Colourists) 
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duration of dyeing, with the result that after 60 minutes dyeing the final 
extent of dye uptake was little affected by the levelling agent [98] (Figure 
2.1). 

Hughes et al. further showed that as soon as the pretreated fabric came 
into contact with dye solution, simultaneous adsorption of dye and 
desorption of the levelling agent occurred, clearly demonstrating the 
temporary nature of the anionic 'blocking' agent [98]. As previously dis
cussed, nylon fibres are radially non-uniform and comprise a sheath/core 
structure. In this context, from Heidemann's finding [68] that streakily 
dyed nylon 6.6 yams had a higher orientation than non-streakily dyed 
yams and the facts that orientation-sensitive (rate-sensitive) disulphonated 
non-metallised acid dyes tend to ring dye nylon fibres, possibly by 'cross
linking' adjacent polymer chain segments in the fibre surface, Holfeld and 
Pike [71] considered that pretreatment of the fibre surface with an anionic 
levelling agent should block the terminal amino end group sites for dye 
adsorption and thereby reduce the tendency to ring dyeing. This was 
indeed achieved using only a small concentration of levelling agent (0.05 
to 0.08% o.mJ.) applied at low temperature (27°C), analysis of the pre
treated fibres revealing that the levelling agent behaved as a colourless, 
disulphonated acid dye as it did not form a surface layer but rather its 
sorption was diffusion-controlled in that uptake was governed by AEG 
site stoichiometry. In essence, the levelling agent 'blocked' the most acces
sible dye sites in the fibre sheath, thus making the dye sites more uni
formly accessible. These workers [71] employed a variety of levelling 
agents in conjunction with both non-metallised and pre-metallised acid 
dyes and observed that the levelling agents varied in their ability to pro
mote level dyeing, from which it was concluded that the affinity of the 
levelling agent and dye must be matched in order to achieve optimum 
results; furthermore, it was demonstrated that different yams may require 
different temperatures for application of the levelling agent owing to dif
ferences in fibre dyeing transition temperature, Td (see Chapter 3 for a 
discussion of this parameter). Typical anionic agents are ethoxylated 
alkyldisulphonates [99] although the use of a polycarboxylic acid levelling 
agent has been described [100]. Anionic blocking agents, such as Matexil 
LA-NS (ICI), are applied at 40°C in the pH range 4.5 to 6.5 for nylon 
6.6 and 5.5 to 7.5 for nylon 6 [101]. 

CATIONIC LEVELLING AGENTS. Although both the high substantivity 
of cationic surfactants towards nylon fibres [102] and the use of such 
agents to control the levelling of direct dyes on the fibre [103] had been 
reported in 1945, it was not until 1956 [92, 104] that cationic surfactants 
were introduced to promote the level dyeing of nylon fibres with acid 
dyes. Earlier examples of such agents were strongly cationic, careful dye 
selection being necessary for success using these cations [104]. It had been 
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early recognised that cationic agents formed complexes with anionic dyes 
[l05, 106] and it was initially proposed [104] that the ensuing acid dye
cationic surfactant complex present in the dye bath was adsorbed on to 
the nylon substrate as a non-ionic disperse dye. However, it was subse
quently shown [92] that the dye-cationic agent complex was not adsorbed 
as a non-ionic species, but rather, the cationic surfactant reduced the rate 
of dye uptake via the formation, in the dye bath, of an anionic dye-cat
ionic agent complex which dissociated with increasing temperature, 
thereby gradually releasing dye anions for adsorption on to the fibre. In 
order to obviate precipitation of the dye-cationic agent complex, the pre
sence of a non-ionic surfactant in the dyebath can be employed [96, 107] 
to solubilise the anionic dye-cationic agent complex. Weakly cationic 
agents, typically obtained by the polyethoxylation of alkylamines [108], 
are commonly employed to avoid precipitation of anionic dye-cationic 
agent complexes [91, 109, 110], such cationic surfactants, in effect, acting 
as a mixture of a cationic and a non-ionic surfactant, in that the oxyethy
lene chain of the cationic surfactant functions as a solubilising agent for 
the dye-agent complex. It has been shown that the sulphonate groups of 
acid dyes interact with the quaternary groups of such agents [111, 112] 
and that dye-agent complexes are formed, the constitution of which 
depends on the dye: agent ratio employed [112). Hughes et al. [98] 
demonstrated that a complex was formed between a weakly cationic level
ling agent (ethylene oxide amine condensate) and several non-metallised 
acid dyes and also that, in the initial stages of dyeing from a dyebath that 
contained an excess of dye, very little complex formation occurred. How
ever, as the extent of dye exhaustion increased, the concentration of the 
cationic agent, which was not fibre-substantive, in the dye bath increased 
as did the concentration of the anionic dye-cationic agent complex. The 
result of this was that in the early stages of dyeing, the rate of dye uptake 
was little affected whereas in the later stages of dyeing, the cationic agent 
exerted an increasing restraining effect on dye adsorption. These workers 
[98] also showed that during the dyeing of nylon 6.6, using a constant 
temperature method in which an anionic levelling agent was used either 
prior to or simultaneously with the above weakly cationic levelling agent, 
the anionic agent readily complexed with the cationic surfactant and 
reduced the formation of the anionic dye-cationic agent complex to an 
extent that varied for each of the dyes used. Furthermore, these workers 
demonstrated that in this particular dyeing method, two variables influ
enced the rate of dyeing and thus levelling, namely a retarding effect 
resulting from reduced dye-fibre substantivity imparted by the anionic 
agent and a restraining effect imparted by the cationic agent; low dye
fibre substantivity and high dye-cation agent complex stability resulted in 
maximum retarding and restraining effects, respectively [98]. Blackburn 
and Dawson [91], in a study of this particular anionic-cationic surfactant 
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mixture in a practical dyeing process using non-metallised acid dyes, con
cluded that the agent-mixture approach was more effective in terms of 
levelness and coverage of barre than the use of the agents alone for the 
constant temperature dyeing process. However, owing to the different 
response of different dyes to the agents, the problem of dye compatibility 
was not, in general, overcome using this particular approach and it was 
therefore suggested that dyes of good compatibility should be selected 
[91]. 

NON-IONIC LEVELLING AGENTS. Non-ionic surfactants are also 
employed as levelling agents in the dyeing of nylon with anionic dyes 
[97, 103]; several workers have established that complexes are formed 
between acid dyes and non-ionic surfactants [97, 114-117]. Datyner and 
Delayney [118] showed that three non-ionic surfactants retarded the rate 
of uptake of several disulphonated non-metallised acid dyes on nylon 6.6, 
greatest retardation of dye uptake having been achieved for the most 
hydrophobic dye; the retarding effect of the three surfactants was found 
to increase with increasing length of the oxyethylene chain of the surfac
tant. It was proposed that such non-ionic surfactants functioned by redu
cing the concentration of dye in solution through the formation of a dye
surfactant complex which contained more surfactant than dye [118]. 
Datyner et al. [119], in a study of the effects of a nonylphenol poly
oxyethylene condensate on the uptake of two monoazo non-metallised 
acid dyes on nylon 6, reported that the real diffusion coefficient of the 
dyes was reduced in the presence of surfactant owing to a corresponding 
reduction in the concentration of dye in solution. However, non-ionic 
agents alter the compatibility of acid dyes and, by the use of the correct 
amount of levelling agent, the compatibility of otherwise incompatible 
dyes is enhanced [97]. Bayer have developed the Telon S [97, 120] process 
for dyeing nylon substrates; this utilises temperature control to optimise 
the rate of dye uptake in the presence of a non-ionic auxiliary to enhance 
dye compatibility [97]. 

2.2.2.1.2. Aftertreatment. Owing to the higher crystallinity and more 
compact structure of nylon 6.6, the wet fastness of a given dye on nylon 
6.6 will, in general, be higher than that on nylon 6. Nevertheless, as the 
wet-fastness properties of many non-metallised dyes on nylon leaves much 
to desired, an aftertreatment, using a syntan (synthetic tanning agent) or, 
less commonly, a natural tanning agent (the full backtan), can be given to 
the dyeing to improve its wet fastness. 

NATURAL TANNING AGENTS. The conversion of putrescible animal 
skin to leather of improved chemical and biological resistance is one of 
man's oldest known crafts [121]. Seguin [122] first recognised that water-
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soluble agencies were present in certain vegetable tissues, such as oak 
bark, which precipitated gelatin and combined with skin to form leather 
and he applied the term tannin to such agents. The vegetable tanning pro
cess, which has remained essentially unchanged since its inception many 
thousands of years ago, consists, in essence, of steeping the de-haired and 
flayled skin in an infusion of natural tannins, thereby rendering the col
lagen protein of the hide stable to decomposition. The natural vegetable 
tannin extracts form a heterogeneous group of generally amorphous 
materials which contain large Mr polyphenolic tannins as well as less com
plex non-tans, such as saccharides, flavones and gums which, although 
devoid of direct tanning ability, nevertheless contribute to the overall tan
nage of the skin. The natural tannins can be classified [123] as Hydro
lysable (pyrogallol) tannins of which there are two types, namely 
gallotannins as represented by 'tannic acid' and ellagitannins and Con
densed (Catechol) tannins. 

The earliest textile applications of natural tannins included the dyeing 
of cotton with dyewoods, which, owing to their insignificant substantivity 
towards the fibre, required the use of a metal salt, such as CUS04 [124] 
in the case of Logwood Black, as mordant, the purpose of the tannin 
being to 'fix' the metal salt by the formation of a metal tannate and, 
thereby, enhance the wet fastness of the resulting dyeing, the tannin 
being applied either before the metal salt prior to dyeing or after the 
dyeing of the mordanted fabric [125]. Also, following the introduction of 
Mauveine in 1856, Perkin and Pullar [126, 127] utilised tannins as mor
dants to enhance the uptake of cationic dyes on cotton; in this 'tannin
metal' dyeing method, the tannin mordant was 'fixed' prior to dyeing by 
the subsequent application of a metal salt (sodium stannate [126~ 128]) to 
the tannin-treated fabric which resulted in the formation of a metal tan
nate, this process being necessary to impart adequate wash and light fast
ness to the dyeing [124]. Of various metals (Sn, AI, Fe), salts of antimony 
were found to yield dyeings of highest fastness [124, 128] and, in 1882, 
Dale discovered that, of these, potassium antimonyl tartrate (tartar 
emetic) was the most appropriate [124, 126, 127]. To improve the fastness 
of the dyeing, the dyed material was aftertreated using either tannin 
alone or tannin with tartar emetic (back tanning) or with other metal 
salts such as SnCl4 [129]. Tannins were also used in the weighting of silk 
to restore the loss in mass that accompanied de-gelatination of the fibre; 
however, although silk adsorbed appreciable quantities of tannin, the low 
fastness of the adsorbed tannins to water was overcome by treatment of 
the tannin-treated silk with metal salts such as those of tin [130] or anti
mony [131]. 

FULL BACKTAN. The full backtan aftertreatment that was originally 
developed to improve the wet fastness of acid dyes on nylon entailed 
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successive treatments with tannic acid, potassium antimonyl tartrate and 
stannous chloride [132, 133], this method being simplified by the omission 
of the use of stannous chloride [132]. The aftertreatment is carried out by 
applying tannic acid to the rinsed, dyed fibre at pH 2.5 (acetic or formic 
acid) for 30 minutes at 70°C for nylon 6 and 90°C for nylon 6.6 [24]; the 
higher application temperature employed for nylon 6.6 is attributable to 
the lower rate of diffusion of tannic acid within such fibres [134, 135]. 
The tanned fabric is then treated with potassium antimonyl tartrate for a 
further 20 minutes at the appropriate temperature for nylon 6 and nylon 
6.6 and the material is then thoroughly rinsed. 

It is currently believed that in the full back tan process, the tannic acid 
behaves as a high Mr acid which binds to the protonated amino end 
groups in the substrate, and that subsequent treatment with tartar emetic 
results in the formation of a surface skin of the sparingly water-soluble 
antimonyl tannate which possesses lower diffusional characteristics and 
undergoes oxidative degradation to a lesser extent than the un-complexed 
tannic acid [125, 132]. The presence of aggregates of the complex at the 
periphery of the dyed nylon reduce the rate of diffusion of dye out of the 
dyed substrate and hence not only reduces the transfer of dye to adjacent 
materials during subsequent washing [125, 132, 133, 136] but also retards 
uptake of dye on to pretreated material [132, 133, 137]. Support for this 
mechanism is provided by the absence of interaction between the anionic 
dye and the antimonyl tannate complex or either of its precursors during 
the full backtan aftertreatment [132, 133, 138]. 

Although pure tannic acid is colourless, it is relatively expensive and 
normal commercial grades can contain impurities which impart a yellow 
colour to the acid; these coloured impurities are adsorbed by the dyed 
fibre and cause a marked flattening of shade. Shore [139] has suggested 
that under warm, alkaline conditions, such as those encountered in 
domestic washing or the ISO C06/C2 wash test, tannic acid is oxidatively 
degraded to give yellow quinonoid compounds. Ashworth and Blackburn 
[140] observed that maximum yellowing of undyed adjacent nylon as well 
as minimum staining of adjacent fibres, were achieved, conjointly, when 
the tannic acid was applied to dyed nylon 6 at 70°C and at a concentra
tion of less than 2% o.m.f. The nature of the antimonyl tannate complex 
is not clearly understood [125]; it has been suggested that 5 moles of 
tartar emetic are required to precipitate 1 mole of gallotannin from solu
tion [132] and that a 1: 1 complex is formed between tannic acid and 
potassium antimonyl tartrate in solution [141], although the interaction 
between the two components in the presence of fibre appears not to obey 
this stoichiometry [132]. 

Whilst the full backtan can significantly improve the wet-fastness prop
erties of acid dyes on nylon, several disadvantages inherent in the process 
have nullified its use, namely: 
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• potassium antimonyl tartrate is toxic; 
• treatment can reduce the light fastness of the dyeing; 
• the treated dyeings can undergo a distinct change of shade; 
• the two-stage treatment is expensive in terms of the costs of both che

micals and duration [141]; 
• tannic acid oxidises under alkaline conditions, resulting in discoloration 

of treated fabric, especially in the case of pale shades [139]; 
• the treatment is not stable to steam or heat treatments owing to degra

dation of tannic acid [139]; 
• the process imparts a harsh handle to the fibre [135]. 

SYNTHETIC TANNING AGENTS. As mentioned above, although the full 
backtan aftertreatment can significantly enhance the wet-fastness proper
ties of acid dyes on nylon, owing to the various disadvantages inherent in 
the process its use has largely been superseded by that of synthetic tan
ning agents or syntans. As their name implies, syntans were first devel
oped as alternatives to natural tannins in the tanning of leather; 
subsequent developments lead to products that were specifically intended 
for use as an aftertreatment of dyed nylon. In this context, although the 
term syntan was originally used to describe synthetic compounds that 
possessed skin-tanning ability, with regards to the aftertreatment of dyed 
nylon, this same term applies to synthetic compounds that serve as repla
cements to the full backtan. However, whilst a syntan that has skin-tan
ning ability may be capable of improving the wet fastness of dyed nylon, 
a syntan that was specifically designed for aftertreating dyed nylon may 
not necessarily be effective as a tanning agent for leather. 

Although, by dehydrating arylsulphonic acids, Schiff, in 1875, as well 
as other workers [125], obtained synthetic compounds by dehydrating 
arylsulphonic acids, that exhibited the general properties of a tanning 
agent for leather, it was Stiasny, in 1911 [142], who first described the 
preparation of synthetic compounds which possessed hide-tanning ability 
and which now are referred to as syntans. Early examples of such syntans 
for use on leather, as exemplified by the first such commercial product 
introduced by BASF in 1912 [143], were derived from the acidic con
densation of phenols and their sulphonic acids with aldehydes (commonly 
formaldehyde). Considerable development attended such water-soluble 
novolac resins [144-148] including, in the 1930s, syntans derived from the 
condensation of arylsulphonic acids and dihydroxydiaryl sulphones with 
aldehydes [145, 148, 149]; thiophenolic syntans (sulphurised phenols) [150] 
were also developed for leather tanning. 

In the context of application to textiles, although the thiophenolic and 
some of the arylsulphonic acid polycondensate syntans were used in the 
weighting of silk [151], the mordanting of cotton dyed with cationic dyes 
[152, 153] and also as dye-resist agents for wool [154], the largest and 
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most important use of this type of compound is in the improvement, by 
aftertreatment, of the wet fastness of predominantly non-metallised acid 
dyes on nylon. 

The general chemistry of syntans has been discussed by several authors 
[125, 139]; however, little published work concerning the composition of 
syntans for use on dyed nylon exists and the preparation of such com
pounds is confined to patent literature. However, Kelson and Holt [129], 
using HPLC, recently showed the diverse composition of several commer
cial synthetic tanning agents. Syntans for nylon are, typically, water
soluble, anionic formaldehyde polycondensates of arylsulphonates and 
sulphonates of dihydroxydiaryl sulphones (typically dihydroxy
diphenylsulphone [155]); for example, Matexil FA-SNX (ICI) is described 
as a sulphonated high Mr product based on phenol sui phone [101]. 

Current theories regarding the mechanism of wet fastness improvement 
of anionic dyes on nylon by aftertreatment with these agents has been 
reviewed by Cook [125]. It has been suggested that the desired Mr of such 
polycondensates is below 103 as larger Mr compounds tend to be inso
luble in water [156], the preferred compounds exhibiting a minimum of 
branching and cross-linking [156, 157]. Although the syntans are com
monly marketed as sodium sulphonates, other metal cations have been 
used, including NH4 +, K + and Li + [158]. The solubility of the poly
condensates depends on the anion used, the concentration of hydrophilic 
(sulphonate, methylol) groups present, the Mr of the polycondensate as 
well as the degree of cross-linking of the condensate; some syntans con
tain additional polar groups such as carbonamide, sulphonamide or 
ureido [132, 155, 158]. It is considered that condensation products in 
which each repeat unit contains only one sulphonate group are more 
effective than corresponding products in which each repeat unit contains 
two or more sulphonate groups. Also, the syntan becomes more effective 
as the ratio of repeat units containing sulphonate groups: units that are 
devoid of sulphonate groups increases [158]. 

It has been proposed [125] that syntans are adsorbed at the periphery 
of the dyed polyamide fibre and that their ability to improve the wet-fast
ness properties of non-metallised acid dyes on nylon fibres is attributable 
to this peripheral 'layer' of syntan molecules reducing the diffusion of dye 
out of the dyed, treated fibre during wet treatments; ion-ion repulsion 
effects operating between the anionic syntan and the anionic dye also con
tribute to reduced dye diffusion. However, the precise mechanism by 
which syntans improve the wet fastness properties of dyed nylon fibres 
remains unclear in view of the varied composition of the polycondensates. 

SYNTAN-FIBRE SUBSTANTIVITY. Syntans are applied to dyed nylon by 
a single-stage process under acidic conditions, as exemplified by the appli
cation of Matexil F A-SNX (lCI), which is carried out either in the 
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Figure 2.2 Effect of pH on uptake of Matcxil F A-SNX on to micro (0.92 dtexpf) 
and conventional (1.69 dtexpf) nylon 6.6 fabrics at 80"C using a 50: I liquor ratio 

[161] 
(Presented at the 1994 AATCC International Conference and Exhibition, Charlotte, :-.ic. Reprinted with 

permission from AA TCC) 
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exhausted dyebath for 30 minutes or in a fresh bath using 4% o.m.f. 
HCOOH at 95°C for nylon 6.6 or 70°C for nylon 6 [101]. Under such 
acidic conditions, ion-ion interaction, operating between the protonated 
amino groups in the fibre and sulphonate groups in the syntan, as well as 
hydrogen bonding are considered [125, 132, 158, 159 161] to contribute 
towards syntan-fibre substantivity. 

The importance of ion-ion interaction in syntan - fibre substantivity was 
demonstrated [160, 161] by the finding that the uptake of two different 
commercial syntans on to nylon 6.6 increased with decreasing pH in the 
region pH 2 to 7, these observations concurring with those [162 164] for 
the adsorption of several commercial syntans on wool. This is illustrated 
by the results shown in Figure 2.2. It has also been shown [161] that the 
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rate and extent of adsorption of a commercial syntan on both conven
tional and microfibre nylon 6.6 increased with decreasing liquor ratio. It 
was proposed [161] that this result was attributable to a corresponding 
increase in the effective concentration of syntan in the treatment bath that 
accompanied the reduction in liquor ratio. Although no information was 
available concerning the precise chemical composition and Mr of the par
ticular syntan used, it was suggested that aggregation of the syntan would 
occur in solution by virtue of both polar and non-polar forces operating 
between the large molecular size syntan molecules. Thus, the increased 
effective concentration of syntan that accompanied a decrease in liquor 
ratio could be expected to increase the degree of syntan aggregation in 
solution which, in turn, would result in greater uptake of the tanning 
agent [161-164]. The observation that both the rate and extent of adsorp
tion of the syntan on to conventional and microfibre nylon 6.6 increased 
with increasing application temperature was attributed to the higher 
kinetic energy of the syntan molecules and their consequent greater diffu
sional power within the substrate, together with the higher extent of fibre 



100 CHEMICAL PRINCIPLES OF SYNTHETIC FIBRE DYEING 

swelling that accompanied an increase in application temperature [161]. It 
was shown [161] that both the rate and extent of syntan uptake were 
greater on micro fibre nylon 6.6 fabric than on its conventional decitex 
counterpart, irrespective of the pH value, liquor ratio and temperature of 
application, this being attributed to the greater surface area of the micro
fibre nylon 6.6 fabric. 

The equilibrium adsorption isotherms of the syntan on undyed conven
tional and undyed microfibre nylon 6.6 revealed [161] that uptake on to 
both types of fibre followed a BET mechanism (Figure 2.3), which 
implied that uptake involved the formation of multilayers of adsorbed 
syntan molecules. Although these results agreed with those obtained for 
the adsorption of various syntans on wool [162-164], they disagreed with 
those of Cook and Guthrie [165] who found that the adsorption of both 
the commercial syntan Cibatex PA (Ciba-Geigy) and a novel sulphonated 
novo lac syntan on to nylon 6 followed a Freundlich mechanism. This dis
agreement between the Freundlich mechanism proposed by Cook and 
Guthrie [165] and the BET mechanism obtained on wool [162-164] and 
on nylon 6.6 [161] was attributed [161] to differences in the concentration 
ranges employed by the different workers. In the case of the adsorption 
isotherms of various syntans on wool [162-164], a concentration range of 
between 0.5 and 14 g 1-1 was used and concentrations of between 1 and 
16 g 1-1 were employed using nylon 6.6 [161]; in contrast, the concentra
tion range used by Cook and Guthrie for each of the two syntans 
employed in their study [165] was 0.05 to 0.25 g 1-1. Thus, it was postu
lated [161] that the Freundlich isotherms obtained by Cook and Guthrie 
might, owing to the low concentration of syntan used, constitute the 
initial region of BET isotherms. Nevertheless, the results obtained on 
nylon 6.6 [161], wool [162-164] and nylon 6 [165] indicate that syntan 
adsorption on to undyed nylon and wool fibres does not occur simply by 
virtue of ion-ion interaction operating between the anionic syntan mole
cules and specific sites (namely, the protonated amino groups) in each 
fibre and, therefore, that other forces of interaction, for example, hydro
gen bonding, ion-dipole as well as hydrophobic interaction operating 
between the aromatic centres in the syntan molecules and hydrophobic 
regions of the fibre, contribute towards syntan-fibre interaction. In view 
of the BET adsorption mechanism obtained on nylon 6.6 (Figure 2.3) 
[161], such forces can also be considered to contribute towards multilayer 
adsorption of the syntan, which will also contribute towards syntan-fibre 
substantivity. 

In an attempt to further determine the influence that ion-ion interac
tion made towards syntan adsorption, as it is widely held that the 
adsorption of a small molecular size, anionic dye on to nylon 6.6 is con
fined to the amino end groups within the polymer, then the presence of 
such a dye on the fibre should markedly affect the adsorption of a syntan 
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if uptake of the tanning agent occurred mainly by virtue of ion-ion 
forces of interaction at the terminal amino groups in the substrate 
employing this approach. It was demonstrated [161] that the presence of 
1 % omf CI Acid Blue 25 on nylon 6.6 fabric reduced the extent of 
adsorption of a commercial syntan on to both conventional and micro
fibre nylon 6.6. However, as Figure 2.3 shows, adsorption of the syntan 
on to each type of dyed nylon 6.6 fibre also occurred by a BET mechan
ism and, therefore, the presence of the dye had not affected the mechan
ism of adsorption of the syntan. From these results, it was concluded 
that in addition to ion-ion interaction, other polar and non-polar forces 
contribute towards syntan-fibre substantivity [161]. Further support for 
the proposal that adsorption of syntans on nylon 6.6 occurs by a combi
nation of both polar and non-polar forces of interaction has been 
obtained from the observation [160] that a commercial syntan was adsor
bed on to basic-dyeable nylon 6.6 and also on to acid-dyeing nylon 6.6, 
the latter fibre having been chemically modified such that all available 
amino end groups were replaced with sulphonic acid groups, to an extent 
that was not substantially different to that secured on regular acid-dyeing 
nylon 6.6 fibre. 

ENHANCEMENT OF EFFECTIVENESS. In the context of the effectiveness 
of syntans in improving the wet fastness of non-metallised acid dyes on 
microfibre nylon 6.6, it was shown [161] that when the same concentra
tion of syntan was applied to dyed conventional and micro fibre, each of 
which contained the same quantity of CI Acid Blue 25, the extent of dye 
loss that occurred during an ISO C06/C2 wash test was greater from the 
dyed microfibre. As it had been demonstrated that this observed lower 
effectiveness of the syntan aftertreatment on dyed microfibre was not due 
to a difference in the mechanism by which the syntan was adsorbed on to 
the microfibre fabric and, in addition, as the uptake of the syntan had 
been shown to be greater on dyed microfibre than on dyed conventional 
fibre, the observed lower effectiveness of the syntan aftertreatment on 
dyed micro fibre was attributed to the greater surface area of the micro
fibre, this resulting in a greater surface area from which dye loss occurred 
[161]. 

The effectiveness of the commercial syntan, Matexil F A-SNX, in 
improving the wash fastness of various non-metallised acid dyes on both 
conventional and microfibre nylon 6.6 was enhanced [161, 166] using a 
technique analogous to that of the full backtan. As mentioned above, the 
full backtan process comprises the sequential application of tannic acid 
and potassium antimonyl tartrate to the dyed material. In this sequential 
process, the potassium antimonyl tartrate insolubilises the anionic, water
soluble tannic acid, resulting in the formation of a large Mn sparingly 
water-soluble, potassium antimonyl tannate complex situated at the 
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surface of the dyed fibre which reduces diffusion of dye out of the sub
strate during wet treatments. Matexil FA-SNX and other syntans 
marketed for use as an aftertreatment of dyed polyamide fibres are, 
typically, water-soluble, anionic formaldehyde polycondensates of 
sulphonated dihydroxydiaryl sulphones. Thus, it was argued [161] that by 
analogy with the full backtan process, the effectiveness of the syntan 
aftertreatment of dyed nylon might be enhanced if it were possible to 
subsequently treat syntanned, dyed nylon and form a sparingly water
soluble, high Mr complex on the dyed nylon; as the syntan is strongly 
anionic then a suitable cationic compound should be capable of forming 
such a complex. Hence, various cationic compounds were used in con
junction with the syntan and their ability to enhance the effectiveness of 
the tanning agent assessed [161]. It was found that whilst aftertreatment 
with either of two cationic agents, each of which was intended for use as 
an aftertreatment of cotton dyed with direct dyes, increased the wash 
fastness of dyed micro fibre nylon 6.6 fabric, the subsequent application of 
the two cationic agents to syntanned, dyed nylon 6.6 microfibre markedly 
enhanced the effectiveness of the syntan in improving wash fastness. 
Other cationic agents were found to be effective in this context, the 
enhanced effectiveness achieved for the sequential syntan-cationic agent 
system being attributed to the formation of a large Mn sparingly soluble, 
syntan-cationic agent complex [161]. As it is considered that syntans are 
adsorbed at the periphery of dyed polyamide fibre, it was proposed that 
the syntan-cationic agent complex will also be situated at the periphery 
of the dyed substrate; consequently, the ability of the complex to improve 
the wash-fastness properties of non-metallised acid dyes on nylon 6.6 
fabric was attributed to this peripheral 'layer' of the complex reducing 
diffusion of the dye out of the dyed, treated fibre during washing [161]. 
The light fastness (ISO A02) of microfibre which had been dyed with 
three commercial shades and aftertreated with a commercial syntan was 
not affected by a subsequent treatment with various cationic agents [161]. 

2.2.2.1.3. Thermodynamics of dyeing. As previously mentioned, the 
presence of terminal amino groups in nylon confers substantivity for acid 
and other types of anionic dye. Although five types of anionic dye can be 
used on nylon (non-metallised acid, pre-metallised acid, mordant, direct 
and reactive), most attention has been given to the mechanism of the 
adsorption of acid dyes on the substrate and, of this, greatest focus has 
been on non-metallised acid dyes. However, as the procedures employed 
for the application of all five types of anionic dye to nylon are very simi
lar, in that acidic or slightly alkaline pH values are used to exhaust the 
dyes on to the substrate, the following account of the thermodynamics of 
the adsorption of acid dyes on nylon can be considered as being generally 
applicable to all types of anionic dye used on nylon. 
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TITRATION CURVES. The adsorption of both simple acids, namely 
Hel [167-172], HBr [173], H2S04 [173, 174] and also more complex acids 
[172, 174] as well as NaOH [172, 175], have been used as a basis for 
describing the adsorption of dye anions. EI6d and Schachowsky [167] first 
observed the dependency of acid adsorption by nylon on pH as well as 
the steady increase in acid adsorption at low pH values which increased 
without limit. 

In the case of the adsorption of Hel, the titration curve obtained using 
nylon 6.6 fibres exhibits an inflection point at a pH of between 2 and 3 
[168, 169, 171], at which point uptake of the acid corresponds approxi
mately to the AEG content of the fibre (Figure 2.4). At lower pH values, 
acid adsorption increases, without limit, this being attributable to adsorp
tion of the acid on to the chain amide groups of the polymer 
[168,169, 171, 172, 174, 176]. The dependency of acid adsorption on 
AEG content was demonstrated by the finding [172] that nylon 6.6 fibres 
in which the terminal amino groups had been chemically modified ad
sorbed very little acid. 

The addition of electrolyte (Ke!) shifts the Hel titration curve to 
higher pH values [172] (Figure 2.5) whilst an increase in temperature 
slightly reduces the extent of acid adsorption [171, 172]. The titration of 
nylon 6.6 fibres with more complex acids, such as benzene sui phonic acid 
[172, 174] and naphthalene-2-sulphonic acid [172], exhibits similar beha
viour to that of Hel, except that the titration curves move to higher pH 
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values as the complexity of the acid anion increases [172, 174]. In the case 
of titration with alkali, the adsorption of NaOH was found to decrease 
with decreasing pH in the range 12 to 7 with an inflection in the curve 
occurring in the pH range 6 to 7, which corresponds to the isoelectric 
point of the polymer (Figure 2.4]. 

The above results of titrations of nylon with both simple and more 
complex acids, as well as with alkalis, have been interpreted using two 
approaches, namely one based on a specific site (Langmuir) model pro
posed by Gilbert and Rideal in 1944 [I77] and various modifications of the 
Donnan membrane (ion exchange) theory as first proposed by Peters and 
Speakman in 1949 [178], in a manner similar to that employed in the case 
of the titrations of wool although modifications are necessary in the case 
of nylon because, unlike wool which contains an equal number of amino 
and carboxylic groups, many commercial nylon fibres contain an excess 
of carboxylic acid groups. As both the principles underlying these various 
theories and critical assessments of the applicability of the theories with 
regards to nylon have received considerable attention from several 
authors [179-182], the following account serves only as a general over
view of these theoretical treatments of the titration of polyamides. 

GILBERT-RIDEAL. This theory [177], which was developed to inter
pret the titration curves of wool, assumes that the fibre has an equal 
number of positive and negative charges, these constituting adsorption 
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sites; the cationic sites are assumed to behave identically in their interac
tion with anions and the anionic sites are likewise identical. All anions 
are considered as being able to be adsorbed on to any cationic site in the 
fibre and all cations are able to be adsorbed on to any anionic site. The 
activities of both cations and anions are equated to 8/(1-8) where 8 
represents the fractional occupation of sites. The substrate is also 
assumed to be ideally stable in that the aqueous solution from which 
adsorption occurs contains only protons and anions from the acid. 

-.'1110 (8 ) 
4.606RT = log T- 8 + pHs (2. I) 

According to this theory, in the case of acid only (no other added electro
lyte) equation (2.1) can be derived [16S, 179] from which a plot of log 8/ 
(1-8) versus pH of the external solution (pHs) should yield a straight line 
of negative unit slope. The value of affinity is related to the pH at which 
half-saturation occurs (i.e. when 8 = 0.5) (equation (2.2» where R is the 
gas constant. 

-.'1110 = 4.606RT.pH (2.2) 

However, in the case of the titration of wool with Hel [IS2], the log 
8/(1-8) versus pH plot was found to be not linear but slightly sigmoidal 
and also of lower slope (0.S7) than theory predicted [I6S]; this was also 
found in the case of the adsorption of Hel on nylon 6 [184]. In the pre
sence of added electrolyte (Ke!), equation (2.2) is transformed into equa
tion (2.3) from which a plot of log 8/(1-8) versus pHs at constant [el ]s 
should give a straight line of slope 0.5, which will be displaced to higher 
pH values with increasing [ells. 

-.'1110 ( e ) _ 2.30-3RT = 2 log Ie + pHs - log [el ]s (2.3) 

Vickerstaff [l6S] observed that in the case of wool, although straight lines 
were obtained which were displaced to higher pH values with increasing 
electrolyte concentration, the slopes varied from -0.4 to --0.5. The reasons 
for the discrepancy of the theoretically predicted and observed results 
have been attributed to the assumption made in the theory that the sub
strate is ideally stable, which is not the case for wool or nylon; also, such 
discrepancies may have their source in the actual theoretical treatment 
[I SO]. Rattee and Breuer [lSI] point out that there is no way of experime
tally distinguishing between internally adsorbed and adsorbed ions, the 
experimentally determined 8 not being the same as the e used in the 
theory to describe the activities of the adsorbed ions. Furthermore, these 
authors [lSI] note that the value of affinity secured using equation (2.1), 
wherein 8 = 0.5, bears little resemblance to that obtained for values of e 
other than 0.5. 
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The Gilbert-Rideal theory has also been employed to interpret the titra
tion of nylon with NaOH [175, 185] although, as Peters [179] comments, 
this particular approach suffered the disadvantage that it was assumed 
that Na + ions were adsorbed on to undissociated carboxylic acid groups. 

DONNAN MEMBRANE. Several variations of this model have been pro
posed, each being classifiable as a theory based on ion exchange. By using 
equations for equilibria at semi-permeable membranes devised by Donnan 
and Guggenheim [186], Peters and Speakman [178] developed equations 
that enabled internal concentrations, including the 'internal pH' within the 
fibre, to be calculated. Although, in the Peters-Speakman [178] theory, as 
in the Gilbert - Rideal theory, the water-swollen fibre is considered to con
stitute an equipotential volume that contains fixed, charged groups, in this 
particular theory [178] the sorption of ions from solution occurs in accor
dance with a Donnan distribution in which the solution within the fibre is 
considered separately from both the fibre itself and the external (bulk) 
solution. In this model, whilst protons are adsorbed on to anionic sites in 
the fibre, the anions are present only in the internal aqueous solution (of 
volume V I kg-I) and are not able to interact directly with the cationic 
sites in the fibre (i.e. the anion has no affinity for the substrate). 

A~o ... Iog ~H = log (~) + 2pHs 
2.303RT V 1 - 9 

(2.3) 

In the case of a simple acid in the absence of other added electrolyte, 
equation (2.3) is obtained [168, 180, 181], where pHs is the pH of the 
external solution, from which a plot of log [92/0-9)] versus pHs should 
yield a straight line of slope -2; however, in the case of wool, a line of 
slope -1.4 was obtained [168]. The reasons for the discrepancy between 
the theoretically predicted and observed results can, as was the case with 
the Gilbert-Rideal treatment, be attributed to fibre decomposition and 
possible wrong assumptions in the theoretical treatment. 

Equation (2.4) is that for the internal pH (PHI) in the absence of added 
electrolyte where a is the total concentration of H -I ions adsorbed by the 
fibre: 

a 
pHI = 2pHs + log V (2.4) 

The effect of added electrolyte (KCI) in this model is explained in terms 
of the internal pH through equation (2.5). 

a 
pHI = pHs + log V - log [Clls (2.5) 

In the case of the titration of wool with HCI alone, when 9 0.5 (when 
the fibre is half-saturated with acid) the pHs and thus the pK of the 
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carboxylic acid groups was found to be 2.1 [168], this being much lower 
than the value of pK for free amino acids. In the cases of both wool and, 
as mentioned previously, nylon fibres, the effect of adding neutral electro
lyte during the titration with acid was to shift the titration curves to 
higher pH values which, in turn, implies that different pH values were 
operating in the presence and absence of added electrolyte; this should 
not be so as, for a given amount of acid adsorption, a fixed electrical 
potential and thus a fixed pH must operate. The main purpose of 
employing Donnan membrane theory [178] was to resolve this situation. 
In the case of the pK of the carboxylic acid groups in wool, the use of V 
= 0.3, a = 0.4 and pHs = 2.1 in equation (2.4) gave a pK of 4.3, a 
value that closely agrees with that of free amino acids [168, 180, 181]. 
Furthermore, whereas when the amount of acid adsorbed by wool, in 
both the absence and presence of added electrolyte, was plotted against 
external pH (pHs), two curves were obtained, when the amount of acid 
adsorbed by wool was plotted against internal pH (pHI)' the curves were 
superimposed [178]; this has also been obtained for the titration of nylon 
6 with HCl in the presence and absence of KCl [183]. However, whilst the 
Donnan treatment does give a satisfactory explanation of the effect of 
electrolyte on the acid titration curve, in the context of the pK of the 
carboxylic acid groups in wool, it should be pointed out that the Gilbert
Rideal theory also provides a reasonable interpretation of the effect of 
electrolyte on the titration curve: 

pK = 2pHs (2.6) 

Equation (2.6) can be derived from equation (2.2), from which it follows 
that in the case of HeI, as pHs was 2.1, at 8 = 0.5 [187], the value of pK 
obtained using equation (2.6) is 4.2 which not only closely agrees with 
that of free amino acids but also closely resembles the value for pK, 
namely 4.3, obtained using equation (2.4) of the Donnan treatment. 

By considering that the Gilbert - Rideal and Peters-Speakman theories 
were extreme cases of the same adsorption mechanism, Peters [188] subse
quently developed a more general model that incorporated features of 
both and enabled affinities and titration curves to be calculated. As in the 
earlier Peters-Speakman model, in the Unified theory [188] the fibre has 
an internal aqueous solution of volume V which has the same properties 
of the external (bulk) aqueous solution; however, whereas in the Peters
Speakman model the ionised groups within the internal solution were 
considered as being immobile, in the generalised model, the ionised 
groups within the internal aqueous phase are considered to be in solution. 
Whilst, in effect, the same equations were used as in the Peters-Speak
man theory, unlike this earlier theory, the Unified model enabled both the 
cation and anion affinities to be determined in terms of binding or dis
sociation constants. 



108 CHEMICAL PRINCIPLES OF SYNTHETIC FIBRE DYEING 

Mathieson and Whewell devised a Polyelectrolyte theory [189] based on 
the titration of charged groups within the substrate and the energy 
required to overcome electrostatic, osmotic and affinity forces so as to 
remove adsorbed protons from the fibre to the external aqueous solution. 
In this model, no assumptions were made as to the degree of association 
between charged species within the fibre. The fibre and internal solution 
were considered to constitute a single, homogeneous phase of known 
volume, thus eliminating the need to determine or deduce an internal 
volume term which was essential to the Peters-Speakman model. In 
essence, the Polyelectrolyte theory falls between the Gilbert - Rideal and 
Peters-Speakman models in that the adsorption of anions on to specific 
sites which the former postulates and the latter denies, is regarded as 
occurring to some degree in the Mathieson-Whewell model. Although the 
model was used to interpret the titration of nylon 6.6 fibres and nylon 6 
resins with Hel [189], for which pK values of 4.3 and 4.34-4.45 were 
obtained, respectively, no allowance was made either of unequal numbers 
of amino and carboxylic acid groups or of degradation of the substrates; 
as the theory resembled that of Peters' application of Donnan membrane 
theory [188], it provides no more reliable an interpretation of the titration 
curves than those described previously. 

The theory devised by Myagkov and Pakshever [170] was developed 
from the titration of nylon 6 with various acids. According to this theory, 
which also involved the use of appropriate binding or dissociation con
stants and made no allowance either of unequal numbers of amino and 
carboxylic acid groups or of degradation of the substrate, only anions 
will interact with the amino groups in the substrate, by means of an ion
exchange mechanism, owing to the low extent of dissociation of the car
boxylic acid groups. 

MECHANISM OF ACID ADSORPTION. Thus, from the foregoing, it can 
be concluded that none of the theoretical treatments provide a thoroughly 
satisfactory interpretation of the acid and alkali titration curves of nylons, 
this being attributable to the lack of allowance made for degradation of 
the substrate and/or to flaws in the theories themselves. However, the Gil
bert-Rideal and the various Donnan theoretical approaches do provide a 
reasonable interpretation of the effect of electrolyte on the titration curve. 
Despite these shortcomings, which, in the case of the Gilbert-Rideal 
theory prompted one pair of authors to conclude that it was incorrect as a 
predictive model except in a very approximate sense [181], many workers 
have sought to interpret the titration curves of nylon and to calculate acid 
dye affinity on nylon using the Gilbert-Rideal [168,171,173,175, 179, 
180, 185, 190] and Donnan models [170, 180, 185, 189]. 

Thus, from the foregoing, it can be considered that at its isoelectric 
point, the nylon fibre exists as the zwitterion (i) [173, 191, 192]. However, 
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as many commercial nylon fibres contain more carboxylic acid groups 
than amino end groups (Table 2.2), those carboxylic acid groups which 
are in excess of the number of terminal amino groups will be undisso
ciated at the isoelectric point; if the fibre contained more amino end 
groups than carboxylic acid groups, the excess terminal amino groups 
would be capable of being protonated. Thus, although typically, nylon 
contains more carboxylic end groups than amino end groups, the number 
of ionised carboxyl groups present will be determined by the number of 
terminal amino groups present in the substrate. 

(+) 8 
H3N-nylon-COO -

H+ - CB 
H3N-nylon-COOH 

ii 

When acid is added, the protons are adsorbed on to the ionised carboxyl 
groups with the result that the fibre develops an overall positive charge 
(ii); the adsorption of acid and the consequent development of a positive 
charge within the fibre should continue until all the ionised carboxyl 
groups have been protonated. Since, as previously mentioned, the number 
of ionised carboxyl groups depends on the number of amino groups pre
sent, the extent of this protonation of the ionised carboxyl groups (i.e. the 
adsorption of acid by the substrate) should accord with the AEG content 
of the fibre, as has been approximately found [168, 169, 173]. However, 
several workers have observed that acid adsorption on to nylon 6 [193] 
and nylon 6.6 [171, 172] was less than that expected from the AEG con
tent of the substrates, this having been attributed to obscuration of some 
of the terminal amino groups in the polymer and that modifications of 
the polymer structure can alter the extent of acid adsorption [172]. Thus, 
although the amount of acid bound should equate to the AEG content of 
the fibre and a limit should, therefore, be reached in terms of acid proton 
adsorption, the finding that, at low pH, the adsorption of acid does not 
reach a limit, but, instead increases continuously with decreasing pH 
[167-169,171, 172] has been attributed to protons being adsorbed on to 
chain amide groups (iii) under such strongly acidic conditions. 

H+ 
-NHCO- --

iii iv 

As commercial nylons usually contain more carboxylic acid end groups 
than amino end groups when, to the fibre at its isoelectric point, is added 
alkali, protons are first removed from the excess undissociated carboxylic 
acid groups (v) [172, 175], this having been proven by the appearance, in 
the alkaline (NaOH) titration curve, of an inflection at a value of adsor
bed alkali that corresponds to the value of the excess carboxylic acid 
groups in nylon 6.6 fibre [175]. 
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v vi vii 

Once the excess undissociated carboxylic acid groups have been ionised, 
further addition of alkali removes protons from the protonated amino 
end groups of the zwitterion (vi) resulting in the substrate carrying a 
negative charge (vii), the amount of alkali adsorbed by the fibre reaching 
a maximum value that corresponds to the total carboxylic acid end group 
content of the substrate. 

ADSORPTION OF DYE ANIONS. The equilibrium adsorption of acid dyes 
on nylon fibres as a function of pH closely resembles that of simple acids. 

The findings of Peters [176], for the adsorption of several mono- and 
dibasic, purified and also commercial, non-metallised acid dyes on nylon 
6.6 (Figure 2.6) revealed that, at high pH (e.g. 10), dye uptake was very 
low as the carboxylic acid groups were highly dissociated (vi) and the 
protonated amino end groups may be deprotonated (vii). As the pH 
decreased, dye adsorption increased markedly as the extent of dissociation 
of the carboxyl groups decreased and the amino end groups became pro
tonated. Dye uptake continued to increase with decreasing pH until it 
reached an approximate constant value that extended over several units 
of pH (e.g. pH 3 to 7) at which stage the carboxylic acid groups are 
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Figure 2.6 Adsorption isotherms of several non-metallised acid dyes on nylon 6.6 
[176)] 

(Reproduced with pennission from R.H. Peters and the Society of Dyers and Colourists) 
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undissociated and the amino groups protonated (v); in this 'plateau' 
region, the breadth of which is dye-dependent, dye uptake corresponds to 
the AEG content of the substrate. Further reduction in pH resulted in a 
dramatic increase in dye uptake which continued to increase with decreas
ing pH without reaching a limiting value; this latter phenomenon, namely 
dye adsorption in excess of the AEG content of the fibre, is referred to as 
overdyeing and, although it has been attributed to dye adsorption on to 
the protonated chain amide groups of the fibre (iv), other theories of 
overdyeing have been proposed, as discussed below. 

Thus, in essence, these findings imply that within the pH range 3 to 7, 
wherein acid dye uptake is insensitive to pH, the adsorption of non-metal
Ii sed acid dyes on regular nylon fibres follows a Langmuir mechanism in 
which the anionic dye molecules arc adsorbed on to the protonated amino 
end groups in the substrate. This, in turn, suggests that that a stoichio
metric relationship should exist between AEG content and dye uptake; this 
has indeed been obtained, from which the mechanism of dye adsorption 
was proposed as being one of simple ion exchange [194]. However, several 
workers [23, 187, 190, 195-197] have observed deviation from this stoi
chiometry, such non-stoichiometry being related to the basicity of the dye 
anion, insofar as the uptake of monosulphonated dyes tends to be in 
excess of the AEG content whilst that of di- and trisulphonated dyes tends 
to be lower than the terminal amino group content [195, 199]. The lower 
saturation values achieved using di- and trisulphonated dyes has been 
attributed to the difficulty of such bulky dye molecules being accom
modated at the terminal amine end group sites [190, 195]. Milicevic [200] 
demonstrated that dye uptake was not determined by the AEG content of 
the substrate insofar as when 32 different nylon substrates were dyed with 
the same monosulphonated non-metallised acid dye under identical condi
tions to 1/1 standard depth, although, as expected, different exhaustion 
values were obtained for each fibre, there was little correlation between 
dye uptake and AEG content for the 32 fibres considered. A dual-mode 
adsorption mechanism has been proposed for acid dyes on nylon 
[\95, 201 207] comprising both a Langmuir or ion-exchange mechanism 
and a non-specific or Nernst mechanism. Holfeld and Shepard [51] con
sider that the initial adsorption, on to nylon, of all types of dye occurs by 
a non-ionic mechanism and that, subsequently, ionic dyes ion-exchange 
with the amino end groups. These workers likened the dyeing of nylon 
with acid dyes to a 'precipitation reaction' in which the dyed nylon was 
analogous to a 'precipitate' and that the key role of pH in this mechanism 
was to convert acid dyes to their non-ionic form which was insoluble in 
water but soluble in nylon. 

MODELS OF DYE ANION ADSORPTION. McGregor and Harris [208] for
mulated a theoretical model for the equilibrium acid dyeing of nylon 
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fibres based on the generalisation of the Donnan membrane theory, 
according to which the pH dependence of the sorption of acid dyes on 
nylon can be explained without invoking the concept of the dye anions 
binding to sites within the fibre; essentially, in this model, the driving 
force for dye uptake is the difference in electrical potential between the 
dye and the fibre. By modifying Guggenheim's expression for the distribu
tion of an ion (i) between two phases (fibre (f) and solution (s)), these 
workers derived equation (2.7), which shows that the partition of the ion 
involves changes in chemical potential (-dJlOj), electrical potential 
(zjFd'l'), internal pressure (VjdP) and activity coefficients (y//YiS) as well 
as a tenn (xD that takes into account structural factors of the substrate. 

For simplicity, an apparent standard affinity (-d* JlOj) and a partition 
coefficient Kj are defined as is a Donnan coefficient (A), enabling equation 
(2.7) to be written in the simpler form of (2.11). 

-d *JlOj = -[dJlOj + VjdP + RT In (~::) + RT In Xj] (2.8) 

(2.9) 

A = exp (-~dt~) (2.10) 

C/ = (AjYKjCjS (2.11 ) 

In their model, these workers [208] identified two parameters which deter
mined ion adsorption namely, the valency (Zj) and the partition coefficient 
(Kj) of the ion. The significance of valency arises from the electrical work 
term (zjF d'l'), which, although experimentally immeasurable, is isolated 
as the Donnan coefficient (A) in equation (2.10) and, from the tenn (~y 
in equation (2.11), it thus follows that the distribution of the ion between 
the two phases depends on the valency of the ion. The importance of the 
partition coefficient of the ion (Kj ) stems from its relationship to the 
apparent standard affinity through equation (2.9), which, from equation 
(2.8), reveals that Kj represents all factors other than electrical potential 
difference that contribute to adsorption. According to this model, the 
acidic and basic groups in the fibre take part in an internal acid-base dis
sociation equilibria from which the condition for electrical neutrality in 
the fibre takes the fonn of equation (2.12) where the subscript I (i = 1) 
represents the H' ion, Aj is the concentration of the Jth acidic group in 
the fibre, K Aj the dissociation constant of the Jth acidic group, Bk the con-
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centration of the kth basic group in the fibre and KBk the dissociation 
constant of the kth basic group. 

f(A) = 'J:.z·Az'KCs + 'J:. AKICISAj _ 'J:. KBk Bk = 0 
ill 1 j AKICIS + KAj k KBk + AKIC l s 

(2.12) 

To use this model, numerical values are required for Zi, K i, Aj , KAj, Bk 
and KBk as well as C;s, equation (2.l2) must be for the unknown para
meter A and equation (2.ll) used to calculate ct This procedure must be 
repeated for each change in C;s or in any of the parameters in equation 
(2.12). 

Using this model, McGregor and Harris [208] were able to demonstrate, 
theoretically, the pH dependence of uptake of a monosulphonated dye of 
varying 'affinity' (of K values 1, lO, lOO lOOO and lOOOO) on to a substrate 
of equal amino end and carboxylic acid end group content (40 x lO-3 m-eq. 
kg-I) as well as the variation of dye uptake as a function of AEG content 
(0-200 m-eq. kg-I) at different pH values. These theoretical predictions 
showed that the shape of the adsorption curves obtained at each of the 
different K values closely resembled that secured for the adsorption of 
'real' dyes on nylon [176]. The finding that the predicted dye uptake was 
very high at high pH values was attributed to the high ionic strength of 
such dyebaths, this latter proposal having been experimentally verified 
using CI Direct Yellow 12 [208]. Qualitative confirmation of this parti
cular theoretical model has been obtained by Ulery [209] for the adsorp
tion of cationic dyes on the aromatic polyamide, Nomex. 

2.2.2.1.4. Overdyeing. As discussed above, in the 'plateau' region of a 
plot of dye uptake versus pH (Figure 2.6), which extends over several 
units of pH (e.g. from pH 3 to 7), dye uptake corresponds approximately 
to the AEG content of the substrate. Further reduction in pH results in a 
dramatic increase in dye uptake which continues to increase with decreas
ing pH, without reaching a limit. This particular phenomenon, namely 
dye adsorption in excess of the AEG content of the fibre, is referred to as 
overdyeing. Several explanations of this phenomenon have been offered as 
follows. 

It has been considered [39] that at low pH values, overdyeing is attribu
table to dye being adsorbed on to new amino end groups that were gener
ated by the acid hydrolysis of the chain amide groups; these workers [39] 
also suggested that such hydrolysis was dye-catalysed, this latter view 
having gained support from other workers [37-42]. Brody [2lO] suggested 
that acid dyes were adsorbed within voids caused by chain folding and 
that during overdyeing, hydrolysis of polymer chains that bordered these 
voids provided additional 'free volume' for dye adsorption to occur. Valk 
et al. [211] employed an ion-exchange method to determine the AEG con
tent of nylon 6 and showed that the AEG content of the fibre increased 
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as a result of dyeing with several non-metallised acid dyes, the extent of 
this increased AEG content being dye-dependent and related, in a linear 
manner, to the relative affinity of the dye. In later work Valk and Stein 
[212] demonstrated that the extent of fibre hydrolysis that occurred 
during dyeing depended on the dye, its concentration, as well as the pH 
and duration of dyeing and also dyebath additives; additionally, a non
linear relationship was obtained between the extent of fibre hydrolysis 
(AEG content increase) and the relative affinity of the various dyes used. 
However, Peters [176] and also O'Briain and Peters [213] proposed a con
verse mechanism. The latter workers [213] proposed that in the low pH 
region (pH ~ 1.5), whilst dye uptake in excess of the AEG of nylon 6.6 
yarn increased at a rate that paralleled that of the generation of new 
amino end groups formed by fibre hydrolysis, because the rate of increase 
in the extent of dye uptake was considerably greater than the rate at 
which new terminal amino groups were being generated, the dye was first 
adsorbed either as an anion on to the charged chain amide group 
(-CON+H2 -) or as undissociated dye, this adsorption being followed 
by hydrolysis of the fibre. However, other workers [214] observed that the 
dye-catalysed hydrolysis of nylon 6 commenced prior to dye uptake. The 
concept that amide protonation can result in overdyeing has gained sup
port from other workers [215]. 

However, as overdyeing is observed at pH values under which no pro
tonation of the chain amide groups is possible [202, 204], it has been sug
gested that such overdyeing can arise from the high affinity of the dye 
anion [204, 208, 216, 217] or from the dye being adsorbed in its undisso
dated form [195, 201-204, 218]. In the context of overdyeing being 
dependent of the affinity of the dye anion, White [199] observed in the 
case of the titration of nylon 6 with a homologous series of mono-, di, 
tri- and tetrasulphonated naphthalene azo naphthol dyes, that over the 
pH range 2 to 6, the extent of overdyeing achieved increased in the order 
tri < di < mono sulphonate and that the tetrasulphonated dye overdyed 
only at pH values of less than 3. Using White's data, Rattee and Breuer 
[181] proposed that two opposing factors contributed to dye adsorption 
in excess of the AEG content of the fibre namely, a gain in free energy 
(_L1~o) which promotes dye adsorption and a gain in potential energy of 
the fibre surface (II) which resists dye adsorption; the driving force for 
dye adsorption (_L1~*o) is given by equation (2.13), from which when 
_L1~o = II no adsorption occurs. 

(2.13) 

As II is a function of z2, where z is the valency of the dye anion, it 
follows that the propensity of an anionic dye to overdye will decrease 
with increasing valency of the dye anion and, therefore, dyes of low 
valency and thus high affinity will exhibit marked overdyeing tendencies, 



NYLON 115 

as indeed is found in practice [195, 199]. McGregor and Harris [208] con
sider that a dual sorption mechanism need not be invoked to explain 
overdyeing as, according to their theoretical model for the equilibrium 
acid dyeing of nylon fibres, overdyeing is explained purely in terms of the 
high tendency of dye anions to be adsorbed by the polymer matrix. Daty
ner et al. [219], from a study of the adsorption of two monoazo non
metallised acid dyes on nylon 6, concluded that overdyeing was due to 
adsorption of aggregates of the dye; similarly, Kraska and BIus [220], in a 
study of the dyeing of nylon 6 with fourteen monoazo non-metallised 
acid dyes, observed that when applied under identical conditions (PH 5), 
the equilibrium uptake of some of the dyes was in excess of the AEG 
content of the fibre whilst for other dyes, equilibrium uptake was below 
the AEG content. From the finding that those dyes which overdyed 
tended to be hydrophobic and of low water-solubility, these workers [220] 
argued that under the particular application conditions used (PH 5), the 
observed overdyeing was not due to hydrolysis of the fibre but, instead 
was attributable to adsorption of the dyes as aggregates. 

2.2.2.1.5. Kinetics of dyeing. Peters et al. [66, 221, 222] showed that 
the diffusion of non-metallised acid dyes in nylon 6.6 film was markedly 
concentration-dependent in that sigmoidal concentration-distance pro
files were obtained (Figure 2.7). Furthermore, Peters et al. [66, 222] 
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Figure 2.7 Concentration-distance profile for CI Acid Red 18 in nylon 6.6 film 
at pH 3.2 [222] 

(Reproduced with pennission from R.H. Peters and the Society of Dyers and Colourists) 
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Figure 2.8 Relationship between diffusion coefficient and concentration for CI 
Acid Red 18 in nylon 6.6 film at pH 3.2 [222] 

(Reproduced with permission from R.H. Peters and the Society of Dyers and Colourists) 

demonstrated (Figure 2.8) that when CI Acid Red 18 was applied to 
nylon 6.6 film from a finite dyebath using conditions (pH 3.2) under 
which the surface was saturated with dye, the real diffusion coefficient 
(D(c)) of the trisulphonated dye increased with increasing dye concentra
tion and, at dye concentrations close to saturation, the value of D ( c) 
increased sharply. Such concentration-dependence of acid dye diffusion 
has been confirmed by many workers. 

As previouly discussed, since many workers have shown that a close 
correlation exists between the extent of acid dye uptake and the AEG 
content of nylon fibre, the observed concentration-dependence of acid 
dye diffusion can be explained in terms of the nature of the interaction 
between the anionic dye and the protonated terminal amino groups in the 
substrate. At the start of dyeing, when there are many available dye sites 
within the substrate and the dye concentration gradient across the sub
strate is very high, dye uptake on to the surface of the substrate will be 
rapid. In order for subsequent dye adsorption to proceed, either adsorbed 
dye molecules must desorb from their original position and become re
adsorbed on to other sites further within the substrate, or new dye mole
cules must penetrate the dyed surface to become adsorbed at sites further 
within the substrate. Such a process will depend on the affinity of the dye, 
the concentration gradient across the substrate, the availability jaccessi-
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bility of dye sites within the substrate as well as the number of adsorbed 
dye molecules. During the early stages of dyeing, the dye concentration 
gradient across the substrate is high and the number of available dye sites 
within the substrate is also high, with the effect that a large proportion of 
the diffusing dye molecules become readily adsorbed and therefore immo
bile so that the rate of dye diffusion and thus D (c) will be low; such a 
situation is reflected in the well-known high strike exhibited by many acid 
dyes on nylon fibres. As dyeing proceeds, although the dye concentration 
gradient falls, as does the number of available dye sites, the proportion of 
the diffusing molecules that are immobile decreases, with the result that, 
in the later stages of dyeing, as saturation of the substrate is approached, 
the diffusion coefficient increases markedly, as was observed by Peters et 
al. [66, 222] (Figure 2.8). The importance of AEG content on dye diffu
sion was further demonstrated by the findings [223] that the rate of 
dyeing of nylon 6.6 yarn with non-metallised acid dyes was proportional 
to the AEG content of the fibre and that the rate of dyeing was zero for 
yarn of zero AEG content. 

Peters et al. [66] also found that the concentration-distance profiles 
became less sigmoidal in the cases of both CI Acid Red 18 and CI Acid 
Red 8 as the pH of application was increased (Figure 2.9) and, in the case 
of CI Acid Red 18, in the presence of increasing amounts of electrolyte 
(NaCl) (Figure 2.10). Bell [223] also observed that the presence of NaCI 
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x 
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x 
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Figure 2.9 Relative concentration versus x/2(Dt) Y, for two acid dyes applied to 
nylon 6.6 film under different conditions [66] 

(Reproduced with permission from R.H. Peters and the Society of Dyers and Colourists) 
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Figure 2.10 Relative concentration versus x/2(Dt) 'I, for CI Acid Red 18 applied 
to nylon 6.6 film at pH 3.2 at different NaCI concentrations [66] 

(Reproduced with permission from R.H. Peters and the Society of Dyers and Colourists) 

and Na2S04 decreased both the rate of diffusion and the saturation 
uptake of acid dyes on nylon 6.6 yarns. As each of these effects, namely an 
increase in dyeing pH and addition of electrolyte, serve to decrease the 
concentration of dye adsorbed by the fibre, the diffusional behaviour of 
the dye becomes more Fickian (i.e. D ( c) becomes less concentration~ 

dependent). Furthermore, at low pH (1.95), under which conditions, over
dyeing is achieved, the concentration~dependence of diffusion of CI Acid 
Red 18 was reduced in that the variation of D (c) with dye concentration 
was more gradual [179]. Indeed, several workers have found that during 
overdyeing, the diffusion coefficient of acid dyes is constant [179, 182, 
202], such Fickian diffusional behaviour gaining support from the linear 
adsorption isotherm observed for acid dyes in the overdyeing region [195]. 

It was shown [66] that when the same acid dye was applied under iden
tical conditions to different types of nylon film, the rate of dye diffusion 
differed for each film; furthermore, the diffusion of non-metallised acid 
dyes in both nylon 6 and 6.6 yarns was found to be related to the time
dependent mechanical properties of the fibres [224]. However, it has been 
proposed [66, 179] that the diffusion coefficient of acid dyes is determined 
by the mechanism of dye adsorption rather than fibre structure, although 
this applies to substrates that are homogeneous in relation to diffusion. It 
has also been shown [66] that the concentration~distance profiles 
obtained for a mono sulphonated acid dye and a trisulphonated acid dye 
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were independent of dye basicity, insofar as, when made to coincide at C 
= 0.5 (i.e. for the same level of surface saturation), the shapes of the pro
files were similar for the two dyes under both acidic and alkaline pH 
values. 

Such non-Fickian diffusional behaviour of acid dyes in nylon is very 
similar to that found for the diffusion of cationic dyes in acrylic fibres. 
However, as pointed out by Jones [225], the kinetic behaviour of cationic 
dyes in acrylic is also temperature-dependent as the Tg of the fibre lies 
within the practical dyeing temperature range. 

The data obtained for the diffusion of acid dyes in nylon has been ana
lysed in terms of the porous matrix model of dye diffusion within textiles 
[168,179, 181, 182], namely that the nylon substrate is considered to 
comprise water-filled pores in which dye diffusion occurs. Several models 
have been devised to describe the mechanism of dye transport within the 
pores [66, 206, 226, 227]. 

UNIMODAL ADSORPTION. According to Hopper et al. [66], the dye 
anions are adsorbed on to dye sites on the pore walls whilst the inorganic 
ions, owing to their negligible substantivity towards the substrate, are 
considered to be dissolved in the pore liquid. Within the pores, the 
adsorption of the dye anions is described as occurring via a Langmuir 
mechanism such that the variation of the real (measured) diffusion coeffi
cient, D ( c), with dye concentration, C, is expressed by equation (2.l4), 
where 8 is the fractional site saturation and Do = D (c) 0 which represents 
the influence of polymer structure on diffusion. 

D( c) = (1 ~oei (2.14) 

Alternatively, rather than using concentration gradient as the driving 
force for diffusion as in equation (2.14), either activity gradient or chemi
cal potential gradient can be used [228], according to which, equations 
(2.14) and (2.l6), respectively, are obtained for the concentration-depen
dent diffusion, the activity of the dye in the substrate (aD) being given by 
equation (2.15) [229,230] in which z is the basicity of the dye anion. 

(2.15) 

Do 
D(c) = (1- 8) (2.16) 

Thus, equations (2.14) and (2.16) show that the diffusion coefficient D (c) 
depends on the fractional site saturation (8) namely, the concentration of 
dye relative to the maximum amount of dye that can be adsorbed by the 
substrate. However, whilst neither equation (2.14) nor (2.16) gave an 
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exact representation of the experimentally determined variation of D ( c) 
with relative dye concentration for CI Acid Red 18 in nylon 6.6 film 
[179], it was concluded that the variation of D ( c) with 9 was better 
explained using the activity gradient model (equation (2.14)); this view 
has been confirmed by other workers [231,232]. As all the amino end 
groups in the substrate may not be accessible to the dye, improved agree
ment between experimentally obtained results and theory should be 
obtained [66, 179] when the fractional site saturation term 9 in equations 
(2.14) and (2.16) is replaced by 1X9, where IX = Coo, Coo being the equili
brium dye uptake [66, 179]. This results in equations (2.17) and (2.18). 

Do 
D(c) 

(1 - 1X9)2 

Do 
D(c) = (1-1X9) 

(2.17) 

(2.18) 

However, Peters et al. [66] argued that an electrical potential gradient is 
established when the dye anion (D) exchanges with the chloride ion (d or 
HCOO- ions inside the substrate and, in the case of cr, derived equation 
(2.19), where IXI = 1 - (ZDo,D/Do,C1). 

D(c) = D 1 + (z-1)9 
o,D 1 - 1X19 (2.19) 

An analysis of the diffusion data obtained for a mono sulphonated and a 
trisulphonated dye using equations (2.17), (2.18) and (2.19) revealed that 
equation (2.19) offered the most satisfactory explanation of the practical 
data. 

MULTIMODAL ADSORPTION. Based on the proposal of Back and Zol
linger [201] that the adsorption of a 1:2 metal-complex dye on nylon 
occurred by two mechanisms, namely, uptake on to amino end groups 
and a 'solution' mechanism, as well as the findings [233, 234] that, with 
some acid dyes on nylon, maxima were obtained in the variation of diffu
sion coefficient with dye concentration near to the stoichiometric uptake 
of the dye on to the amino end groups, Komiyama and Iijima [205] sug
gested that the concentration-dependence of acid dye diffusion could be 
explained by considering that the dye was present in the polymer as two 
thermodynamically distinct states, namely adsorbed and dissolved dye, in 
equilibrium (this having an equilibrium constant, K), the adsorption of 
which were described by Langmuir and Nernst mechanisms, respectively. 
These workers [205] developed equation (2.20) to describe this bimodal 
adsorption mechanism wherein Kp is the partition coefficient of the 'dis
solved' dye molecules, KL the Langmuir sorption constant, and S the 
saturation value (assumed to be equal to the AEG content) of the fibre. 
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Equation (2.20) can also be expressed in the form of equation (2.21) in 
terms of the fractional saturation, 9, where 9 = zCL/S and K = KL/Kp. 

C = K C + KLSCs 
f P s z(1 + KLCs) 

(2.20) 

Cf = 9 + S9 
K(l- 9) z 

(2.21) 

In their study of the diffusional behaviour of both a monosulphonated 
non-metallised acid and a mono sulphonated 1:2 pre-metallised acid dye 
within nylon 6 film, these workers [205] derived equation (2.22) (wherein 
r:t = KS), which explained their experimental finding that the diffusion 
coefficient of the monosulphonated dyes reached a maximum value at a 
dye concentration in the fibre that was near to the stoichiometric AEG 
content of the nylon 6 film employed. The DL 0 and Dp 0 terms in equation 
(2.22) represent the the contributions of the respective species to the 
apparent diffusion coefficient (D(c)). 

D( ) = RT [D 0 r:t(1 - 9) + D 0 1 ] 
C L r:t(1 _ 9i + 1 p r:t(1 - 9)2 + 1 

(2.22) 

Figure 2.11 shows the results of the application of equation (2.22) to the 
diffusion of CI Acid Orange 7 in nylon 6 film, from which it is evident 
that the diffusion coefficient ascends slowly at first and then steeply with 
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increasing saturation of the amino end groups, reaching a maximum that 
is in approximate accordance with the stoichiometric AEG content. The 
diffusivity of the adsorbed species, L, is of primary significance in deter
mining this concentration-dependence of diffusion coefficient. However, 
at saturation values in excess of the AEG content, the diffusivity of the 
dissolved species becomes substantial. 

This particular approach has been further developed and applied to 
describe the diffusion of disulphonated direct dyes [235] as well as that of 
a series of mono-, di- and trisulphonated non-metallised acid dyes [206] in 
nylon 6. In the latter study [206], Tak et al. showed that the apparent 
diffusion coefficient of the three monoazo dyes used, decreased with 
increasing degree of sulphonation, this being attributed to the correspond
ing increase in both the molecular volume of the dye and the extent of 
ion-ion interaction operating between the dye and the protonated amine 
groups in the fibre that accompanied an increase in degree of sulphona
tion. Also, for each of the three dyes, a plot of diffusion coefficient as a 
function of dye concentration revealed that the diffusion coefficient 
increased with increasing dye concentration, reaching a maximum value 
which was almost in accordance with the AEG content of the substrate 
[206]. As Table 2.5 shows, in the context of the dual sorption and diffu
sion model, it was shown that, as might be expected, the (Nernst) partition 
coefficient, Kp , decreased whilst the Langmuir type sorption constant, KL , 

increased with increasing degree of sulphonation (i.e. increasing z) [206]. 
In later work [207] it was demonstrated that the sorption and diffusion 

behaviour of the trisulphonated monoazo dye previously studied [206] in 
the presence of NaCI was adequately described using the bimodal model. 

Sada et al. [227] considered that the concentration-dependence of acid 
dye diffusion in nylon could be satisfactorily interpreted by a mechanism 
of parallel transport, namely that the dye molecules diffuse, in a parallel 
manner, within and along the pores, this being accompanied by simulta
neous multimodal Langmuir adsorption. By utilising existing experimental 
data for the diffusion of various acid dyes in nylon [231, 236, 237] these 
workers [227] concluded that the concentration-dependence of acid dyes 
on nylon could be explained in terms of the proposed parallel transport, 

Table 2.5 Parameters for polybasic acid dye diffusion in nylon 6 film [206] 

Dye z KL Kp S CY 

(I mol-I) (I g-I) (eq. g-I) 

CI Acid Orange 7 1 6.4 X 105 0.160 3.72 x 10-5 150 
CI Food Yellow 3 2 1.1 X 105 0.024 3.61 x 10-5 1650 
Sulphanilic acid 00 R acid 3 2.0 x 105 0.013 3.71 x 10-5 5700 

(Reproduced with permission from T. Ijima and the Society of Fiber Science and Technology of Japan) 
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accompanied by bimodal Langmuir adsorption, the latter taking into 
account one type of dye site being physically more active than the other 
type. In other work [238], these authors sought to interpret the concentra
tion-dependent diffusion of CI Acid Blue 182 in nylon 6 film in terms of 
surface diffusion (along the pores) incorporating one Nernst-type and two 
Langmuir-type adsorption mechanisms; whilst the particular diffusion 
model satisfactorily described the concentration-dependence at low dye 
concentrations, it was not satisfactory at high concentrations. Subse
quently, it was shown [239] that at high dye concentrations, true adsorp
tion equilibrium was not instantaneously established throughout the nylon 
6 film, but rather, that under the dyeing conditions used (80°C; pH 2.1), 
although a quasi-equilibrium was attained after some 2 hours, true 
equilibrium was established only after 30 hours or more. From this, it was 
concluded that the substrate comprised two regions, one region being 
available for rapid dye penetration and the other region, which is con
nected to the first and formed by the slow relaxation of the polymer, being 
of poor penetration. In the latter context, these authors subsequently 
argued [240] that when dye molecules penetrate the film, the substrate 
must undergo structural rearrangement to accommodate the adsorbed dye 
molecules. As, during this process, the polymer segments must move, not 
only because of the presence of the dye molecules but also because of the 
movement of adjacent polymer segments, this structural rearrangement 
cannot be simultaneous and must therefore be gradual. Evidence was 
presented which showed that such relaxation of the polymer structure 
increased only the amount of dye adsorbed by the Nernst mechanism and 
did not alter that due to the bimodal Langmuir adsorption. Consequently, 
it was proposed that, at high dye concentrations, the concentration
dependent diffusion of CI Acid Blue 182 in nylon 6 film can be described 
in terms of surface diffusion incorporating two Langmuir-type adsorption 
mechanisms and one pseudo-Nernst-type mechanism [240]. 

The proposal of Sada et al. [239, 240] that the substrate comprised two 
regions, one available for rapid dye penetration and the other connected 
region which is formed by the slow relaxation of the polymer and of poor 
penetration, may be of relevance to the previously discussed radial non
uniformity of nylon fibres. Indeed, in their review of this particular topic, 
Duscheva et al. [67] propose that the rate of dyeing of nylon fibres with 
acid dyes is not controlled solely by dye diffusion but, instead, is deter
mined by sorption in a specific stage of the dyeing process and by diffu
sion in another stage. 

2.2.2.2. Pre-metallised acid dyes. This type of dye, which was commer
cially introduced in 1919, was developed to overcome the disadvantages 
associated with the use of mordant dyes on wool [77]. As the chemistry of 
this dye type has been comprehensively discussed by several workers 



124 CHEMICAL PRINCIPLES OF SYNTHETIC FIBRE DYEING 

[77,241-244] the following serves only as a brief account. As their name 
implies, such metal-complex dyes comprise one metal atom (usually chro
mium although cobalt is also employed) which is complexed with either 
one or two molecules of a dye ligand. Thus, both 1: 1 (CI Acid Red 183 
(IV)) and 1:2 (CI Acid Black 60 (V) and CI Acid Orange 148 (VI)) pre
metallised acid dyes are available; three types of 1:2 dyes are marketed, 
namely weakly polar (V), disulphonated strongly polar (VI) and mono
sulphonated strongly polar [77]. Commonly, tridentate, bicyclically metalli
sable monoazo dye ligands are used in such dyes [57] although other dye 
ligands have been described [241, 242, 244, 245]; whilst many transition
metals ions form complexes with such metallisable dye ligands, C03 + and 
especially Cr3 + are most widely employed owing to the superior stability 
of the ensuing complexes [77]. 

GENERAL APPLICATION PROPERTIES. Only selected 1:1 pre-metallised 
acid dyes are employed on nylon owing to the generally low saturation 
values achieved [96]; also, the dyes exhibit only low to moderate coverage 
of fibre irregularities and poor compatibility in admixture [24]. The low 
pH (~2) which can be used for the application of these types of dye to 
wool [72] cannot be employed for nylon owing to the fibre's marked acid 
sensitivity and thus higher pH values (4-6) are used in conjunction with 
a, typically, weakly cationic levelling agent [24]. Generally, selected dyes 
provide a wide range of moderately bright shades of good wet fastness 
and very good light fastness. No aftertreatment with syntans or the full 
backtan is given so as not to impair the brightness of the dyeings [24]. 
Dyeing is commonly carried out at 98°C although elevated temperatures 
(105-11 O°C) can be employed [246]. 

In contrast to their 1:1 pre-metallised acid counterparts, 1:2 metal-com
plex dyes display high build-up on nylon and excellent compatibility in 
admixture. They yield rather dull dyeings of very good light and wet fast
ness on polyamide fibres but, owing to their large Mr and high sub
stantivity, tend to accentuate physical irregularities in the substrate, 
although this latter aspect varies according to the type of 1:2 dye used [24] 
and can be minimised by recourse to elevated temperatures and the use of 
dyeing auxiliaries. Typically, un sulphonated types are applied at pH 6-8 
using (NH4hS04 in the presence of a weakly cationic levelling agent at 
temperatures, depending on the substrate, of up to l30°C; pretreatment 
prior to dyeing with an anionic blocking agent can be employed to expe
dite coverage of barre. Monosulphonated dyes are applied, typically, at 
pH 5 to 6.5 (the lower pH value being for pale shades and the latter value 
for deep shades) using NH4COOCH3/CH3COOH at temperatures of 
between 95 and 120°C in the presence of a weakly cationic levelling agent. 
An aftertreatment, with a syntan or the full backtan, can be used to 
improve the wet fastness properties of the dyeings on nylon [24, 96]. 
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DYE ADSORPTION. Relatively few publications have attended the 
dyeing of nylon with pre-metallised acid dyes; Back and Zollinger [247] 
found that the equilibrium uptake of an un sulphonated 1:2 Cr complex 
onto nylon 6 at pH 7 was in excess of the AEG content of the fibre and 
also that the dye was adsorbed on to nylon 6 which had been acetylated 
from which it was concluded that the dye was adsorbed by means of both 
a Langmuir (electrostatic) and a 'solution' mechanism. In later work 
[248], using 1:2 metal-complex dyes of varying hydrophobicity, these 
workers proposed that the hydrophilic dyes were adsorbed on to nylon 
6.6 by virtue of interaction with the amino end groups of the substrate 
whereas the more hydrophobic dyes were adsorbed by a solution mechan
ism. Hauss [249] observed that the adsorption of mono sulphonated I: 2 
dyes on nylon was pH dependent in that dye uptake increased with 
decreasing pH and dye exhaustion was greatest in the range pH 4-7 with 
pH 5 being the optimum pH for application. 

2.2.3. Mordant dyes 

The practice of pretreating textiles with mordants (salts of various metals 
or tannins) so as to secure dyeings of increased depth of shade and/or 
improved colour fastness or different hues was reported by Pliny in the 
first century AD [250]. In the Colour Index [71], the term mordant dye 
applies specifically to those dyes which are applied in conjunction with a 
metallic mordant. In this context, the term mordant dye does not apply to 

OH 

VIII 
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(a) basic dyes which are applied in conjunction with a tannin to cellulosic 
fibres, (b) dyes (usually direct dyes) which are applied to cellulosic fibres 
and are aftertreated with a metallic salt, or (c) to dyes which, although 
containing metallisable groups, are not metallised in situ on the substrate. 
Nowadays, chromium salts are predominantly employed as mordants, as 
a consequence of which, the term chrome dye is often incorrectly used. 

In essence, the majority of mordant dyes resemble non-metallised acid 
dyes in that they carry sulphonate and/or carboxylic acid groups and are 
therefore anionic. However, mordant dyes contain ligands (e.g., OH, 
NH2, COOH) which enables them to form a stable, coordination complex 
with the chromium ion in situ within the fibre, the formation of which is 
usually accompanied by a marked increase in the wet and light fastness of 
the dyeing and an often dramatic change in the hue of the dyeing [72, 77]. 
On wool, for which the dyes were developed, three methods can be used 
for their application, namely pre-chrome, metachrome and afterchrome, 
depending on whether the mordant (commonly Na2Cr207 or K2Cr207 
although NaCr04 and KCr04 are also used) is applied before, during or 
after the dye. In the case of nylon, the afterchrome dyeing method is pre
dominantly used. The generally very low fastness properties of unmor
danted dyeings negates the use of mordant dyes as acid dyes per se [72]. 
Of the various chemical classes of mordant dye available [72], anthraqui
none [251] and azo [252] (mostly monoazo) types predominate, as exem
plified, for use on nylon [253], by CI Mordant Blue 13 (VII) and CI 
Mordant Black 11 (VIII), respectively. The dyes yield mostly dull shades 
of very good fastness to light and wet treatments and, whilst the dyes 
cover physical irregularities in the substrate well, they are sensitive to che
mical variations. 

DYE ADSORPTION. The dyeing of nylon with mordant dyes was inves
tigated shortly after the introduction of the fibre [73, 74]. White [73] 
observed that both the pre-chrome and metachrome dyeing methods were 
unsuitable for the application of mordant dyes to nylon 6.6 owing to 
inadequate dye-chromium complex formation whilst the afterchrome 
method yielded dyeings of good fastness although the quantity of potas
sium dichromate required was greater than that employed for the appli
cation of the dyes to wool. Stott [74] confirmed White's observation that 
greater amounts of dichromate were needed for nylon 6.6 and that the 
duration of the chroming stage was longer than that used for the after
chrome dyeing of wool; Grundy [254] considered that the duration of the 
chroming stage was more important than the amount of dichromate 
employed. Stott [74] found that lower pH values than were used for wool 
were needed to promote adequate dye exhaustion and also that the 
attainment of deep shades was problematic owing to the low saturation 
value of the dyes on the substrate. In a study of the dyeing of nylon 6.6, 
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Boulton [255] found that the metachrome and afterchrome dyeing meth
ods yielded dyeings of similar wash fastness, that the light fastness of 
mordant dyes on nylon 6.6 was lower than comparable dyeings on wool 
and that the mordant dyes used accelerated the photodegradation of the 
fibre. Hadfield and Sharing [256], in an investigation of the dyeing of 
nylon 6.6 with mordant dyes by the pre-chrome, metachrome and after
chrome dyeing methods, concluded that the pre-chrome method was 
unsuitable as dichromate caused a loss in strength of the substrate (ten
derisation) and insufficient dye-Cr complex formation occurred; also, the 
metachrome method was found to be unsuitable as, under the pH condi
tions employed, neither the dyes nor the dichromate possessed adequate 
substantivity towards the substrate. These workers [256] observed that 
the afterchrome dyeing method was most suitable, but suffered several 
disadvantages, namely that high concentrations of dichromate and low 
pH values were required, that complete dye-chromium complex forma
tion was not achieved with all of the dyes studied and residual K2Cr207, 
if not completely removed after the chroming stage, tenderised the fabric. 
It was found [256] that at pH 2.8 to 3, the equilibrium uptake of dichro
mate on to undyed nylon 6.6 corresponded to the AEG content of the 
fibre; the role of the amino end groups in uptake of the dichromate 
anions was further demonstrated by the finding that virtually no dichro
mate was adsorbed on to acetylated nylon 6.6. The uptake of dichromate 
onto nylon which had been dyed with 1 % and also with 6% o.m.f. of 
three different mordant dyes revealed that the presence of the dyes 
reduced the rate of adsorption of dichromate but the extent of uptake of 
dichromate was greater than that on to undyed nylon 6.6; both the rate 
and extent of uptake of dichromate on to dyed nylon increased with 
increasing temperature. The finding, that uptake of dichromate on to 
dyed nylon was in excess of the AEG content of the fibre, was attributed 
[256] to the fact that as adsorption of the anionic Cr VI occurred, simul
taneous reduction of the adsorbed hexavalent anions to the cationic CrIll 
form occurred within the fibre. As the CrIll cations possess no affinity for 
the protonated terminal amino groups, they would be displaced by Cr207 
anions, this exchange process being responsible for the observed uptake 
of dichromate ions in excess of the AEG content of the fibre. Hadfield 
and Sharing [256] concluded that, when compared with wool, the pro
blems associated with the dyeing of nylon with mordant dyes were the 
lower number of sites within nylon for both dye anions and dichromate 
anions together with the fact that, unlike wool, nylon could not reduce 
CrVI to CrIll. Thus, several reducing agents, namely sodium thiosulphate, 
sodium hyrosulphite as well as sodium sulphide were added to the 
chroming bath in order to achieve this necessary reduction of dichro
mate, as a result of which, dyeings of improved fastness were obtained 
[256] (Figure 2.12). 
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Figure 2.12 Effect of addition of sodium thiosulphate on the rate of chroming of 
CI Mordant Violet 8 on nylon 6.6 [256] 

(Reproduced with permission from H.R. Hadfield and the Society of Dyers and Colourists) 

As mentioned previously, whilst mordant dyes cover physical irregula
rities in the substrate well, they are sensitive to chemical variations. Had
field and Seaman [257], in a study of the effect of temperature on the 
levelling of mordant dyes on nylon 6.6 when applied by the afterchrome 
dyeing method, showed that selected mordant dyes could be classified 
into three groups according to their suitability for use at 95 and 130ae. 
These workers [257] found that the dyes could be divided into those: 

• suitable for application at both 95 and 130aC; 
• suitable for application at 95aC only owing to dye decomposition at 

130a C; 
• suitable for application at 130aC only owing to incomplete dye-chro-

mium complex formation. 

Hadfield and Seaman [257] also observed that the rate of chroming at 
130aC was faster than that at 95aC and that the addition of a reducing 
agent to the metallising bath was not required when afterchroming was 
carried out at 130ae. These workers [257] noted that although they had 
only used 130aC for both dyeing and afterchroming stages, lower tem
peratures, such as llOaC, might show advantages over 95aC. 

Douglas [258] reported that copper complexes of mordant dyes, 
obtained using NaCuCb, exhibited higher light fastness but lower wet 
fastness on nylon 6.6 than their chromium complex counterparts and that 
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cobalt complexes of the dyes displayed lower light fastness than the corre
sponding chromium complexes. 

Several of the observations made by Hadfield and his coworkers 
[256, 257] are utilised in the current mordant dyeing of nylon; the after
chrome dyeing method is mostly used although the metachrome method 
is also employed [246], it is important to remove residual dichromate 
from the dyed material so as to avoid skin irritation [258] and to achieve 
high sublimation fastness of the dyeings [246], a reducing agent, sodium 
thiosulphate (at a concentration of four times that of dichromate) is 
included in the chroming bath and afterchroming is commonly carried 
out at between 95 and 110°C [24]. However, mordant dyed polyamide 
exhibits a harsh handle owing to oxidative degradation of the fibre and 
unlevel dyeings cannot easily be overcome [246]; also, the shade of some 
mordant dyes is affected by traces of other metals, such as Fe and Cu in 
the dye bath. 

Owing to environmental concerns that attend the use of chromium salts 
together with the difficulties inherent in colour matching afterchrome dye
ings, the use of this dye class on nylon is nowadays mainly restricted to 
the production of black shades and other specific end uses. 

2.2.4. Direct dyes 

Direct dyes, the first commercial example of which (CI Direct Red 28) was 
introduced in 1884 [72], are the second most popular class of dye used on 
cellulosic fibres. Chemically, the dyes belong to several classes [72], the 
most important being azo, the majority of which are of the disazo, trisazo 
and polyazo types although there are some monoazo representatives 
[252, 259]. The forces of interaction that operate between this class of dye 
and cellulosic fibres are predominantly van der Waals, resulting from the 
highly conjugated, linear and coplanar structure of the dyes; this particular 
structure of the dyes also results in the dyes exhibiting marked aggregation 
tendencies both in solution and within the substrate. In the case of the 
dyeing of cellulosic fibres, the dyes are divided into three classes, A, Band 
C, according to their sensitivity to salt (NaCl) [71,260] which is necessary 
to promote dye-fibre substantivity [72, 79, 85]. 

In the case of nylon, only a small number of selected direct dyes are 
employed, such as CI Direct Red 75 (IX) and CI Direct Blue 74 (X), 
owing to their tendency to highlight physical irregularities and their sensi
tivity to chemical variations in the substrate as well as their generally low 
migration character on nylon fibres. The dyes are applied to nylon, often 
individually or in conjunction with a small proportion of shading acid 
dyes, under weakly acidic conditions (pH ~ 5) [24], their dyeing behaviour 
closely resembling that of acid dyes. Using data obtained by Morita et al. 
[261] for the diffusion coefficients of direct dyes within nylon 6 when 
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applied at pH 4.5, Komiyama et al. [235] demonstrated that the diffusional 
behaviour of the dyes was identical to that of acid dyes. The dyes yield 
economically attractive deep shades of good wet fastness and moderate to 
good light fastness; however, the wet fastness of the dyeings cannot be 
improved using the methods employed for the aftertreatment of the dyes 
on cellulosic fibres [96] although some improvement can be achieved by 
the use of an aftertreatment with a syntan or the full backtan. 

DYE ADSORPTION. White [73] found that the substantivity of direct 
dyes towards nylon 6.6 varied from zero to high and that dyeings of ade
quate light and wash fastness could be achieved using selected dyes; how
ever, diazotised and developed direct dyes were unsuitable for application 
to the fibre owing to only partial development being achievable. Stott [74] 
also found that the number of direct dyes that were suitable for nylon 6.6 
was low and observed that acidic conditions increased the substantivity of 
the dyes towards the substrate. This latter observation was confirmed by 
both Whittaker [260] and Boulton [255], the latter worker also demon
strating that both the rate and extent of dye exhaustion were dependent 
on pH (Figure 2.13). 

Whittaker [260] showed that the exhaustion of some direct dyes on 
nylon 6.6 was enhanced by treatment with various organic compounds, 
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Figure 2.13 Effect of pH (potassium hydrogen phthalate - HCljNaOH buffer) on 
uptake of 1% o.m.f. CI Direct Orange 23 on nylon 6.6 yarn [255] 

(Reproduced with permission from J. Boulton and the Society of Dyers and Colourists) 

notably 2-naphthol, the latter compound being effective when applied 
either as a pretreatment of the substrate prior to dyeing or when applied 
conjointly with the dye. Abdou and Bendak [262] observed that in the 
dyeing of nylon 6 with direct dyes, the addition of benzyl chloride to the 
dyebath increased both the colour yield of the dyeings and the rate of dye 
uptake, this being attributed to the benzyl chloride having plasticised the 
fibre. Whittaker found that pretreatment of nylon 6.6 with steam 
increased dye exhaustion as also did pretreatment with various metallic 
salts [260]. Boulton [255] showed that an increase in dyeing temperature 
increased the rate of dye uptake but reduced equilibrium dye uptake, and 
that both the rate and extent of dye uptake were increased or decreased 
by the addition of NaCl to the dyebath when dyeing was carried out 
under neutral or acidic pH conditions, respectively. Furthermore, some 
direct dyes were found to tenderise the fibre whereas others appeared to 
impart a protective effect towards photo degradation [255]. 

Grundy [263] observed that the levelling of direct dyes on nylon 6.6 
was enhanced by the presence of soap in the dye bath. From the observa
tion that cationic surfactants displayed high substantivity towards nylon 
fibres [264], MacGregor and Pugh [103] found that the presence of low 
concentrations of such agents (of at least C8) increased the rate of uptake 
of direct dyes on to nylon 6.6. Ryu et al. [265] reported that the colour 



NYLON 133 

yield of CI Direct Black 155 on nylon 6 fabric was enhanced by sputter 
etching the substrate using low-temperature argon plasma, this being 
attributed to a reduction in the reflection of incident light upon the fabric 
caused by the formation of microcraters within the substrate. 

2.2.5. Reactive dyes 

With regards the use of this dye type on nylon, a distinction can be made 
between anionic and disperse reactive dyes; this section is concerned with 
the former dye type. 

Reactive dyes differ from all other classes of dye insofar as they can 
become covalently bound to nucleophiles in appropriate substrates. 
Although the first commercial reactive dye (CI Acid Orange 30) was 
introduced in 1932 for use on wool, the reactivity of the labile chlorine 
atom in the chloroacetylamino substituent of the dye and, thus, the abil
ity of the dye to react with wool, was not at the time recognised [266]. 
Following the recognition that dyes could be covalently bound to wool 
[267] further developments resulted in the commercial launch of reactive 
dye ranges for wool in 1952 and 1954 and for cellulosic fibres in 1956 
[268]. Thus far, whilst many ranges of reactive dye have been developed, 
each range differing from another in terms of the reactive group(s) 
employed, only one type of reactive dye, namely the Procinyl (ICI) range 
of disperse reactive dyes, discussed in section 2.4.1.3, has been marketed 
specifically for application to nylon fibres; all other reactive dye ranges 
have been developed for use on either wool or cellulosic fibres. On the 
latter two fibre types, reactive dyes have enjoyed much success and fur
nish a wide range of shades of very good to excellent wet and light fast
ness; in contrast, reactive dyes have not been successful on nylon fibres. 

With very few exceptions, which includes non-ionic, disperse reactive 
dyes discussed below, reactive dyes are water-soluble and anionic, these 
characteristics being provided by the presence of one or more sulphonate 
groups in the chromogen. Although the vast majority of anionic reactive 
dyes are intended for use on wool and cellulosic fibres, some can also be 
applied to nylon. Typically, anionic reactive dyes are applied to nylon at 
95°C in the presence of a weakly cationic levelling agent under acidic (pH 
4-6) conditions [24, 269], this being necessary to achieve adequate sub
stantivity of the anionic dyes for the protonated amino end groups in the 
fibre. However, such dyes are very sensitive to chemical and also physical 
variations in the substrate and, owing to their very low migrating power, 
careful control of dye exhaustion, usually by means of temperature, must 
be exercised [269]. A further major drawback to the use of anionic reac
tive dyes on nylon is that only pale to moderate depths of shade are 
obtained on regular nylon, although deeper shades are attainable on 
nylons of higher AEG content. Both monofunctional and bifunctional 
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dyes can be used on nylon [245, 269], the latter type generally yielding 
higher depth dyeings [24]. The low depth of shade obtained on regular 
nylon can be attributed to two causes; firstly, the relatively low AEG con
tent of the substrate and, secondly, the pH at which dyeing is carried out. 
As Lewis points out [33], when dyeing at 95°C, as the pKa of the amine 
conjugate acid (-CH2- k +NH3 will be about 8 and since the unproto
nated amino end groups are the nuc1eophiles with which the dyes react, 
the acidic conditions commonly employed for the application of the dyes 
to nylon are inefficient insofar as many of the terminal amino groups will 
be protonated and thus such acidic application conditions are inefficient 
in terms of achieving a high degree of dye-fibre fixation. This situation 
was addressed in 1960 in the case of anionic vinyl sulphone reactive dyes 
[270-272] insofar as the sulphatoethyl derivative (XI) was converted into 
the reactive vinyl form (XII) prior to application to the substrate by treat
ment with alkali, this procedure resulting in high saturation values [96]. 

-0- OH- -0-
o \ j S02CH2CH20S03H .. 0 \ j S02CH=CH2 + HS04- + H20 

XI XII 

Anionic reactive dyes, when applied at low to moderate depths of shade 
on regular nylon, exhibit excellent wet fastness on the substrate. Although 
deep shades can be secured, in such full depths, the dye is present mainly 
as unfixed dye that exhibits the characteristically poor to moderate wet 
fastness of acid dyes. High wet fastness is achievable by recourse to an 
aftertreatment with a syntan in the case of monofunctional dyes or a clear
ing process that removes unfixed dye in the case of bifunctional dyes [24]. 

2.3. Cationic dyes 

The presence of carboxylic acid terminal groups in nylon fibres accords 
substantivity towards cationic dyes. The main use of this type of dye is in 
the dyeing of cationic-dyeable nylon which is principally used in differ
ential-dyeing fibres. In the context of regular (unmodified) polyamide 
fibres, although it was recognised soon after the introduction of the fibres 
that cationic dyes displayed substantivity towards regular nylon fibres 
under neutral dyebath conditions [73, 74] and that uptake of the dyes was 
dependent upon both pH and carboxylic acid content [40], it was gen
erally concluded that the wet- and light-fastness properties of the dyeings 
were inadequate. Since this time, very few studies have addressed the 
application of cationic dyes to unmodified nylons. However, as Lewis [33] 
comments, the cationic dyes available when commercial methods for 
dyeing nylon were being sought were mainly those containing delocalised 
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cationic charges and the application of cationic dyes to nylon may be 
worthy of reconsideration. In this context, Lockhande et al. [273] demon
strated that the exhaustion of basic dyes on nylon 6 when applied at 9SoC 
was enhanced by the addition to the dyebath of various inorganic salts, 
namely the chlorides of Na, Mg, Cu, Co and Zn, this being attributed to 
the cr ions having been adsorbed on to the protonated amino end 
groups of the fibre and thereby having lowered the repUlsive effects oper
ating between the cationic dye and the protonated amino end groups in 
the fibre; of the various chlorides examined, ZnCh was the most effective 
owing to the additional swelling action imparted to the substrate. These 
workers [274] further showed that the addition of NaCl, MgClz as well as 
monochloroacetic acid and trichloroacetic acid to the dyebath enabled 
nylon 6 to be dyed with cationic dyes at SO°C and also [27S] that the 
increase in cationic dye uptake achieved using trichloroacetic acid was 
due to the solvent having plasticised the fibre (i.e. having reduced Tg) 
whilst enhanced cationIC dye uptake secured using monochloroacetic acid 
was due to fibre swelling. 

2.4. Non-ionic dyes 

This section concerns the dyeing of nylon with three classes of dye, 
namely disperse, azoic colorants and vat, which, at the end of dyeing, are 
present in the fibre as non-ionic species. However, whilst each of these 
three types of dye is non-ionic, only disperse dyes are non-ionic when 
adsorbed on to the substrate, whereas both vat dyes and azoic colourants 
(or rather the naphtholate in the latter case) are adsorbed as anions. 

2.4.1. Disperse dyes 

Details of the development of this dye class as well as the characteristics 
of disperse dyes are given in Chapter I in which it is discussed that the 
earlier, low M" types of disperse dye that were developed for the dyeing 
of cellulose diacetate fibres (the so called 'acetate dyes') were subsequently 
followed by disperse dyes of higher Mr and greater hydrophobicity than 
were developed for application to the more hydrophobic cellulose tri
acetate and, more importantly, polyester substrates. Ginns and Silkstone 
[24] propose that disperse dyes for nylon can be divided into two groups, 
namely dyes of low Mr and dyes of high M" in terms of their general 
application and fastness properties. 

Soon after the commercial launch of nylon fibres, the 'acetate dyes' 
were found to exhibit good build-up, good migration power and excellent 
coverage of physical irregularities when applied to the substrate under 
conditions very similar to those used for applicationto cellulose diacetate 



136 CHEMICAL PRINCIPLES OF SYNTHETIC FIBRE DYEING 

fibres (80-85°C in the presence of a dispersing agent) [73-75, 263, 276-
278] although the shade of the dyeings on nylon differed to that attained 
on diacetate fibres [263, 278]. In a study of the adsorption of 22 different 
'acetate dyes' on nylon 6.6, Vickerstaff [279] demonstrated that the dyes 
varied in their rates of uptake at different temperatures, as a result of 
which, the dyes were differentiated into three types, namely Classes A, B 
and C, these representing slow, intermediate and rapid dyeing types, 
respectively, this classification system gaining commercial usage [280]. 
Although in pale and medium depths, the build-up of the 'acetate' dis
perse dyes was very similar to that obtained on diacetate fibres, at heavy 
depths the dye's build-up on nylon was less than that on diacetate [280], 
this being manifest [279] by the lower saturation values of the dyes on 
nylon than on diacetate. Whilst the wash fastness of such low Mr dyes on 
nylon was similar to that of the dyes on diacetate at temperatures of less 
than 70°C, at higher temperatures the fastness of the nylon dyeings was 
inferior to that of the dyeings on cellulose diacetate [278]. Furthermore, 
the light fastness of the dyes on nylon was slightly lower than on diace
tate [278] whereas, in contrast, the fastness of dyeings on nylon to gas 
fumes was higher than on diacetate [152, 278]. The use of low Mr disperse 
dyes, which display generally high migration characteristics and thus good 
coverage of physical irregularities, low fastness to wet treatments and sub
limation, is nowadays confined to those end-uses that do not neccessitate 
high wet fastness. Owing to their lower diffusional power and higher sub
stantivity towards nylon, higher Mr disperse dyes generally exhibit higher 
fastness to wet treatments and sublimation but poorer coverage of physi
cal variations in the substrate than their lower Mr counterparts. However, 
whilst the light fastness of the dyes on nylon is similar to that of the 
lower Mr dyes [24] the wet fastness of higher Mr dyes on nylon leave 
much to be desired. Thus, all types of disperse dye display only moderate 
to good fastness to wet treatments on nylon [281], as a consequence of 
which, their use is limited to outlets for which such fastness is adequate. 
Some improvement of wet fastness can be achieved by means of an after
treatment with a syntan although this improvement disappears after only 
one laundering [24]. Furthermore, whilst disperse dyes are not sensitive to 
chemical variations in the fibre and, in general exhibit very good coverage 
of physical irregularities, the dyes vary widely in their sensitivity to such 
physical structural variations [282]. 

Although virtually any commercial disperse dye can be used to dye 
nylon, commonly, many dye makers recommend only a range of selected 
dyes. Typically, disperse dyes are applied to nylon at a temperature of 
98°C, although elevated temperatures (up to 110 or 120°C for nylon 6 
and 6.6, respectively can be used [24]), at pH 6 to 7. Anionic dispersing 
agents are most commonly employed for the application of disperse dyes 
to polyamide fibres as non-ionic types tend to reduce the rate of dyeing 
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owing to their pronounced solubilising effect on the dye [283]. Sequester
ing agents are often used as many dyes are sensitive to trace metals, 
although an excess of sequesterant can reduce the light fastness of dyeings 
[283]. Some disperse dyes, especially blues, exhibit the tendency of ozone 
fading, this being more pronounced under humid conditions [87, 283] 

The dyeing of nylon 6.6 with nitro diphenylamine and azo [284] as well 
as anthraquinone and quinophthalone [285] dyes in the presence of various 
radical initiators (glucose, ammonium persulphate, potassium periodate 
and thiourea dioxide) has recently been carried out, in which it was 
observed that some of the radical initiators enhanced the colour yield and 
wash fastness of some of the dyes. However, these effects were often 
accompanied by a marked change in the shade of the dyeings. The 
enhanced fastness and colour yields obtained were attributed to the radical 
initiators having brought about dye polymerisation and/or dye-fibre cova
lent fixation, whilst the observed shade changes were considered to be due 
to the formation of reductive or oxidative products of the dyes [284, 285]. 

2.4.1.1. Thermodynamics of dyeing. Although the mechanism of dyeing 
nylon with disperse dyes has received relatively little attention, it is gen
erally accepted that it is identical to that recounted in Chapter 1 for the 
dyeing of polyester fibres (and all other hydrophobic fibres) with this class 
of dye. In this context, dye-nylon substantivity can be considered to arise 
by virtue of a combination of hydrogen bonding, dispersion forces as well 
as possibly dipole-dipole and dipole-induced dipole forces of interaction. 
Suganuma [286] considers that disperse dyes are adsorbed on to the chain 
amide groups by hydrogen bonding, dipole-dipole and dispersion forces 
and Brody [210] considered that the dyes were adsorbed within voids 
caused primarily by chain folding. Blacker and Patterson [287] determined 
the dichroic orientation factors for several adsorbed disperse dyes on 
nylon 6.6 which revealed that the orientation of the dye increased as the 
concentration of dye in the substrate increased during dyeing, and con
cluded that the dye molecules initially occupy the least orientated regions 
in the fibre and only when these are occupied are the more orientated 
regions (in which the spacing of the polymer chains approaches that of a 
crystalline region) occupied. 

If the assumption that disperse dye adsorption on nylon mirrors that 
on polyester, the uptake of the dyes on nylon fibres should follow a linear 
(Nernst) mechanism. Evidence for this latter proposal has been proposed 
by the findings that constant partitions were observed between an aqu
eous solution of o-nitroaniline [168] and also phenol [288] and nylon 6.6, 
that the uptake of disperse dyes are virtually unaffected by pH [263], 
AEG content and also acetylation [40]. Furthermore, linear isotherms 
have been obtained for the adsorption of commercial disperse dyes on 
nylon 6.6 [179, 289, 290], on nylon 6.6 and 6T [210] and in the case of a 
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Figure 2.14 Adsorption isotherm of CI Disperse Red 13 on nylon 6.6 at 90°C 
[289] 

(Reproduced with permission from A. Johnson and the Society of Dyers and Colourists) 

disperse dye transferred from a starch film to a nylon 6.6 film [291] 
(Figure 2.14). Brody [210] found that the saturation values of several dis
perse dyes on nylon 6.6 increased with increasing aqueous solubility of 
the dyes and that identical saturation values were obtained for the same 
dye on three different types of nylon. This author [210] also considered 
that the dyes were adsorbed by means of a Langmuir mechanism, 
although some doubts attend this particular proposal [179]. 

2.4.1.2. Kinetics of dyeing. The diffusion of disperse dyes within nylon 
fibres is Fickian in that measured diffusion coefficients are concentration
independent [292] (Figure 2.15). The rate of dyeing is considered 
[168, 293] to be governed by rate of dye diffusion in the fibre; t Y2 values of 
several commercial disperse dyes were shown to vary over a wide range 
[168, 279], as a result of which, the dyes were differentiated into Classes 
A, Band C, these representing slow, intermediate and rapid dyeing types, 
respectively. The t Y2 of 1,4-diaminoanthraquinone in nylon 6 was found to 
increase with increasing temperature over the range 100 to 150aC when 
the dye was applied in the absence of water [294]. McGregor et al. [292] 
observed that the diffusion coefficient of CI Disperse Red 15 in nylon 6.6 
film when applied from water was higher than when applied from water
saturated iso-octane and, also, that the presence of water lowered the 
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activation energy of diffusion of the dye, which these workers [292] attrib
uted to the water having plasticised the fibre. The diffusion coefficient of 
several monoazo disperse dyes in nylon 6.6 was found to decrease with 
increasing Mr of the dyes whereas no such correlation was observed for a 
series of AQ disperse dyes [279]. Hori et al. [295] studied the temperature
dependence of the diffusion of several disperse dyes in nylon 6 film using 
a theoretical treatment that combined both porous matrix and free 
volume models of dye diffusion via equation (2.23), which was previously 
described by Hori et al. [296], wherein DM is the apparent diffusion coef
ficient, <1>0 the frequency of diffusional jumps, () the jumping distance, e 
the fractional volume of the swollen amorphous region, 't the tortuosity 
factor, K the partition coefficient of the dye between the polymer and the 
dye bath, AHH the enthalpy change required to form a 'hole' for the diffu
sional jumps, Tg the glass transition temperature and A and B are intrin
sic constants for the treatment of the segmental motion of the polymer. 

A B C 

AB 
(2.23) 

These workers [295] observed that the diffusion coefficient of the dyes was 
independent of concentration and, using equation (2.23), estimated the 



140 CHEMICAL PRINCIPLES OF SYNTHETIC FIBRE DYEING 

contributions that dye diffusion in the pore liquid (A), dye affinty (B) and 
segmental motion (C) made towards the diffusion of disperse dyes in 
nylon 6 film, these being 20-35%, 33-41 % and 39-42%, respectively, 
which, when compared with values secured for the diffusion of disperse 
dyes within polyester (A, 13-17%; B, 28-38%; C, 49-55%), revealed that 
for the less hydrophobic nylon fibres, the contributions from dye diffusion 
in the pore liquid and from segmental motion were higher and lower, 
respectively, than those for the diffusion of the dyes within polyester, thus 
demonstrating that for nylon, the porous matrix model of diffusion is 
more pertinent than the free volume model. 

2.4.2. Disperse reactive dyes 

In view of the problems associated with the use of anionic reactive dyes 
on nylon (i.e. coverage of fibre irregularities as recounted earlier), ICI 
introduced the Procinyl range of disperse reactive dyes in 1958; the range, 
which comprised five dyes, was withdrawn in the 1980s. The dyes were 
disperse dyes that carried reactive groups and, in essence, were intended 
to combine the favourable characteristics of disperse and reactive dyes on 
nylon, namely excellent coverage of substrate irregularities and high wet 
fastness, respectively. Although the structures of the dyes were not dis
closed, patent literature suggests that several different reactive groups 
were used, including chlorohydrin, chlorotriazine and chi oro ethyl
aminosulphone; the structure of CI Reactive Blue 6 is XIII. 

O"H"N/CH2CH(OH)CH2CI 

I 

I 
O"H/N"CH2CH(OH)CH2CI 

XIII 

The dyes were applied to nylon in a two-stage process; initial dye 
application was carried out at pH 4 under which conditions they did not 
react with the fibre and behaved as conventional disperse dyes in their 
adsorption and diffusional behaviour [297]. After dye exhaustion had 
been achieved, covalent reaction of the dye with the amino end groups in 
the fibre was then affected by an increase in pH of the dyebath to 10.5; 
both the exhaustion and fixation stages were carried out at 95°C for 60 
minutes [297]. Evidence for dye-fibre fixation accrued from the observa
tion that the dyes could not be completely stripped from the dyed fibre 
using solvents, such as chlorobenzene, which completely stripped conven
tional disperse dyes from the substrate. Also, when nylon which had been 
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dyed with Procinyl Scarlet G was dissolved in o-chlorophenol and the 
ensuing solution precipitated in propanol, the supernatant liquor was 
uncoloured and the precipitated nylon coloured, this differing to the 
situation achieved using the non-reactive homologue of Procinyl Scarlet 
G, for which the supernatant was coloured and the precipitated nylon 
uncoloured [297]. 

Scott and Vickerstaff [297] demonstrated, using two Procinyl dyes, that 
the quantity of dye fixed to nylon 6.6 increased with increasing con
centration of dye applied and reached a value that was in excess of the 
AEG content of the fibre. As, theoretically, only one dye molecule 
should react with each terminal amino group, these workers attributed 
the observed over-fixation of the dyes to reaction with the chain amide 
groups [297]. However, as was pointed out by Peters in a discussion of 
the findings of Scott and Vickerstaff [297], two other explanations may 
be offered for the over-fixation namely, that the dye may react with itself 
forming dimers, trimers, etc., or that the dye can react twice with each 
amino end group, firstly with the primary amine and secondly with the 
resulting secondary amine. Both of these alternative explanations appear 
feasible. 

The approach adopted by ICI with their Procinyl dyes to overcome the 
problem of anionic reactive dyes highlighting fibre irregularities, namely 
that the reactive disperse dyes combine the favourable properties of both 
disperse dyes (excellent coverage of fibre irregularities) and reactive dyes 
(excellent wet fastness) on nylon, has been pursued by other workers 
[298-300, 304-311]. 

XIV 

In a study of the dyeing properties of four monoazo reactive disperse 
dyes of general structure (XIV) on conventional decitex nylon 6.6 fabric, 
Lo [298] found that dye exhaustion increased with increasing pH of appli
cation in the range pH 5-10 and with increase in temperature over the 
range 40-95°C; maximum dye fixation occurred at pH 8. These findings 
concurred with those of Dohmyou et al. [299] who observed that max
imum fixation of a dye of type (XIV) on both polyester and nylon 6 
occurred at pH 8 and that both the exhaustion and fixation of the dye on 
nylon 6 increased with increasing temperature of application. Burkinshaw 
and Collins [300] extended the study made by Lo [298] by examining the 
dyeing and wash fastness characteristics of three reactive disperse dyes of 
structure (XIV) and one monoazo disperse dye (of general structure 
(XV)) on both conventional and microfibre nylon 6.6. 
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xv 

In addition to combining the excellent coverage of fibre irregularities and 
high wet fastness through the use of reactive disperse dyes, this work 
[300] had two further aims: firstly, to determine whether the wash fastness 
of the reactive disperse dyes on microfibre (85f92; 0.9 dtexpf) nylon 6.6 
fibres was similar to that on their conventional (78f46; 1.7 dtexpf) decitex 
counterparts (each type of fibre was of the same AEG content (66.4 g-eq. 
g x 10 6)); and, secondly, to determine the feasibility of using disperse 
dyes on nylon which did not require milling. In the latter context, the 
immediate precursors of disperse dyes were developed by Gardner and 
Saunders for secondary cellulose acetate fibres and marketed by BOC in 
the early 1920s [301, 302]. 

XVI 

These 'temporarily solubilised' methyl sulphonate dyes, such as Iona
mine Red KA (XVI), hydrolysed in the dyebath to yield the corre
sponding low water-solubility, non-ionic derivative, which were adsorbed 
on to the hydrophobic cellulose acetate fibre. Practical difficulties asso
ciated with varying rates of hydrolysis of the dyes [303] led to the Iona
mine range being supplanted by non-hydrolysable, low aqueous water
solubility dyes applied from fine aqueous dispersion (i.e. disperse dyes). 
The three reactive disperse dyes employed by Burkinshaw and Collins 
[300] resemble the Ionamine dyes in that the use of aminophenyl-4-(~
sulphatoethyl sulphone) as diazo component in structure (XIV) con
ferred 'temporary solubility' upon the three reactive disperse dyes inso
far as the sulphuric acid ester group imparted sufficient water-solubility 
to the dyes to facilitate dissolution of the dyes in water, thereby obviat
ing the need to mill the dyes in the presence of a dispersing agent, as is 
required for conventional disperse dyes; ~-elimination of the sulphuric 
acid ester group during the course of dyeing then yields the non-ionic, 
sparingly water-soluble, vinyl suI phone form of the dye (XVII). 
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Ar-N=N-Q--S02CH=CH2 

XVII 

Indeed, it was found that dissolution of the three reactive disperse dyes 
was readily achieved in cold (room temperature) water without recourse 
to the aid of a dispersing agent and, at the end of dyeing, residual dye 
was present in the dye bath as a fine dispersion [300]. However, as was 
recorded by Lo [298], Burkinshaw and Collins [300] found that the level
ness of the dyeings achieved with the reactive disperse dyes was improved 
by the presence of a small concentration of an anionic levelling agent in 
the dyebath. 

Of various pH values (PH 7-9) and temperatures (80-95°C) used to 
apply the three reactive disperse dyes to the two types of nylon 6.6 fabric 
[300], highest colour strength, for both conventional and microfibre nylon 
6.6, was achieved when the dyes had been applied at pH 8 at 95°C 
(Figure 2.16), these findings concurring with those of Lo [298] and also 
Dohmyou et al. [299]. The observation that colour strength increased with 
increasing temperature, reaching a maximum value for application at 
95°C, was attributed to a corresponding increase in diffusion rate of the 
dyes that accompanied an increase in temperature, whilst the finding that 
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Figure 2.16 Effects of pH and temperature on uptake of dye A on conventional 
(78f46) and microfibre (85£92) nylon 6.6 [300] 

(Reprinted from Dyes and Pigments, Vol. 25, S.M. Burkinshaw and G. Collins, The Dyeing of Conven
tional and Microfibre Nylon 66 with reactive disperse dyes, pp. 31-48, copyright 1994, with kind permis

sion from Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington, OX5, 1GB, UK) 
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maximum colour strength was achieved at pH 8 was explained in terms 
of the hydrolysis of the reactive dyes that occurred during dyeing [300]. It 
was argued that in the early stages of dyeing at pH 7, 8 and 9, there 
would be little, if any, electrostatic interaction operating between the 
anionic, sulphatoethyly sulphone dye and the fibre, as the amino end 
groups in the substrate will be non-protonated; indeed, at such pH values 
the fibre could be considered to possess an overall negative potential 
owing to ionisation of the carboxyl end groups. Thus, in the early stages 
of dyeing at pH 7, 8 and 9, dye-fibre substantivity was assumed to arise 
by means of, for instance, ion-dipole, ion-induced dipole and dipole
dipole interactions. As ~-elimination of the sulphuric acid ester group 
(-OS03 -) of the dye would occur as dyeing proceeds to give the non
ionic, vinyl sulphone derivative of the dye (XVII) and, as this elimination 
reaction, which is base-catalysed, is considered to commence at a tem
perature of between 40 and 50°C, it was considered that in the later 
stages, and perhaps for the greater proportion of the dyeing cycle, the dye 
would be present in the dyebath, at each of the three pH values studied, 
in the non-ionic, vinyl sulphone form (XVII), the adsorption of which 
should be pH-independent. However, as it was observed that colour 
strength was pH-dependent, insofar as, maximum colour strength was 
acheived at pH 8, consideration was made of the competitive nature of 
the dye-fibre and dye hydrolysis reactions occurring during dyeing [300]. 
As a consequence of the rate of ~-elimination of the sulphuric acid ester 
group of the dye being base-catalysed, it was reasoned that the rate of 
formation of the reactive, vinyl sulphone derivative (XVII) was also base
catalysed; thus, both the rate and extent of fixation of the dye to the sub
strate could be expected to increase with increasing pH of application. 
Hence, the extent of dye fixation, expressed in terms of colour strength of 
the dyeings, should have been greatest when dyeing had been carried out 
at pH 9; the finding that this was not so was attributed to the rate of 
hydrolysis of the vinyl form of the dye in the dyebath also being base-cat
alysed, with the result that the rate of formation of the hydrolysed 
(XVIII) form of the dye in the dye bath increased with increasing pH. 

Ar-N=N--0-S02CH2CH20H 

XVIII 

Thus, it was concluded that the colour strength obtained at pH 9 was 
lower than that achieved at pH 8 because of a higher rate and extent of 
dye hydrolysis at the higher application pH value. 

These workers [300] also observed, for each of the three dyes used, that 
the colour strength obtained for the dyeings on conventional fabric was 
higher than that secured for the dyeings on micro fibre nylon 6.6 (Figure 
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2.16), this being attributed to the greater extent of surface reflection in
herent with the dyed microfibre. The difference in colour strength between 
dyeings on the two types of fibre was further illustrated by the lower build
up profiles obtained for each of the three dyes on microfibre as well as the 
higher concentration of each of the three dyes required to achieve a 1/1 
standard depth on microfibre; in the latter context, it was shown that 
between 20 and 25% more dye was required to achieve this standard depth 
on microfibre. As the polymer used in the microfibre was the same as that 
employed in the conventional fibre, these observed differences in colour 
strength of dyeings obtained on conventional and micro fibre nylon 6.6 
were attributed to the greater surface reflection of the dyed microfibre. 

The three reactive disperse dyes were shown to exhibit excellent wash 
fastness on both conventional and microfibre nylon 6.6 at 1/1 standard 
depth, the level of fastness achieved being identical on both types of fibre, 
even though, as mentioned above, 20- 25% more dye had been applied to 
the microfibre to achieve the same visual (1/1 standard) depth on both 
fibre types [300]. The excellent build-up profiles obtained for the three 
reactive disperse dyes was in sharp contrast to the very poor build-up 
profile secured for the disperse dye on both substrates. This finding, 
which is illustrated in Figure 2.17, was attributed to covalent reaction of 
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Figure 2.17 Build-up profiles of reactive disperse dye A (95"C, pH 8) and dis
perse dye B (95°C, pH 6.5) on conventional (78f46) and microfibre (85f92) nylon 

6.6 [300] 
(Reprinted from Dyes alld Pigments, VoL 25, S.M_ Burkinshaw and G. Collins, The Dyeing of Conven
tional and Microlibre Nylon 66 with reactive disperse dyes. pp_ 31 48, copyright 1994, with kind permis

sion from Elsevier Science Ltd .. The Boulevard, Langford Lane, Kidlington, OX5, 1GB, UK) 
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the reactive disperse dyes having promoted dye uptake [300]. The finding 
that the shape of the build-up curves were similar on both conventional 
and microfibre nylon 6.6 for each dye was attributed to both types of 
fibre having been comprised the same polymer [300]. 

Evidence has been obtained [298, 304] that the extent of fixation of 
reactive dyes of type (XIV) was in excess of the AEG content of the 
nylon 6.6 fabrics used. This can be explained in terms of the comments 
made by Peters in a discussion of the findings of Scott and Vickerstaff 
[297], that such dyes may react with themselves to form dimers, trimers, 
etc. (XIX) or that the dyes can react twice with each amino end group in 
the substrate, firstly with the primary amine and secondly with the result
ing secondary amine. 

Ar-N=N-0-S02CH2CH2-0-CH2CH2S02-Q-N=N-Ar 

XIX 

Griffiths and McDarmaid [305] demonstrated that sulphonazide disperse 
dyes were covalently bound to nylon 6 film. 

H3~ N /L 
~HN~S02N3 

xx 

Using 2-hydroxy-5-methyl-4'-sulphonazideobenzene (XX), these workers 
showed that when applied under aqueous conditions at 1000e and 120oe, 
the dye became attached to the amino end groups in the polymer by 
means of a nucleophilic substitution reaction in which the nucleophilic 
terminal amino group in nylon attacked the sui phon azide group and dis
placed the azide ion (N3 ) resulting in a sulphonamide linkage between 
the dye and the fibre (XXI). 

H3~N /\ 
~HN~S02NH-nYIOn 

XXI 

These workers [305] also showed that when the samples of nylon 6.6 film 
which had been dyed at 100 and 1200 e were subsequently dry heated at 
170ce, the amount of dye covalently attached was in excess of the AEG 
content of the film by a factor of three; the observed dye fixation in 
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excess of the AEG content was ascribed to the formation, at 170°C under 
anhydrous conditions, of the nitrene derivative of the dye (XXII) which 
inserted into the C-H bonds of the polymer. 

XXII 

Monoazo disperse dyes that contained an aziridinyl terminal group in the 
conjugated system [306, 307], of general formula XXIII, were found to 
yield dyeings of higher wash fastness than conventional disperse dyes of 
similar structure and Mr when applied to nylon 6.6 at the same standard 
depth of shade (1/1) from aqueous dyebaths [307]. 

z-6 ~ -p-A ..-1 ~ N ~ j N"-J 
Y 

B 
XXIII 

-ctX 
A 

Z ~ j N _ 

Y 1..-¢-NHCH2CH20H 

B 

XXIV 

From the observation that the hydrolysed form of the dye (XXIV) exhib
ited lower wash fastness on the fibre than its reactive counterpart 
(XXIII), it was concluded that the observed high wash fastness of the 
dyes on nylon 6.6 was attributable to dye polymerisation and/or covalent 
insertion of the dyes into a methylene group of the chain amide in the 
substrate, the latter process occurring by means of a one-electron transfer, 
free radical mechanism [307]. 

De Giorgi et al. investigated the dyeing of nylon 6 with mono
chlorotriazinyl [308-311] and trichloropyrimidinyl disperse reactive dyes 
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and observed that the two types of dye exhibited very similar dyeing 
characteristics, dye exhaustion being achieved under acidic pH conditions 
and dye fixation secured using alkaline pH values. 

2.4.3. Azoic colourants 

In 1880, Read Holliday commercially introduced the process of, firstly, 
impregnating cotton with a solution of sodium-2-naphtholate and subse
quently treating the naphtholated fibre with a solution of diazotised 2-
naphthylamine which resulted in the formation, in situ, of the azo dye 
Vacanceine Red (Colour Index, 1st edn, No. 93). The replacement of 2-
naphthylamine with p-nitroaniline yielded the more commercially impor
tant Para Red (CI Pigment Red 1) in 1889 and other 'ice colours', 
obtained using 2-naphthol, were developed. In 1912, Naphthol AS (XXV) 
was introduced by the Greishem Elektron Co. as a replacement for 2-
naphthol and the term azoic was recommended to describe the products 
formed between such arylamides of 2,3-hydroxynaphthoic acid and diazo
tised aromatic amines [72]. 

~OH 

~CONII < > 
xxv 

Currently, a wide range of both CI Coupling Components (Napthols, or 
naphthols as they are known generically) and CI Diazo Components 
(aromatic amines) are widely employed on cellulosic fibres. Azoic color
ants also enjoy limited use, mostly for the production of black shades on 
both polyester and acetate fibres. 
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In the case of nylon, the conventional method of applying this type of 
colorant to cellulosic fibres, namely the application of the naphtholate 
(the sodium salt of the CI Coupling Component or naphthol) followed by 
the subsequent application of the diazotised aromatic amine (CI Diazo 
Component) and coupling in situ [72], cannot be used owing to the low 
extent of penetration of the diazotised amine within the naphtholated 
fibre [280]. Rather, as proposed by Whittaker [260], the naphtholate and 
the free aromatic base, the latter in either dispersion or solution [280], are 
simultaneously applied to the substrate at between 80 and 85°C, and, 
after impregnation, diazotisation is effected in situ at 15-20°e. In this 
application method, the impregnation temperature of 80-85°C is neces
sary in order to achieve adequate uptake of the naphtholate; the amine, 
in effect, being adsorbed as a disperse dye. Generally, the shades obtained 
on nylon are duller than comparative shades on cellulosic fibres, this dull
ness increasing with increasing depth of shade [280]. Although azoic 
colorants exhibit good coverage of both physical and chemical variations 
in nylon substrates and yield dyeings of very good light and wet fastness, 
their use is mostly restricted to the production of black shades [24], often 
by recourse to the use of diazotised and developed disperse dyes [152]. 
However, Saville [312] proposed that this one-bath application method 
yielded ring-dyeings and that a two-bath application method, in which 
the naphtholate was applied at 80°C prior to the acidified aromatic amine 
at 80°C, gave better dye penetration. This author [312] also suggested that 
the dullness of azoic colorants on nylon was due to the presence, within 
the dyed fibre, of uncoupled amine. 

2.4.4. Vat dyes 

These dyes contain at least two conjugated carbonyl groups which 
enables them to be converted, by reduction under alkaline conditions, 
into the corresponding water-soluble, anionic leuco compound, in which 
form the dye is applied to the substrate. The vat-dyeing of cellulosic fibres 
and also, to a lesser extent wool, has been practised for many centuries 
using vat dyes of natural origin (Indigo, woad), the vat-dyeing process 
having gained considerably from the commercial introduction of the 
reducing agent sodium hydrosulphite (dithionite) which was discovered by 
Schutenberger in 1871 [72]. Considerable research has resulted in 
the current wide range of synthetic vat dyes, of which, Indigoid and 
Anthraquinoid are the most important chemical classes [72, 251, 313-
315]. 

The use of vat dyes is nowadays mostly confined to cellulosic fibres on 
which they exhibit excellent light- and wet-fastness properties. The dyes 
are little used on nylon fibres, their main usage in this context being in 
the dyeing of cotton/nylon blends [316]. In 1939 Stott [74] reported that 
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vat dyes exhibited low substantivity towards the substrate when applied 
using conditions employed for the dyeing of cellulosic fibres, this having 
been attributed to the low diffusional behaviour of the leuco dye anions 
within the substrate [96]. Stott [74] also observed that the light fastness of 
the dyes on nylon was lower than that on cellulosic fibres and silk, this 
being confirmed by Whittaker [260] and has been attributed to the low 
extent of penetration of the oxidised form of the dye within the substrate 
[312] as well as the lack of aggregation of the oxidised dye particles 
within the fibre [96]; furthermore, the light fastness of vat dyes on nylon 
is very low, especially when the nylon is delustred with Ti02 and vat dyes 
of low light fastness on nylon often are sensitisers of photo degradation of 
the fibre [174]. However, some vat dyes exhibit excellent light fastness on 
nylon fibres [24, 79, 96]; also, the light fastness of some dyes on nylon 
can be improved by steaming the oxidised dyeing [312] or treating the 
oxidised dyeing with phenolic compounds [317] or, in the case of solubi
lised vat dyes, by oxidising the dyeing in the presence of salicylic acid. 
Each of these treatments is considered to swell the fibre and enhance dye 
aggregation [96]. Whittaker [260] observed that deep shades were achiev
able on nylon fibres by applying the dyes at temperatures [90-95°C) that 
were higher than those (typically 60°C) used to apply the dyes to cellu
losic fibres, the latter finding being confirmed by Saville [312] and Dou
glas [318]. The uptake of both the leuco derivative and the unreduced vat 
dye is not dependent on the AEG content of the fibre [40] and, whilst the 
dyes therefore cover chemical variations in the fibre well, they are rela
tively sensitive to physical irregularities in the substrate. 

Whittaker [152] has attributed the relatively unimportant role of vat 
dyes in the dyeing of nylon fibres to the difficulties involved in their appli
cation and their generally low light fastness on the substrate. 
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3 Acrylic 

3.1. Introduction 

Owing to the wide range of both chemical modifications (using comono
mers, incorporation of additives and also polymer mixtures) and physical 
modifications (carried out at the polymerisation, dope preparation and 
spinning stages) employed in the preparation of polyacrylonitrile (PAN) 
fibres, the physical properties and dyeing characteristics of the fibres vary 
markedly between commercial varieties. 

Unmodified polyacrylonitrile is extremely difficult to dye owing to the 
homopolymer's compact structure and high glass transition temperature, 
Tg (in the region of 105°C in air [1]). Copolymerisation [2-4] of acryloni
trile with one or more comonomers increases the thermoplasticity of the 
homopolymer and also reduces both the heat- and solvent-resistance, by 
reducing the structural regularity of the homopolymer; this, in turn, sub
stantially improves the processability and also the dyeability of the fibre. 
Neutral comonomers, such as methyl acrylate or methacrylate, modify the 
crystalline structure of PAN; the ensuing, reduced compactness of the the 
fibre increases the permeability of the the fibre towards dyes. Polar, non
ionisable comonomers (e.g. ketones, ethers and alcohols) increase dye 
adsorption by virtue of enhanced non-ionic interactions with dyes. The 
addition polymerisation of polyacrylonitrile is commonly achieved using a 
potassium persulphate-sodium bisulphite redox initiator system, as a con
sequence of which, chain terminal sulphate and sulphonate groups are 
introduced into the polymer [5-9] which imparts to the fibre substantivity 
for basic (cationic) dyes. However, since, in the case of a fibre derived 
almost entirely from acrylonitrile, the number of such strongly anionic 
groups is limited (of the order 30-35 m-eq. kg- 1 [10, II]) and thus pre
cludes dyeing to heavy depths, the use of acidic comonomers containing, 
for example, sulphonic, phosphoric or carboxylic acid groups, together 
with that of alternative polymerisation catalysts [1], increases the number 
and also determines the nature of anionic groups present within the fibre 
which, in turn, influence both the rate and extent of uptake of cationic 
dyes. However, since many different copolymer compositions are 
employed [2, 12], the nature and number of anionic groups differs between 
commercial fibres; values in the range 50 to 150 m-eq. kg- 1 have been 
reported [13]. The use of basic comonomers, such as 2-vinyJ pyridine, 
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that contain pyridine or amino groups, imparts to the fibre substantivity 
for anionic dyes; thus, differential-dyeing fibre variants are available. 

Acrylic fibres contain between 5 and 15% of one or more comonomer 
while fibres that contain more than 15% comonomer are termed mod
acrylic. As an example, the acrylic fibre Courtelle S (Courtaulds) is a 
polymer comprising 92.9% acrylonitrile, 6% methyl acrylate and 1.1 % 2-
methyl acrylamido propane sulphonic acid (AMPS) whilst the modacrylic 
fibre Teklan (Courtaulds) comprises approximately 49.5% acrylonitrile, 
49.5% vinylidene chloride and 1 % itaconic acid [14]. Modacrylic fibres 
enjoy much less textile usage than their acrylic counterparts, the majority 
of commercially important examples possessing reduced flammability 
[4, 15]. Although the nature of the acidic dye sites within such fibres is 
similar to that of acrylic fibres [16], the strike rate of basic dyes is greater 
at lower temperatures than on acrylic fibres and the denser structure of 
modacrylic polymers results in lower dye diffusion, which can lead to pro
blems in achieving level dyeing [17]. 

Although PAN fibres can be either wet or dry spun, the former 
method, employing aqueous solutions, is preferred [1, 2, 16, 18, 19] as it 
provides a more accessible microstructure and thus superior dyeability 
that results from the large internal surface area (of the order 200-300 m2 

g-l [20]) provided by the production of microvoids during the coagulation 
process; the internal surface area of dry spun fibres is less than 1 m2 g-l 
[20]. 

The reader is directed elsewhere for further details of the variety of 
both chemical and physical modifications employed in PAN fibre produc
tion and the coloration of the fibres in relation to new fibre developments 
[2-4, 12, 16, 18, 19,21-24]. 

PAN fibres are characterised by a combination of desirable, all-round 
properties, especially their high resistance to outdoor exposure and high 
degree of chemical resistance. Their properties will, however, vary accord
ing to the presence, nature and manner of incorporation of comonomer 
and also the spinning method employed. From the viewpoint of dyeing, 
the more important properties of PAN fibres are their hydrophobic 
nature, which is mainly responsible for the characteristic high light fast
ness of basic dyes on the fibres, their high chemical resistance under typi
cal dyeing and finishing conditions and the tendency to soften at 
temperatures above their Tg• The latter parameter, Tg, is of major sig
nificance in relation to dyeing since it is responsible not only for the char
acteristic excellent wet-fastness properties of resultant dyeings but also, 
especially in the case of cationic dyes, for the very high sensitivity of the 
dye-polyacrylonitrile fibre system which, in turn, imposes high levels of 
dyebath control upon the dyer. 

Although, as discussed above, both basic- and acid-dyeable PAN fibres 
are available, the former type of fibre predominates; consequently, basic 
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dyes are most widely employed in dyeing whilst disperse dyes, which are 
applicable to both fibre types, are used to a much lower extent and anio
nic dyes enjoy very small usage. 

3.2. Cationic dyes 

The chemistry of cationic dyes has been comprehensively discussed by 
several authors [25-29]. The dyes dissolve in water yielding coloured 
cations of, characteristically, high tinctorial strength and brilliance. 
Although some of the earliest chemical classes of basic dye, such as tri
phenylmethane and oxazine types, are still used to dye PAN fibres, they 
have mainly been supplanted by new classes of dye (e.g. anthraquinone, 
aza-, diaza- and triazacarbocyanines, hemi- and diazahemicyanines and 
naphtholactams) which were specifically developed for dyeing PAN fibres 
and exhibit excellent, all-round fastness properties on the substrate. Two 
types of basic dye are available for dyeing PAN fibres, namely conven
tional and migrating cationic dyes of which the former type, as exempli
fied by the Yoracryl (YCL), Basacryl (BASF), Maxilon (Ciba-Geigy) and 
Astrazon (Bayer) ranges, predominates. As is later discussed, conventional 
cationic dyes generally exhibit low migrating power on PAN fibres which 
results in problems of achieving level dyeing; to overcome this, hydro
philic, migrating cationic dyes, typified by the Basacryl MX (BASF), 
Remacryl E (Hoechst) and Maxilon M and BM (Ciba-Geigy) ranges, 
have relatively recently been introduced. 

All cationic dyes used for dyeing PAN fibres can be divided into two 
chemical types, namely delocalised (pendant) dyes, in which the positive 
charge is localised on one, usually a nitrogen, atom (e.g. CI Basic Orange 

cx»1 0 I :CH, 
~ # 

+ 
o NHCH2CH2CH2N(CH3b 

II 
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III 

IV 

30:1 (I) and CI Basic Blue 119 (II)) and delocalised dyes, as exemplified 
by CI Basic Red 14 (III) and CI Basic Yellow 11 (IV), in which the posi
tive charge is delocalised over the entire dye molecule. 

Generally, both conventional and migrating cationic dyes furnish a 
wide range of, typically, brilliant hues of excellent fastness to washing and 
wet treatments and light on PAN fibres. 

3.2.1. Thermodynamics of dye adsorption 

The uptake of cationic dyes on basic-dyeable PAN fibres follows a Lang
muir adsorption mechanism [30] which clearly demonstrates that adsorp
tion occurs primarily by means of ion-ion interaction operating between 
the cationic dye and the anionic (e.g. S03-, OS03- and COO-) groups 
within the substrate. The Langmuir adsorption mechanism denotes that 
PAN fibres possess a saturation value for dye uptake which is of sig
nificance in the practical dyeing of PAN fibres with basic dyes (Figure 
3.1). 

Although the dyeing of PAN fibres with basic dyes was discussed 
shortly after the introduction of the fibre [31-34], detailed investigations 
of the mechanism of the dye-fibre interaction did not appear [35] until 
the development of high light fastness dyes, when several workers [36-38] 
proposed that the cationic dyes were bound, as salts, to acid groups in 
the fibre. Laucius et al. [37], in a study of the dyeing of Orlon (Du Pont), 
first reported the presence of a saturation value for the adsorption of 
cationic dyes. Glenz and Beckmann [10] observed that several basic dyes 
yielded a saturation value of 37 mmol kg-Ion Dralon (Bayer) at equili
brium at 80-100°C, which was in good agreement with titration values 
obtained for the polymer dissolved in DMF (namely 32 and 37 mmol 
kg-1 using ammonia and sodium hydroxide respectively) and, from the 
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Figure 3.1 Adsorption isotherm for CI Basic Blue 3 on Courtelle S (Courtaulds) 
tow at pH 4.5 [197] 

(Reproduced with the permission of D. Aitken) 

shape of the equilibrium isotherms obtained, suggested that dye adsorp
tion occurred at specific acid sites within the substrate. Langmuir plpts of 
the adsorption of cationic dyes on PAN were subsequently obtained by 
several workers [13, 39, 40]; Vogel et al. [39] observed that the maximum 
extent of dye uptake corresponded to the sulphur content of the fibre and 
proposed that dye uptake occurred on sulphonate and sulphate groups 
that were present either within or at the chain ends of the polymer. 

+ D: B 

Scheme 3.1 

Remington and Schroeder [41] suggested that in Orlon fibres the acidic 
sulphonate sites in the undyed fibre were neutralised by colourless cations 
which were subsequently displaced by dye cations during dyeing. This 
ion-exchange mechanism (Scheme 3.l, wherein D+ is the cationic dye and 
F the fibre), in which the fibre exchanges the cations (e.g. sodium, potas-
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sium or hydrogen) associated with its component sulphate, sulphonic or 
carboxyl groups with the dye cation, has been confirmed by many other 
workers [1, 13,40,41-45]. Removal of the colourless cations within the 
fibre, which are usually sodium ions [1], yields values for acidic group 
contents that are equivalent to those obtained using Langmuir saturation 
values [13]. In the context of this ion-exchange mechanism, Cegarra [1] 
concluded that the number of available dye sites is determined by the 
number of dissociated acidic groups which are accessible for dye-fibre 
interaction to occur, that the dye must be dissociated in order for interac
tion to occur and that factors influencing ionisation of both fibre and dye 
will affect dye uptake. 

Various workers [10, 40, 42, 46] observed 'overdyeing' namely, that the 
quantity of cationic dye adsorbed by PAN fibres could be slightly greater 
than that expected from the number of acidic groups present in the sub
strate. This anomaly has been explained by assuming that a small amount 
of the dye dissolved in the fibre by means of a simple partition mechan
ism [10, 35, 40, 46-48] or that dye aggregation occurred within the fibre 
[40, 46]. Forces of interaction other than ion-ion may contribute to 
adsorption [35, 49]. Owing to the structural characteristics of both dye 
and fibre, such as the highly polar nature of cyano groups in the sub
strate and substituents in cationic dyes, forces of interaction such as ion
dipole, dipole-dipole and dipole-induced dipole, together with hydro
phobic interaction can be considered to contribute to dye-fibre sub
stantivity. 

According to the ion-exchange mechanism (Scheme 3.1), dyeing equili
brium can be described in terms of exchange of the dye cation (D +) with 
the cation associated with the fibre, which, for simplicity, will be con
sidered to be a proton (H +). In the presence of additional, competing 
cations such as Na +, the ion-exchange process is subject to the condition 
that the saturation value of the fibre (S) is given by equation (3.1). 

(3.1) 

The resulting Langmuir isotherms are given by equations (3.2) to (3.5), 
from which, using equations (3.3) and (3.5), a plot of [D + ]d[D +]s versus 
(D +)s at either constant [N a +]s or constant [H + ]s, should give a straight 
line of slope xnH/[H+]s or KDNa/[Na +]s respectively, with an intercept of 
S on the abscissa. 

(3.2) 

(3.3) 
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[D+lr _ KDNa [D+] 
(S-[H+]f-[D+]r) - [Na+]s s 

[D+]f = KDNa (S - [H+] - [D+]) 
[D+]s [Na+]s f f 

where the suffices 'f and's' represent fibre and solution respectively. 
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(3.4) 

(3.5) 

Rosenbaum [40], using an experimental PAN polymer, observed devia
tion from the predictions of equations (3.3) and (3.5) which were attrib
uted to the weakly acidic nature of the anionic groups in the substrate. 
Harwood et al. [42], using five basic dyes on a PAN film, found that 
extrapolation of plots of [D +]d[D +]s versus [D +]s in the absence of Na + 
ions (i.e. using equation (3.3» yielded an apparent saturation value (SI) 
that was consistent in magnitude (26-28 m-eq. kg-I) for each dye used 
and approximately 80% of the total acid group content (35.1 m-eq. kg-I) 
of the substrate as determined by titration. Furthermore, these workers 
[42] demonstrated that dye uptake in excess of SI could occur, which, in 
some cases, was equal in amount to the total of strongly acidic groups 
(SI + S2) in the PAN film and proposed that dyeing may be associated 
with two kinds of anionic site, namely, the sulphonate end groups which 
corresponded to the apparent saturation value (SI) and the sulphate 
groups which corresponded to the quantity S2. Since equation (3.3) was 
obeyed only over 80% of the dye concentration range employed, and 
because the observed isotherms did not always exhibit uptake eqivalent to 
the quantity SI + S2, the authors [42] proposed that the sulphate groups 
were either inaccessible or hydrolysed to non-substantive hydroxyl groups 
under the conditions encountered during equilibrium dyeing. Harwood et 
al. [42] also suggested that additional dye uptake (S2) in excess of the 
apparent saturation value could be attributed to a solution mechanism 
for dyes of low substantivity. Guion and McGregor [50] concluded that 
the equilibrium adsorption of CI Basic Blue 22 on PAN fibres was not 
adequately described by equation (3.5), since the value of KDNa varied 
with dye concentration. These workers [50] also found that at high elec
trolyte concentrations, chloride ions were adsorbed to a small, but never
theless significant, extent and concluded that in addition to exchange of 
the sodium ions in the substrate associated with strongly acidic (S03 - and 
OS03-) groups, weakly acidic sites also participated in dye adsorption, 
the dye cations inducing dissociation of these weak groups. McGregor 
and Harris [51] proposed a general method for ion sorption in fibres con
taining ionisable groups; this model has been applied to the sorption of 
basic dyes on PAN fibres by several workers [42, 50, 52-60] and employs 
a Donnan approach to equilibrium sorption in which it is assumed that, 
provided the fibre is electrically neutral, the concentration of all ions on 
the fibre is related through a distribution constant to their concentration 
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in the internal solution phase and that their concentration in the internal 
aqueous phase is related through a Donnan coefficient to their concentra
tion in the external solution. According to this model, the distribution 
equation (equation (3.6)) is applied to all ions present, such as D +, Na +, 
H+ and Cl- ions (equations (3.7) to (3.10), wherein X represents the ion, 
i the internal phase, s the external solution, z the charge on the ion, K the 
distribution coefficient of the ion and').., the Donnan coefficient). 

[Xli = ')..,z K [X]s 

[D+]i = A KD [D+]s 

[Na +]i = ').., KNa [Na +]s 

[H+]i = A KH [H+]s 

[Clli = (l/A) KCl [Clls 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

The distribution equations ((3.7) to (3.10)) can be combined, for example 
as equation (3.11), the ensuing exchange coefficient (KD H ) not necessarily 
assuming that an ion-exchange mechanism operates: 

KD _ ~ _ [D+]f [H+]s 
KH - H - [D+]s [H+]f (3.11) 

Since for electrical neutrality equation (3.12) applies, the resulting sorp
tion isotherm for hydrogen ion exchange is given by equation (3.13), 
which shows that the [Cllf virtually increases the saturation value and 
can therefore give rise to overdyeing: 

[D+]f + [H+]f + [Na+]f = S + [Cllf (3.12) 

[D+]f _ KD [D+]s 
(S + [Cllf) - [Na+]f- [D+]f - H [H+]s 

(3.13) 

The Donnan approach has been used to describe the dyeing mechanism 
of PAN fibres with basic dyes in a form that contains all the parameters 
involved, namely all ions (Na+, H+, Cl- and D+) and two types (Sl and 
S2) of dye site [57-59, 61]. 

The high substantivity of cationic dyes towards PAN fibres acmes pri
marily from the large negative zeta potential (of the order -44 mV [62]) 
established at the surface of the fibres in water; however, as discussed 
above, forces of interaction other than ion-ion may also contribute to 
substantivity. This negative zeta potential is gradually reduced and 
becomes slightly positive owing to accumulation of dye cations at the 
fibre surface, even at relatively low dye concentrations [10, 63]. Sub
sequent diffusion of this surface-adsorbed dye within the fibre re-estab
lishes the negative surface potential and the adsorption-diffusion process 
is repeated. Glenz and Beckmann [10] showed that dye concentrations 
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greater than that required to neutralise the zeta potential did not sig
nificantly change the potential, indicating that in most cases dyeing occurs 
from an almost constant, saturated concentration of dye at the fibre sur
face [27, 43, 45, 64, 65]. 

3.2.2. Kinetics of dye adsorption 

The diffusional behaviour of cationic dyes in PAN fibres has received 
relatively little attention owing to difficulties encountered in accurately 
determining the diffusion coefficient [1]. Ring dyeing is easily obtained 
[10, 39] as a result of the characteristically very high substantivity of the 
basic dye-PAN fibre system. Rosenbaum [11, 45, 66] found that the 
apparent diffusion coefficient, Da, increased with increase in sulphonate 
end group content of the fibre and was also independent of dye con
centration. Although it has been suggested that the rate of dyeing is 
almost independent of liquor ratio [27], Cegarra [1] demonstrated that the 
dyeing rate constant k (Mt/t l /2) increases rapidly in the initial stages of 
dyeing before remaining nearly constant with further increase in con
centration. This author [1] thus concluded that the well-known phenom
enon observed in the dyeing of PAN fibres with basic dyes, namely that 
level dyeing is promoted at high dye concentration, is due to the lower 
rate of dye adsorption at high dyebath concentrations. Sand [67] observed 
that the value of Da increased with increasing concentration, and Cegarra 
[1] proposed that the rate of dyeing could be described by the exponential 
equation (3.14), the velocity constant, k, obtained increasing with increase 
in dye concentration in the dyebath. 

(3.14) 

Subsequently, Cegarra et al. [196] demonstrated that the rate of dyeing at 
equilibrium was described by equation (3.15), wherein M t and MrJ, repre
sent the amount of dye adsorbed by the fibre at time t and equilibrium, 
respectively, and k is the rate constant at temperature T of the isotherm. 

k - 1 (1-(Mt2 / MrJ,2)) T - - og 
t 

(3.15) 

These authors [196] showed that values of k obtained for three cationic 
dyes, each at the same concentration, increased with increasing tempera
ture on three different PAN fibres, and that for each dye, at each tem
perature used, the values of k differed. From determinations of the acidic 
group content and the Tg of the three fibres studied, these workers con
cluded that k depended more on Tg than on the number of anionic 
groups present in the fibre, although the latter had some effect [196]. 
Chen et al. [68], in a study of the effects of fibre porosity and dye size on 
the diffusional behaviour of several cationic dyes in PAN fibres, obtained 
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Figure 3.2 Concentration-distance profile for 1 gl-l CI Basic Blue 22 at 95.6°C 
[70] 

(Reproduced with pennission from R.H. Peters and the Society of Dyers and Colourists) 

no correlation between fibre porosity and Da and obtained a non-linear 
relationship between Da and cation molecular mass. 

The non-Fickian diffusional behaviour of basic dyes within PAN fibres, 
which is very similar to that found for anionic dyes on nylon fibres, can 
be attributed to the very high substantivity of the dyes for the limited 
sites within the substrate. The pronounced concentration-dependence of 
diffusion coefficient is clearly demonstrated by the sigmoidal concentra
tion-distance profiles obtained [69, 70] as shown in Figure 3.2. It is sug
gested [43, 71] that initially, the dye rapidly saturates the dye sites at the 
fibre surface followed by diffusion from this surface. 

The observed concentration-dependence of cationic dye diffusion 
(Figure 3.3) can be explained in terms of the nature of the interaction 
between the cationic dye and the anionic groups in the substrate. 

At the start of dyeing, because there are many available dye sites 
within the substrate and the dye concentration gradient across the sub
strate is very high, dye uptake on to the surface of the substrate will be 
rapid. For subsequent dye adsorption to occur, either adsorbed dye mole
cules must desorb from their original position and become re-adsorbed on 
to other dye sites further within the fibre, or new dye molecules must 
penetrate the dyed surface to become adsorbed at sites further within the 
substrate. Such a process will depend on the affinity of the dye, the con
centration gradient across the substrate, the availability/accessibility of 
dye sites within the substrate as well as the number of adsorbed dye 
molecules. In the early stages of dyeing, because the dye concentration 
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Figure 3.3 Concentration-dependence of the diffusion coefficient of CI Basic 
Yellow 13 at 99.8DC [70] 

(Reproduced with permission from R.H. Peters and the Society of Dyers and Colourists) 

gradient across the substrate is high and the number of available dye sites 
within the substrate is also high, a large proportion of the diffusing dye 
molecules will become readily adsorbed and therefore immobile so that 
the rate of dye diffusion and thus the diffusion coefficient will be low; this 
situation is reflected in the well-known high strike exhibited by many 
cationic dyes on PAN fibres. As dyeing proceeds, whilst the dye con
centration gradient falls, as does the number of available dye sites in the 
substrate, the proportion of the diffusing molecules that are immobile 
decreases, with the effect that, in the later stages of dyeing, as saturation 
of the substrate is approached, the diffusion coefficient increases mark
edly, as observed [70]. 

Although Sivaraja Iyer [72] concludes that the cationic dye diffusion in 
PAN fibres is based on a site-to-site mechanism, an explanation of the 
concentration-dependence of cationic dye diffusion within PAN fibres has 
been given in terms of the ionic transfer of hydrogen (or sodium) ions for 
dye [70, 73]. 

3.2.3. Effect of pH on dye adsorption 

Balmforth et al. [13] demonstrated that equilibrium uptake increased with 
increase in pH of application. The finding that this effect was more pro
nounced for fibres that contained weakly acidic groups than for fibres 
that contained only strongly acid groups led these workers [13] to 
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conclude that whilst the dissociation of strongly acidic (e.g. S03_) groups 
is not significantly affected by pH, that of weakly acidic (e.g. COOH) 
groups is highly dependent on pH. Rosenbaum [40] demonstrated that 
equilibrium dye exhaustion decreased with decrease in pH as a result of a 
decrease in the ionisation of sulphonate groups in the fibre. The effect of 
pH on dye uptake has also been explained in terms of the change in zeta 
potential of the fibre [74] and also [1] competition between protons and 
dye cations on neutralisation of the negative zeta potential; thus, the rate 
of dyeing decreases with increasing pH, this effect being most noticeable 
for fibres that contain only weakly acidic groups [1]. Many PAN fibres 
exhibit a 10-20% increase in fibre saturation value (section 3.2.8) and 
rate of dyeing for a one unit increase in pH within the range pH 3.5 to 6 
[27]. Commonly, basic dyes are applied to PAN fibres under acidic condi
tions in the range pH 3.5 to 6 (the range of highest stability for both fibre 
and dye [27, 73, 75]) and preferably between pH 4.5 and 5.5. Carlini and 
Paffoni [76] showed that four benzothiazolylazo cationic dyes decomposed 
during dyeing in the pH range 6.6 to 7, the stability of the dyes in aqu
eous solution depending on the nature of the quaternary groups present. 
A buffer system (commonly sodium acetate/acetic acid) is usually 
employed to avoid any increase in pH that may arise by evaporation of 
acid during dyeing; it has been suggested that control of dye bath pH to 
0.5 units is preferred [77]. 

3.2.4. Effect of electroyte on dye adsorption 

Electrolytes, such as sodium sulphate, reduce the equilibrium uptake of 
cationic dyes [13, 78] (Figure 3.4); the mobile sodium ions compete with 
the dye cation for acidic sites within the fibre [13, 35] and also displace 
the ion-exchange equilibrium (Scheme 3.1) to the left [1]. The rate of 
uptake of cationic dyes is also reduced by the addition of electrolytes to 
the dyebath [10, 13, 35, 75, 79, 80] since electrolyte decreases the equili
brium uptake of the dye and diffusion coefficient is concentration-depen
dent. Zimmerman and Cate [81] showed that the migration power of CI 
Basic Blue 54 increased markedly with increasing concentration of 
Na2S04 up to 40% o.w.f. and thereafter increased at a slower rate. In a 
detailed study [82] using eleven electrolytes, retardation of dye uptake was 
found to depend on the ionic volume and electronegativity of the cation, 
the retarding action decreasing in the order K + > Na + > Li + > Al3+. 
Anions had little effect on retardation of dye uptake and their nature was 
of little significance, the retarding effect decreasing in the order S04 - > 
Cl- > pol- > SCN- and r. Support for these findings was obtained by 
Longo et al. [83] who demonstrated that adsorption of CI Basic Red 29 
on to PAN fibre was markedly affected by the nature and size of the elec
trolyte cation, dye uptake decreasing with increasing cation size; electro-
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lyte anions exerted little influence on dye uptake. Alberti et al. [84] 
showed that retardation of cationic dye uptake increased in the order 
Li' < Na + < K I and that the nature of the anion had little elTeet. In 
later work [85] these authors showed that retardation of dye uptake and 
saturation uptake of dye increased linearly with increase in radius of the 
hydrated electrolyte cation, results which were later confirmed by other 
workers [86]. Electrolytes also reduce the zeta potential of the fibre 
[11, 35]; this effect has been shown to depend upon the valency of the 
electrolyte cation [87]_ In practice, electrolyte (NaCI or, preferably, 
Na2S04) is often used to weakly retard dye uptake and thus promote 
level dyeing, the retarding effect of electrolytes being greatest for basic 
dyes of high K-value. 

32_5. Effect of temperature on dye adsorption 

As previously mentioned, the Tg of PAN fibres is of major significance in 
relation to dyeing; temperature has a most dramatic effect on both the 
rate and, to a lesser degree, the extent of dye uptake. Rosenbaum [43, 45, 
88] proposed a free volume model to describe the marked temperature
dependence of dye diffusion within PAN fibres. At temperatures below 
Tg, amorphous polymers, such as PAN, behave as rigid solids or glasses 
in which the segmental mobility of the constituent polymer chains is 
effectively zero. An increase in temperature increases the segmental 
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motion of the macromolecular chains; the limited regions of free volume 
begin to coalesce, forming larger voids in the polymer that permit 
increased segmental motion. This change in segmental mobility occurs 
over a very narrow temperature range and results in a dramatic increase 
in free volume. Tg denotes the temperature at which the changes take 
place and, in passing through Tg, the properties of the polymer change to 
those of a highly viscous, rubbery liquid. The transition from glassy to 
rubbery behaviour is attended by marked changes in the electrical, 
mechanical and thermodynamic properties of the polymer. 

Thus, at temperatures below the Tg , little, if any dye uptake occurs 
owing to the highly compact, glassy structure of the polymer. At or about 
the Tg of the fibre, the rate of dye uptake increases owing to the onset of 
segmental mobility; further increase in temperature causes an exponential 
increase in the free volume within the polymer which, in turn, results in 
an equally dramatic increase in both the accessibility of anionic dye sites 
and the rate of dye diffusion. This situation is illustrated by the results 
shown in Figure 3.5. As discussed in detail in section 3.2.6 below, water is 
a plasticiser of acrylic fibres in that it reduces the Tg of the substrate. In 
the case of the Courtelle S tow employed in this particular study 
[106, 197], it was found that water decreased the Tg of the fibre from 
92°C in air to noc. Thus, in Figure 3.5 it is evident that dye uptake only 
occurred at temperatures in excess of the 'wet' Tg, namely n°c. 

Peters and Wang [89] demonstrated that the accessibility of Acrilan for 
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Figure 3.5 Effect of temperature on the adsorption of CI Basic Blue 3 (1.4 x 
10-3 moll-I) on to Courtelle S tow at pH 4.5 [197] 

(Reproduced with the permission of D Aitken) 
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CI Basic Green 4 was related to the fraction of the polymer segments that 
are mobile. The marked increase in dyeing rate above Tg occurs over a 
relatively small temperature range and saturation of the anionic dye sites 
is rapidly achieved; it is proposed that, within this region, a temperature 
change of 1°C increases the rate of dyeing by 30% [73]. The marked 
increases in dye diffusion that occurs at or about Tg is often referred to 
as the dyeing transition temperature, Td , whose value is slightly greater 
than the Tg of the fibre as measured by some physical method. That Td is 
greater than Tg can be attributed to the fact that whilst Tg denotes the 
temperature at which segmental mobility commences, Td denotes the par
ticular temperature at which sufficient free volume becomes available for 
dye diffusion to occur. In Figure 3.5, the intercept of the dotted line on 
the x axis denotes the Td for th~ particular dye used (CI Basic Blue 3), 
namely 91.3°C [197], this being some 19.3°C greater than the 'wet' Tg of 
the wet Courtelle S tow employed [106, 197]. 

It has been demonstrated for disperse dyes on PET [90] that values of 
Td vary between dyes on the same fibre. It seems reasonable to assume 
that a similar situation will exist for basic dyes on PAN fibres; thus, for a 
given PAN fibre under given dyeing conditions, the value of Td for sev
eral cationic dyes may vary according to the diffusional character of each 
dye. Temperature does not significantly affect the saturation value of 
PAN fibres [27], as evidenced by the work of Asquith et al. [91, 92] who 
demonstrated that although the number of accessible dye sites varies with 
temperature, the number is reasonably constant at temperatures greater 
than the Tg of the fibre whilst the number of accessible sites decreases 
rapidly at temperatures below Tg• Thus, at temperatures above Tg (85°C), 
virtually all anionic sites in Acrilan (Monsanto) were found to be acces
sible to cationic dye molecules whereas at temperatures below Tg they 
were not [91, 92]; consequently values of Da obtained at temperatures 
above Tg do not relate to those secured at temperatures below Tg • Hos
sain et al. [93] propose that the availability of dye sites increases with 
increasing segmental mobility of the fibrous polymer chains. 

E* 
log Da = log Do - RT (3.16) 

According to the Arrhenius equation (equation (3.16)) a plot of log Da 
versus liT should be linear of slope E*/R; however, Rosenbaum [88] 
obtained a sigmoidal relationship for the diffusion of CI Basic Green 4 
into an experimental PAN fibre. The apparent diffusion coefficient 
increased with increasing temperature; below Tg, the plot of Da against 
liT approached linearity but at temperatures greater that Tg, curvature 
was obtained (Figure 3.6). 

Determination of the activation energy of diffusion, E*, by plotting 
tangents to the curve at different points showed that at temperatures 
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below the Tg of the fibre, E* was essentially constant until, with the 
advent of Tg, E* increased dramatically; above Tg, E* decreased expo
nentially with increasing temperature [88] (Figure 3.6). These results 
clearly demonstrate that the Tg of the fibre presents the major barrier 
towards dye uptake. Rosenbaum [88] correlated the temperature-depen
dence of both cationic dye diffusion and change in physical properties of 
PAN fibres using the WLF [94] equation expressed in the form of equa
tion (3.17) wherein A and B are constants, DT and DT are diffusion 

g 

coefficients at ambient temperature T and at Tg and log aT is the shift 
factor. 

log DT log aT = A(T - Tg) (3.17) 
D Tg B + (T- Tg) 

The adherence of the diffusion data to equation (3.17) [88] confirmed that 
dye diffusion is governed by the segmental mobility of the polymer 
chains. Several workers [95-97] have proposed that both free volume and 
porous matrix models operate, the relative contribution made by each 
model depending on the structure of the particular fibre employed. 

The Tg of PAN homopolymer has been shown to vary over a wide 
range; values of 52--180°C have been reported [92, 98, 99]. In a similar 
manner, considerable work has been carried out on the determination of 
the Tg of PAN copolymers and, in general, owing to the diverse variety 
of different copolymer compositions employed together with the range 
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of processing variables used, a wide range of values for Tg have been 
reported. 

3.2.6. Effect afwater an PAN fibres 

Since the dyeing of PAN fibres is normally carried out from aqueous dye
baths, the Tg of wet PAN fibre is of great importance in relation to 
dyeing. However, although several methods have been employed [100], 
relatively little work has been carried out in this area owing to practical 
difficulties which attend the determination of the Tg of wet fibre. 
Although PAN fibres are often regarded as being hydrophobic in nature, 
they nevertheless are sufficiently hydrophilic to enable them to be readily 
dyed with hydrophilic, cationic dyes, for which substantial water adsorp
tion by the fibre is a necessity. The adsorption of water molecules by 
PAN fibres can be considered to occur by virtue of various forces of 
interaction, such as hydrogen bonding with the cyano and methylene 
groups in the fibre, dipole-dipole interactions with the highly polar cyano 
groups in the substrate, as well as ion-dipole forces operating between 
the various ionic groups present in the polymer and the water molecules. 

Water, in addition to acting as a solvent for the dye and dyebath addi
tives, reduces the Tg of PAN fibres; this reduction entails plasticisation 
and has been demonstrated by many workers. Bryant and Walker [101], 
in a study of the stiffness and resiliency of several types of fibre, observed 
that the Tg of PAN fibre in water was in the range 60-80°C and Beevers 
and Heap [102] concluded, during a study of the temperature-dependence 
of elastic recovery of Courtelle, that the fibre's Tg in water was approxi
mately 60°C. Rosenbaum [103], using extension at break, observed that 
water reduced the Tg of PAN fibre by between 30 and 35°C; Gur-Arieh 
and Ingamells [104] related the extension in length of Acrilan filament to 
Tg reduction and demonstrated that the Tg of the filaments was reduced 
from 90°C in air to 57°C in water. Hori et al. [97], using Differential 
Scanning Calorimetry (DSC), showed that the Tg of both porous and 
conventional PAN fibres decreased with increasing water content and 
approached an almost constant value for each of the four fibre types 
examined. Asquith et al. [92], using Dynamic Mechanical Analysis 
(DMA), found that the Tg of Acrilan in water was 56°C; Bell and Mur
ayama [105] employed DMA to show that the Tg of an acrylonitrile-vinyl 
acetate copolymer was reduced from 128°C in air to 80°C at 100% rela
tive humidity and Aitken et al. [106], also using DMA, demonstrated that 
distilled water reduced the Tg of Courtelle S (Courtaulds) from 92°C in 
air, a value which closely agreed with those obtained for the fibre using 
both DSC and Thermo Mechanical Analysis (TMA) under comparable 
conditions, to noc. Although water is known to swell hydrophilic (nat
ural) fibres, PAN fibres characteristically possess low water absorption 
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(typically 1-3% at 20D C and 95% RH [107]) and swell only slightly in 
water [107, 108] at temperatures below Tg• The solubility parameter con
cept (section 1.2.2), which has been used to explain the mechanisms of 
both carrier dyeing and solvent-assisted dyeing, gives a quantitative mea
sure of polymer swelling. Essentially, according to this concept, the ease 
of mixing of two substances (e.g. polymer and solvent) will be greatest 
when the solubility parameters (0) of each substance are of equal magni
tude. The solubility parameter of water is 96.2 JO.5 cm-1.5 [108], a value 
which differs markedly to that of many fibres, including those of PAN, 
for which values of 0 have been reported as 53.6 JO.5 cm-1.5 [109] and 64.7 
JO.5 cm-1.5 [110]. The large difference in the values of 0 for water and 
PAN fibres confirms that the two materials are immiscible, the water 
having little, if any, solvating (i.e. swelling) power for the fibre, which, of 
course is observed in practice. Indeed, Gur-Arieh and Ingamells [111] 
report that reduction in Tg of Acrilan due to water occurs with no change 
in filament diameter and Fuzek [100] concludes that plasticisation due to 
water cannot be predicted on the basis of the moisture regain, contact 
angle or water imbibition of the fibre. Thus, fibre swelling cannot be con
sidered to contribute to the observed plasticising action of water on PAN 
fibres. 

Since a plasticiser functions as a diluent of polymeric substrates, its 
presence disturbing the regular structure of the polymer and thereby 
increasing thermoplasticity by a reduction of the magnitude of interchain 
bonding, then, in order to operate, the plasticiser must be adsorbed by 
the polymer and, in general, the extent of plasticisation will increase with 
increasing concentration of plasticiser in the polymer. In a study of the 
effect of water on the Tg and Young's modulus of nylon 6, Reimschussel 
[112] found that Tg decreased to a finite value with increasing water con
tent. This author [112] proposed that the plasticising action of water (Tg 

reduction) on nylon 6 entailed the reversible replacement of intercaternary 
hydrogen bonds and that the limiting value for Tg was approached when 
the water content of the polymer approached that required for complete 
interaction with all accessible amide groups; this mechanism was also 
found to be applicable to other polymers including nylon 6.6. Aitken et 
al. [106] clearly demonstrated that the plasticisation of PAN fibre by 
water is reversible, in that the Tg of dry Courtelle S (Courtaulds) (90DC) 
was reduced to 72DC by immersion in water, the dry Tg (90DC) being 
restored when the water was subsequently removed from the wet fibre. 
The findings of Hori et al. [97], that the Tg of four PAN fibres decreased 
with increasing water content of the fibres, provides evidence that water 
acts as a diluent. Furthermore, these workers [97] also found that the Tg 
of each of the four types of commercial fibre used reached a finite value 
at different water contents, which concurs with the finding of Reimschus
sel for nylon 6 [112]. Thus, it can be proffered that the mechanism by 
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which water reduces the Tg of PAN fibres may be similar to that pro
posed for nylon 6, namely that the water is reversibly bound (e.g. via 
hydrogen bonding) to appropriate (e.g. - CN) groups within the polymer. 
However, this phenomenon warrants further investigation. 

3.2.7. Carrier dyeing 

According to equation (3.17) the diffusion of basic dyes in PAN fibres is 
governed only by the term (T - Tg) and, consequently, the rate of diffu
sion, and thus dyeing, can be increased either by increasing T or by redu
cing Tg, or both. Furthermore, since the Tg of the fibre constitutes the 
major barrier to dye diffusion, much work has attended methods of redu
cing this parameter in order to expedite dyeing; this particular approach 
concerns both carrier dyeing and solvent-assisted dyeing, which are 
applicable to fibres other than PAN. The commercial use of carriers is 
mostly confined to the dyeing of cellulose triacetate and polyester fibres 
using disperse dyes whilst solvent-assisted dyeing has not achieved wide
spread commercial utilisation. A detailed account of carrier dyeing is pro
vided in section 1.2.11. 

The plasticising action of many compounds and their effects on the 
dyeability of PAN fibres with basic dyes have been studied by several 
workers. Of the various compounds examined in this context, benzyl alco
hol, which has been widely used in the solvent-assisted dyeing of wool 
[113-115], has been most extensively studied. 

The isothermal uptakes of eleven carriers on Courtelle S were found to 
each follow a Nernst adsorption mechanism; the partition coefficient of 
the carriers increased with increasing hydrophobicity of the carriers [30]. 
Beal and Carbishley [116] described the enhanced uptake of basic dyes on 
Acrilan fibres furnished by solvent-assisted dyeing, the Irga-solvent 
(Ciba-Geigy) process being applicable to both printing and continuous 
dyeing methods. Rosenbaum [117] observed that while the effect of plasti
cisers on PAN fibres was not related to either the dielectric constant or 
solubility parameter of the plasticiser, some correlation existed between 
efficiency of plasticisation and dipole moment of the plasticiser. Ingamells 
et al. [118, 119] determined the effect of aqueous solutions of phenol and 
other carriers on reduction in Tg of Acrilan filaments, by measuring the 
elongation of the filaments at different temperatures and showed that the 
carriers reduced the Tg of the fibre. Gur-Arieh and Ingamells [111] mea
sured the Tg of Acrilan filaments in water and in aqueous solutions of a 
range of organic compounds, using extension in filament length, and 
found no correlation between Tg reduction of wet Acrilan and fibre swel
ling. Although those compounds that reduced the Tg of the wet fibre 
tended to cause some swelling, the majority of Tg reduction was not pro
portional to the extent of swelling; indeed, some compounds increased 
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Figure 3.7 Relationship between maximum uptake of seven carriers at 80°C on 
acrylic tow and (a) op (b) oa and (c) Od for the carriers. The vertical lines show the 

respective solubility parameter for the fibre [198] 
(Reprinted from Dyes and Pigments, Vol. 23, S.M. Burkinshaw and D. Aitken, The effect of carriers on 
the dyeing of CourtelJe S, pp. 225-242, Copyright 1993, with kind permission from Elsevier Science Ltd., 

The Boulevard, Langford Lane, Kidlington, OX5 1GB, UK) 

swelling but slightly increased Tg of the wet fibre [111]. In addition, these 
workers [111] found no correlation between total solubility parameter (8t) 

of the carrier and Tg reduction of Acrilan. In later work, Ingamells et at. 
[120] examined the effects of equimolar concentrations of several organic 
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compounds on Tg reduction of Acrilan filament; the extent of plasticisa
tion (Tg reduction) was found to increase, non-linearly, as the total solu
bility parameter (Ot) of the plasticiser approached that of the fibre. These 
workers [120] considered the relative contributions that the association 
(oa) and dispersion (Od) components of solubility parameter made towards 
Tg reduction, whereupon, it was observed, that whilst no relationship 
existed between plasticisation and values of Od for the fibre and plasti
ciser, a non-linear relationship was obtained between Tg reduction and oa 
for the plasticiser and fibre, maximum platicising action being secured 
when the oa of the fibre and plasticiser coincided. These authors [120] 
concluded that plasticization of Acrilan was controlled by polar forces 
only, dispersion forces playing no part in Tg reduction. The workers [120] 
also found that the extent of radial swelling of Acrilan filament imparted 
by an equimolar concentration of several plasticisers increased as the 
total (Ot) and association (oa) solubility parameters of the plasticiser 
approached that of the fibre, with the effect that maximum Tg reduction 
occurred with least swelling. Although the correlation between oa and 
fibre swelling was low [120], this work confirms that plasticisation is not 
related to fibre swelling. 

Confirmation of the proposal of Ingamells et al. [120] that carrier 
uptake is related to the association solubility parameter and, therefore, 
that polar forces are responsible for carrier-acrylic interaction, was 
obtained in a subsequent study [198] of the variation of maximum uptake 
of seven carriers on to Courtelle S (Courtaulds) with the Ob oa and Od 
solubility parameters, respectively. It was found (Figure 3.7) that whilst 
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for each of the three solubility parameters considered, maximum carrier 
uptake increased as the respective solubility parameter of the carriers 
approached that of the fibre, the highest coincidence of all points to each 
of the three curves obtained (as given by the coefficient of determinations 
displayed in Figure 3.7) was observed for the plot of maximum carrier 
uptake versus oa values. However, the finding that, for each of the three 
solubility parameters considered, maximum carrier uptake increased as 
the respective solubility parameter of the carriers approached that of the 
fibre implies that other forces of interaction may also contribute to car
rier-acrylic interaction. 

Tokaoka [121] obtained a reduction in E* of cationic dyes in PAN 
fibres in the presence of carriers such as phenol and nitrobenzene. The 
observed curvature of a plot of log D versus liT obtained by Ingamells 
[122] for CI Basic Green 4 on Acrilan filament demonstrated that E* 
decreased with increasing temperature; the diffusion coefficient of the dye 
was found to be a function of (T - T J, showing that dye diffusion is gov
erned by the segmental mobility of the polymer molecules. Asquith et al. 
[92], using DMA, demonstrated that p-nitropheno1 reduced the transition 
temperature of dyeing for CI Basic Blue 22 on Acrilan from 83 to 57°C 
and reduced E* from 62 to 39 kcal. A reduction of E* for the uptake of 
basic dyes on PAN fibres has been reported for dyeing in the presence of 
benzyl alcohol [123] and other carriers [30]. Asquith et al. [92] also 
showed that fibre swelling played no part in Tg reduction and suggested 
that dis-aggregation of the dye in aqueous solution may also contribute 
to the enhanced dye uptake furnished by p-nitrophenol. 

As discussed in section 1.2.11, several workers have suggested that car
riers may have an effect on the dye. Accordingly, it is postulated [124] that 
the carrier adsorbed by the fibre increases the uptake of disperse dyes 
owing to the solubility of the dye in the carrier; Zimmerman et al. [125] 
argue that carriers increase the solubility of disperse dyes in the dye bath 
which results in enhanced rate of dyeing. Kim [30] measured the partition 
coefficient, K, of CI Basic Green 4 between water and eight different car
riers and demonstrated that K was high for each carrier and the value of 
K varied considerably for each carrier. It was found that in aqueous solu
tion, in the absence of PAN fibre, the dye was adsorbed by each carrier to 
an extent which increased with increase in the partition coefficient of the 
dye for the carrier. Kim [30] also showed that the partition coefficients of 
CI Basic Red 13 and CI Basic Blue 9 were lower than that of CI Basic 
Green 4 between water and the eight carriers and concluded that the solu
bility of cationic dyes in carriers depends on both the dye and carrier 
used. This author [30] also demonstrated that there was no correlation 
between the solubility of CI Basic Green 4 in a carrier and the effective
ness of that carrier in enhancing dye uptake, and thus concluded that 
solubilisation of the cationic dye contributes little towards carrier action. 
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Ingamells et al. [118, 119] showed that the extent of plasticisation of 
Acrilan filaments increased proportionally with increasing concentration 
of aqueous solutions of phenol and other carriers applied. Gur-Arieh and 
Ingamells [104] extended this approach to benzyl alcohol and found a 
linear relationship between the aqueous concentration of the alcohol 
applied and Tg of Acrilan filament. Gur-Arieh et al. [122] found that 
reduction in the dyeing transition temperature of CI Basic Green 4 on 
Acrilan filament was linearly related to the reduction in Tg of the fibre 
brought about by aqueous benzyl alcohol. Alberti et at. [123, 126-128] 
obtained a linear relationship between the dyeing transition temperature 
for CI Basic Green 4 on Velicren (SNIA) and concentration of benzyl 
alcohol in the dye bath, and also that the rate of dye uptake increased 
with increasing concentration of benzyl alcohol in the bath [126-128]. 
Kim [30] found that for various carriers, uptake of CI Basic Green 4 on 
to Courtelle S at different temperatures increased with increasing con
centration of carrier in the dye bath up to a maximum concentration of 
carrier which corresponded to the solubility of the carrier. This worker 
[30] concluded that, at concentrations in excess of its aqueous solubility, 
the carrier was present in the dyebath as a third (liquid) phase for which 
the dye had greater affinity than either the fibre or water phases. 
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Figure 3.8 Effects of benzyl alcohol concentration on Tg and on uptake of CI 
Basic Blue 3 on Courtelle S tow at SO°e. The vertical line represents the aqueous 

solubility of the alcohol at SO°C [130] 
(Reprinted from Dyes and Pigments, Vol. 18, D. Aitken, S.M. Burkinshaw and D. Price, The effect of Benzyl 
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180 CHEMICAL PRINCIPLES OF SYNTHETIC FIBRE DYEING 

As Figure 3.8 shows, Aitken et al. [129, 130] obtained a non-linear rela
tionship between Tg reduction of wet Courtelle S tow and concentration 
of benzyl alcohol adsorbed by the fibre; maximum plasticisation coincided 
with the maximum amount of plasticiser adsorbed by the substrate which, 
in turn, corresponded to the aqueous solubility of benzyl alcohol at the 
particular temperature employed (80°C). At concentrations in excess of 
the solubility of benzyl alcohol, the extent of plasticisation decreased, 
which was attributed to the plasticiser having greater affinity for the aqu
eous phase than for the fibre phase. These results [129, 130] confirm that 
benzyl alcohol functions as a true plasticiser of PAN fibre insofar as the 
extent of plasticisation (Tg reduction) increases with increasing concentra
tion of benzyl alcohol adsorbed by the fibre. These workers [129, 130] 
also showed that the extent to which uptake of both CI Basic Blue 45 
and CI Basic Blue 3 on to Courtelle S was enhanced, in the presence of 
benzyl alcohol, paralleled the extent to which the plasticiser reduced the 
Tg of the fibre (Figure 3.8). Dye uptake increased with increasing con
centration of benzyl alcohol in the fibre, with maximum dye uptake coin
ciding with the maximum amount of plasticiser present in the substrate, 
which, in turn, corresponded to the aqueous solubility of benzyl alcohol; 
at concentrations in excess of the plasticiser's solubility, dye uptake 
decreased in accord with the decrease in amount of benzyl alcohol present 
in the fibre. These latter results clearly relate fibre plasticisation to 
enhancement of cationic dye uptake. 

Kim [30], using several carriers, obtained a linear plot for the uptake of 
CI Basic Green 4 versus carrier concentration for Courtelle S, suggesting 
that each of the carriers used was of equal efficiency. According to the 
plasticisation theory of carrier action, in order for a carrier to function it 
must be adsorbed by the fibre and, therefore, the efficacy of a given car
rier will depend upon the substantivity and diffusional characteristics of 
the carrier. If it is considered that solubility parameter concept represents, 
essentially, carrier-acrylic substantivity, then the molecular volume of a 
carrier can be considered as an approximate indication of the diffusional 
behaviour of the carrier within the substrate. In this context, Figure 3.9 
shows that the maximum uptake of seven carriers on to acrylic tow was 
related to the molecular volume of the carrier [198]. 

Gur-Arieh et al. [122] showed that equilibrium uptake of CI Basic Green 
4 on to Acrilan in the presence of benzyl alcohol, depended on (T - Tg); 
this finding gained support in the work of Asquith et al. [92] for the 
uptake of CI Basic Blue 22 on to Acrilan in the presence of p-nitrophenol. 
The latter workers [92] also demonstrated that p-nitrophenol increased the 
accessibility of the dye sites within Acrilan. Peters and Wang [89] related 
the accessibility of Acrilan fibre to the loss tangent (tan 0) obtained using 
DMA by means of a structural parameter for the fibre that was related to 
the fraction of polymer segments that were mobile. From the finding that 
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Figure 3.9 Relationship between maximum carrier uptake on to acrylic tow at 
80°C and molecular volume for seven carriers [198] 

(Reprinted from Dyes and Pigments, Vol. 23, S.M. Burkinshaw and D. Aitken, The effects of carriers on 
the dyeing of Courtelle S, pp. 22S-242, Copyright 1993, with kind permission from Elsevier Science Ltd., 

The Boulevard, Langford Lane, Kidlington, OXS 1GB, UK) 

maximum uptake of CI Basic Green 4, in both the absence and presence of 
phenol and phenylphenol, was linearly related to the structural parameter, 
these workers [89] concluded that the accessibility of the fibre to the dye 
was related to the fraction of polymer segments that are mobile, which 
concurs with the suggestion made by Hossain et al. [93]. 

Dodd and Ingamells [131, 132] showed that perchlorethylene did not 
reduce the dry (in air) Tg of Acrilan 16, owing to the non-polar nature of 
the solvent and the dissimilarity in oa of the solvent and the fibre; further
more, cationic dyes dissolve only slightly in the non-polar solvent. These 
workers [131, 132] examined the effect of several organic compounds on 
Tg reduction and dyeing of Acrilan 16 and employed benzyl alcohol as a 
cosolvent to facilitate dissolution of the organic compound and also 
cationic dyes. They found that the plasticising action of ethylene carbo
nate increased with decreasing concentration of benzyl alcohol in the 
cosolvent system and demonstrated that several commercial cationic dyes 
could be successfully applied to the fibre from an anhydrous per
chlorethylene dyebath [131, 132]. 

3.2.8. Retarding agents 

Characteristically, conventional cationic dyes exhibit very low migration 
power on PAN fibres as a result of their high substantivity and rapid 
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uptake over a small (10-15°C) temperature range above the Tg of the 
fibre. Control of levelling by means of temperature control and electrolyte 
addition is inadequate; as a consequence, recourse is made to the use of 
commercial retarding agents, of which there are two types, namely catio
nic and anionic. Cationic retarders, which are principally used, are of two 
general types, namely conventional and polymeric. 

3.2.8.1. Conventional cationic retarders. These [18, 19,27,35,37,44,47, 
64, 75, 82, 133-145] are, typically, water-soluble, colourless, quaternary 
ammonium compounds [18, 19,27,47, 133-136] of relative molecular 
mass (Mf ) 300-500 [133], although other chemical types have been re
ported [18, 19, 47, 133], that function by competing with the dye cations 
for anionic sites at the surface and within the interior of the fibre. They 
reduce the rate of uptake by lowering the dye concentration gradient 
across the fibre and enhance dye migration by increasing the total number 
of cations in the dye-fibre system [27]. Zimmerman and Cate [134], using 
a titration-spectrophotometric method, demonstrated that cationic retar
ders are displaced by the cationic dye and that level dyeing is achieved by 
the dye and retarder retarding the uptake of each other during dyeing. 
Biedermann and Isichi [44] used atomic absorption to demonstrate that 
conventional cationic retarders are adsorbed on to PAN fibres by means 
of an ion-exchange mechanism. Since the number (and also nature) of 
anionic groups in PAN fibres vary, the quantity of conventional cationic 
retarder required to achieve optimum dye exhaustion and levelling varies 
between fibres, and also depends on the quantity of dye employed as well 
as the form of the substrate and dyeing machine used [133]. The amount 
of retarder used must be carefully chosen to prevent blocking [27, 137] of 
dye uptake and depends, in essence, on the dyeing characteristics of both 
the dyes and fibre used; the quantity of retarder required is calculated 
from information provided by the manufacturer. Cationic retarders are 
also ascribed K values [35, 82, 138, 141, 146] most commonly in the range 
2 to 3.5 [146]; retarders with a K value slightly lower than that of the 
dyes with which it is employed gives optimum levelling and greatest cost
effectiveness [141, 146]. 

3.2.8.2. Polymeric cationic retarders. These retarders [27, 133, 145, 147-
152] containing several hundred cationic groups per molecule, are mostly 
quaternised polyamines of M f 1000-20000 [133]. In contrast to their con
ventional cationic counterparts, polymeric retarders do not diffuse within 
the fibre but are adsorbed solely at the fibre surface and, consequently, 
do not enhance dye migration. This surface adsorption reduces the nega
tive zeta potential of the fibre surface and also provides an electrical 
potential barrier which serve to reduce both the rate and extent of dyeing. 
Cegarra and Fiadeiro [150] determined the uptake of polyethoxylated 
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amines by PAN fibres during dyeing with cationic dyes by measuring the 
total organic carbon content of the residual dye bath. In later work, 
Cegarra et al. [151, 152] showed that the retarding effect of poly
ethoxylated amines on the uptake of CI Basic Green 4 on PAN fibres 
increased with decreasing degree of ethoxylation and concluded that the 
retarding effect depended on the ease of penetration of the amine into the 
substrate and its solubility in the dyebath. Beckmann [27] reports that 
some polymeric cationic retarders can adversely affect the compatibility of 
dyes, particularly those of low affinity. 

3.2.8.3. Anionic retarders. Beckmann [27] discusses the merits and 
demerits of anionic retarders [18,19,35,133,137,139,141,145,153-156] 
which enjoy considerably less usage than their cationic counterparts. 
These compounds interact with the cationic dye forming an anionic, ther
mally unstable dye-retarder complex that does not diffuse within the fibre 
[27, 156] and has low substantivity for the substrate. At low dyeing tem
peratures the complex is loosely bound to the fibre, facilitating dye 
migration, while at high temperatures the complex breaks down, releasing 
dye which can then be adsorbed on to the substrate. To prevent pre
cipitation of the complex, a surplus of retarder is usually employed toge
ther with the addition to the dyebath of a non-ionic surfactant. Park [141] 
reports that anionic retarders do not lead to blocking problems but tend 
to be dye-specific in their action. Anionic retarders can also affect the 
compatibility behaviour of cationic dyes [146]. 

3.2.9. Dye-fibre characteristics 

Since the uptake of basic dyes occurs on to a limited number of anionic 
sites within PAN fibres, then in order for a given mixture of dyes to yield 
the desired hue and depth of shade, the saturation characteristics of indi
vidual dyes and fibres must be known. A series of such saturation con
stants has been developed [10, 35, 157-159] the use of the three constants 
detailed below ensures that a given fibre is not over-saturated with dye, 
which, if allowed to occur, results in slow dyebath exhaustion and low 
fastness of the resulting dyeing to wet and rubbing treatments; methods 
for determining the following saturation characteristics have been devised 
by Bayer and later adopted by the Society of Dyers and Colourists [164]. 

• Fibre saturation value (A or Sf) is a fibre-specific constant, ranging in 
value from 1 to 3 for most commercial fibres, representing the number 
of accessible anionic sites per unit mass of the fibre. 

• Dye saturation factor (j) is a dye constant, related to the purity and Mr 
of a dye, that represents the saturation characteristics of a given com
mercial basic dye. 
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• Saturation concentration (C) is the quantity of commercial dye (ex
pressed as a percentage on mass of fibre) which saturates the given 
fibre; i.e. C = AI! 

Values of these three constants are provided by the dye manufacturer 
(and also the fibre maker in respect of the A or Sf value). In addition to 
the Sf value, the dyeing rate constant or V value of a PAN fibre can also 
be employed as a relative measure of the rate of dyeing of a given fibre in 
the initial stages of dyeing; values of this particular constant are also pro
vided by the dye and fibre maker. 

The high substantivity and low migration power of conventional catio
nic dyes on PAN fibres can result in problems of dye compatibility in 
admixture. Incompatible dyes block the uptake of each other [146] and 
also exhaust more rapidly than compatible dyes under the same applica
tion conditions [160, 161]. Much work has attended the characterisation 
of the compatibility of basic dyes in admixture [27, 35, 65, 146, 154, 160-
168]. It is now widely accepted [146, 163-165] that the compatibility of a 
cationic dye for PAN fibre is characterised by the dye's compatibility or 
K value (or Cor CV value) as devised by Beckmann [157]. In essence, the 
compatibility (K) value quantifies the adsorption of cationic dyes in 
admixture in terms of the diffusion coefficient and affinity of the dye. K 
values of cationic dyes are classified into five groups, 1 to 5 and are pro
vided by the dye maker; in admixture, dyes of low K value exhaust before 
dyes of higher K value and dyes of equal K value yield virtually on-tone 
dyeing [146]. Commonly, cationic dyes possess K values of 3 [146] and the 
K values are valid under the majority of commercial dyeing conditions 
[146]. In addition to the K value, the standard dyeing time (e.g. T70 

[35, 146]) provides information on the exhaustion rate of individual catio
nic dyes and can be used to quantify the rates of exhaustion of dyes in 
admixture. 

The relative affinity, An which is closely related to compatibility [27], is 
a measure of the migrating power of a cationic dye, being determined 
from the equilibrium uptake of the dye in the presence of a standard dye 
or cationic retarder for which the value of Ar is assumed to be unity 
[27, 146]. A high value of Ar indicates that the dye has low migrating 
power and its uptake is only slightly influenced by the presence of other 
cationic dyes, electrolytes or cationic retarders, although its uptake is 
markedly influenced by anionic retarders [27]. Beckmann [27] reports that 
the Ar values furnished by different dye makers are comparable for dyes 
of the same chemical constitution since Ar is unaffected by diluents in the 
dye. Siepmann [169] found, using several cationic dyes, that dyes of high 
Ar exhibited high exhaustion but low migration on PAN fibre, but also 
demonstrated that steric factors contributed to migration and concluded 
that dyes of low Ar need not necessarily possess high migration power. 
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3.2.10. Migrating cationic dyes 

As discussed above, conventional cationic dyes characteristically exhibit 
rapid uptake on to PAN fibres and, with the exception of dyes of low sub
stantivity [35, 39], possess low migration power on such substrates. This 
combination of properties causes problems in achieving level dyeing and 
recourse is made to the use of accurate pH and temperature control, com
patible dyes and retarding agents. Both the high rate of exhaustion and 
low migration power of conventional dyes can be attributed to the dyes' 
high substantivity that accrues mainly from their large molecular size and 
highly cationic and hydrophobic nature. As their name implies, migrating 
cationic dyes exhibit greater migrating power on PAN fibres than their 
conventional counterparts; although the dyes are rapidly adsorbed by the 
substrate, they are able to migrate under typical dyeing conditions and 
thus yield level dyeings. The introduction of the first commercial migrat
ing cationic dye range, Maxilon M in 1975 by Ciba-Geigy, was quickly 
followed by other ranges, as exemplified by the Basacryl MX (BASF), 
Remacryl E (Hoechst) and Maxilon BM (Ciba-Geigy) ranges. 

Biedermann [172] reviews the work of several authors [166, 170, 171, 
173-176], describing the development and physico-chemical aspects of the 
dyes as well as essential details of their application to PAN fibres. In 
essence, migrating cationic dyes are of smaller molecular size and are 
more hydrophilic than conventional basic dyes and therefore possess 
lower substantivity towards and greater diffusional power within PAN 
fibres; as a consequence, the dyes are rapidly adsorbed by the fibre but 
are able to migrate, yielding level dyeings. Despite the low molecular size 
and high diffusional behaviour of the dyes, their wet fastness properties 
on PAN fibres is excellent owing to the fact that domestic laundering is 
usually carried out at temperatures (commonly 60°C) below the Tg of the 
substrate, under which conditions the dye is unable to diffuse out of the 
fibre. 

The dyes are applied to PAN fibres in the presence of electrolyte and a 
cationic retarding agent, the latter being of similar K value to that of the 
dyes. Conventional cationic retarders are not suitable and the admixture 
of migrating and conventional dyes is not usually recommended. 

3.2.11. Gel dyeing 

Gel- or producer-dyed PAN fibres, as exemplified by Neochrome Cour
telle of Courtaulds, are available in a variety of fibre types, decitex, lus
tres and also shades [177]. PAN fibre is commonly wet spun from 
aqueous solutions of solvents such as sodium thiocyanate or DMF, resi
dual solvent being removed from the extruded filaments by washing [178]. 
In gel dyeing, the washed filaments are passed, commonly in the form of 
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tow, through an aqueous cationic (or disperse [I4]) dyebath,ofollowed by 
rinsing to remove surplus dye, drawing and, finally, drying [178]. The 
technique has also been applied to dry-spun PAN fibres [179, 180] and 
drawing prior to dyeing has also been described [181]. In the gel state the 
fibre is highly absorbent and dye diffusion within the water-filled voids of 
the substrate is rapid [12, 19, 182] even at the relatively low temperatures 
employed. Gel dyeing offers the advantages of high flexibility, small 
batches can be dyed economically and shade changes made easily 
[12,19,178]. 

3.3. Disperse dyes 

The chemistry of disperse dyes is fully discussed in Chapter 1. Character
istically, disperse dyes exhibit excellent levelling but poor build-up on 
PAN fibres, the resultant dyeings generally possessing moderate to high 
fastness to light and to wet treatments but being of duller hue than those: 
secured using cationic dyes. This dye class enjoys very limited usage on 
PAN fibres mainly because the build-up characteristics of the dyes are 
insufficient to furnish medium and heavy depths of shade and also 
because of the outstanding brilliance of hue, relative ease of application 
and excellent all-round fastness properties of basiC dyes on these fibres. 
As a consequence of their limited usage on PAN fibres, relatively little 
research work has attended their application to the fibres. 

3.3.1. Thermodynamics of dyeing 

The uptake of disperse dyes on PAN fibres follows a Nernst (Partition) 
adsorption mechanism [183, 184], as observed for the uptake of the dyes 
on other synthetic fibres. The mechanism of the aqueous pJ;mse transfer of 
the dyes to PAN fibres is identical to that described in Chapter 1 for 
polyester fibres, namely that adsorption occurs from a dilute, aqueous 
solution of the dye which is replenished by dissolution of dye from the 
bulk dyebath dispersion; diffusion of the disperse dye within the fibre can 
be considered to take place by either a solid solution. or adsorption-at-sites 
mechanism. The Nernst adsorption mechanism indicates that the nature 
of the interaction between disperse dyes and PAN fibres is, in contrast to 
that of cationic dyes and such fibres, essentially non-ionic. PAN fibres 
contain, typically, a high proportion of highly polar cyano groups to
gether with a lower proportion of both weakly (-COOH) and strongly 
(-S03H, -OS03H) acidic groups. Feichtmayer and Wurz [46] suggest 
that dipole-dipole interaction operating between cyano groups in the sub
strate and polar groups in anthraquinone disperse dyes is the major con
tributor towards dye uptake, although dispersion and induction (dipole-
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induced dipole) forces of interaction could also contribute to dye-fibre 
substantivity. It can be considered that in addition to such forces of inter
action, others, such as hydrogen bonding, hydrophobic interaction as well 
as ion-dipole interaction operating between the ionic groups in the sub
strate and the polar disperse dyes may contribute towards dye-fibre sub
stantivity. Hotai and Okada [185] demonstrated that both polar and non
polar forces operate between disperse dyes and PAN fibres in that both 
the affinity and heat of dyeing are increased by the incorporation of polar 
and non-polar groups into the dyes. Kaushik and Deshpande [184], in a 
study of the adsorption of six monoazo disperse dyes on Indacrylon 
(IPCL) fibre, concluded that the affinity of the dyes increased with 
increasing basicity of the dye, an observation that confirmed the early 
finding of Hadfield and Sokol [183], and also that the saturation value of 
the dyes increased with decreasing molecular size of the monoazo dyes. 
These workers [184] also demonstrated no correlation between saturation 
uptake and 8t of the six dyes, although some correlation between satura
tion uptake and values of Od, oa and also (8d/oa)2 for the monoazo dyes 
was found. 
. The characteristic low substantivity of disperse dyes towards PAN 
fibres, which is reflected in the poor build-up character [27, 73, 183, 186, 
187], low exhaustion [27,32,34,37,73, 183, 184, 186, 188-190] and 
excellent levelling properties [37, 183, 186, 187, 190] of the dyes on the 
fibres, can be attributed to the hydrophilic nature of the substrate. 
Although PAN fibres are regarded as being hydrophobic, this hydro
phobicity accrue.s mainly from aliphatic chain methylene (CH2) groups 
which cannot be expected to provide strong hydrophobic interactions 
with a hydrophobic disperse dye. Furthermore, the acidic groups in the 
fibre can be considered to be ionised at the pH values typically encoun
tered during dyeing with disperse dyes and will also be highly solvated by 
water, with the result that the hydrophobic fibre contains a reasonably 
high proportion of strongly hydrophilic groups. Peters [73] suggests that 
adsorption of a disperse dye on a fibre will be greatest when the hydro
phobic/hydrophilic character of the dye matches that of the fibre. In the 
case of PAN fibres, it can be proffered that the fibre is substantially less 
hydrophobic (or more hydrophilic) than the disperse dye and thus dye
fibre substantivity is low. 

The saturation value of disperse dyes on PAN fibres is considerably 
lower than that of the dyes on other hydrophobic fibres such as nylon 
and secondary cellulose acetate [183, 186, 188]. This is illustrated by the 
results shown in Table 3.1, wherein the greater adsorptive character of 
secondary cellulose acetate is apparent. 

Peters [73] suggests that such differences in the affinity of a disperse dye 
between fibres can be attributed to differences in the amount of crystalline 
or other regions which are inaccessible to the dyes. This author [73] pro-
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Table 3.1 Saturation values for disperse dyes [183] 

Saturation uptake (g dye 100 g-l fibre) 

Dye Acrilan Orion 42 Sec. cell. acet. 

CI Disperse Yellow 3 2.6 1.3 7.4 
CI Disperse Orange 3 6.0 2.8 10.0 
CI Disperse Red II 7.9 7.6 12.2 
CI Disperse Blue 26 3.2 4.0 8.6 
CI Disperse Blue I 8.3 8.0 10.6 

(Reproduced with permission from H.R. Hadfield and the Society of Dyers and Colour
ists) 

poses that the inclusion of a volume term, v, which reflects the amount of 
water adsorbed by the fibre and is a characteristic of a given fibre, in the 
equation for affinity (equation (3.18)) would change the value of affinity 
by an amount appropriate to each fibre: 

_A~O = RT In [D]f 
v [D]s 

(3.18) 

However, the use of this accessibilty parameter (v) would not fully 
account for the low uptake of disperse dyes on PAN fibres in view of the 
fact that the accessibility of the fibre to cationic dyes must be very high 
as these dyes exhibit high uptake on the fibres from which it can be con
cluded that a similar level of accessibility should operate in the case of 
disperse dyes. 

3.3.2. Kinetics of dyeing 

The diffusion of disperse dyes within PAN fibres is considered to be Fick
ian, as observed for other hydrophobic fibres [191], demonstrating the 
non-specific nature of the dye-PAN fibre interaction. Several workers 
[34, 188] demonstrated the temperature-dependence of dye uptake on 
PAN fibres, the extent of dye uptake showing a marked increase in the 
region of Tg (Figure 3.10). This behaviour is identical to that of basic 
dyes on PAN fibres and can be attributed to diffusion of the disperse dye 
being dependent on the Tg of the fibre, as demonstrated by McGregor et 
at. [192], who, by using a micro densitometric technique, showed that the 
diffusion coefficient of CI Disperse Blue 1 in Courtelle film increased with 
increasing temperature over the range 78.5 to 97°C and obtained a value 
of 293.2 kJ mor l for E* of the dye below 90°C and 201.6 kJ mol- l above 
90°C. 

The use of carriers to enhance the rate of dye diffusion was reported 
shortly after the commercial introduction of the fibres [34, 190]. Peters and 
Ingamells [119] employed several water-soluble carriers and showed that 
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Figure 3.10 Temperature-dependence of uptake of 2% o.mJ. CI Disperse Blue 
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(Reproduced with pcnnission of H. Kramrisch and the Society of Dyers and Colaurists) 

the diffusion coefficient of p-aminoazobenzene within Acrilan filaments 
increased with increase in the value of (T Tg) and also that the value of 
E* of the dye decreased with increasing concentration of phenol in the 
dyebath; these workers concluded that the diffusion of disperse dyes in 
PAN fibres is governed by the segmental mobility of the polymer chains 
and that carriers increase this segmental mobility. Support for these find
ings was provided by the work of Gur-Arieh and Ingamells [104, 111] 
who demonstrated that the diffusion coefficient of CI Disperse Orange 3 in 
Acrilan filament increased and E* of the dye decreased with increasing 
concentration of benzyl alcohol in the dyebath. Kaushik and Deshpande 
[193, 194] found that both the rate and extent of uptake of three monoazo 
dyes on lndacrylon fibre were enhanced by the addition of benzyl alcohol 
to the dyebath. Maximum carrier action was obtained using 0.3 mol rl 
benzyl alcohol which was attributed [193, 194] to the limited water-solubi
lity of the carrier and the formation of a third (liquid) phase in the dye
bath in which the dye was more soluble, as previously suggested by 
Balmforth et al. [195] to explain similar results obtained for the action of 
carriers on the uptake of disperse dyes on cellulose acetate fibres. 

3.3.3. General considerations 

Disperse dyes are applied to PAN fibres in the pH range 3.5 to 6 [27] 
usually in the presence of a levelling agent using recipes which are similar 



190 CHEMICAL PRINCIPLES OF SYNTHETIC FIBRE DYEING 

to those adopted for the dyeing of polyester fibres with the dyes at tem
peratures in the range 80 to 100°C [271; a clearing treatment of the dyed 
material enables optimum fastness to be achieved [27]. 
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4 Microfibres 

4.1. Introduction 

In the previous three chapters, which discussed the basic principles under
lying the dyeing of the three main types of synthetic fibre, little reference 
was made to the effect of fibre linear density on dyeability; this is the sub
ject of this particular chapter in that it concerns the dyeing of microfibres. 
Although polyester has received by far the greatest attention in this con
text, polyamide and acrylic microfibres also enjoy widespread usage. 
However, in view of the extremely small amount of information that has 
been published on acrylic microfibres, this type of fibre is not discussed. 

The linear density of a filament or fibre is defined as [I] the mass per 
unit length of linear textile material and is normally expressed in decitex 
per filament (dtexpf), where I dtex is the mass in grams of 10 km of fibre 
[1]. 

A microfibre is defined as a fibre or filament of linear density approxi
mately 1 dtex or less, although some commercial products may in practice 
be as coarse as 1.3 dtex [1]. However, even finer fibres of < 0.3 dtex are 
produced, these commonly being referred to as 'supermicrofibres'. Table 
4.1 shows the relationship between fibre linear density and classification 
whilst Table 4.2 displays the fineness of fibres of various linear densities. 

An appreciation of the relative fineness of polyester fibres of varying 
dtexpf can be gained from Figure 4.1. 

The origins of microfibres lay in the production of artificial suede [4-7] 
which first appeared in 1970 [4] and, typically, consist of a brushed, con
tinuous ultrafine porous, non-woven fabric which has been impregnated 
with polyurethane [4, 8]. The supermicrofibres employed in such products 

Table 4.1 Fibre count and fibre classification 
[2,31 

Fibre count (dtexpf) 

>7.0 
7.0-2.4 
2.4 ·1.0 
1.0-0.3 

<0.3 

Fibre classification 

Coarse 
Medium fine 
Fine 
Micro 
Supermicro 

(Reprinted with pennission from AATCC) 
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Table 4.2 Fineness of different fibres [3] 

Fibre Fineness (!lm) 

Polyester filament, 5.5 dtex 
Wool, 90's 
Cashmere 
US cotton, grade I 
Silk 
Acrylic staple, 1.3 dtex 
Polyester staple, 1.3 dtex 
Polyester filament, 0.4 dtex 
Polyester filament, 0.1 dtex 
Polyester filament, 0.05 dtex 

(Reprinted with permission from AATCC) 

22.7 
17 
16 
13.5 
12 
12 
11.1 
6.4 
3 
2.1 
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are, typically, of 1.1 x 10-4 to <0.33 dtex [4, 5, 7, 8], being mainly 
polyester or polyester/polyamide mixtures although acrylic tow has also 
been employed [4]. Such were the excellent aesthetic properties of these 
artificial suede materials that fibre producers began to explore the merits 
of microfibres in traditional knitted and woven constructions [7]. 

Microfibres are now well established in many apparel markets, as well 
as in other outlets [3, 6, 10, 16-19, 23], being used either as single-fibre 
fabrics or in conjunction with coarser synthetic or natural fibres, provid
ing fabrics of enhanced drapeability, lustre, softness and smoothness and, 
in many cases, novel tactile and visual aesthetics. For example, in the 
1980s, very high-density woven polyester and polyester/nylon microfibre 
sports and outerwear fabrics were introduced that possessed a soft handle 
and good drapeability and which, although air-permeable, were water
proof [4, 7]. Lightly brushed fabrics were also marketed which possessed 
a soft touch that was likened to that of peach skin [4]. 

The latter types of products belong to one kind of Shingosen, a term, 
which, according to Kawasaki [9] applies to new types of textiles made 
using primarily polyester filament yarn. The shingosen, which first 

Conventional 

dtexpf 2-6 

122f30 = 4.06 

Mass reduced 

dtexpf 1.2-1 .6 

50f40 = 1.25 

Microfibre 

dtexpf 0 .3-0.99 

50[90 = 0.55 

Supermicrofibre 

dtexpf 0.001 -0.29 

Figure 4.1 Typical dtexpf range for polyester fibres 



196 CHEMICAL PRINCIPLES OF SYNTHETIC FIBRE DYEING 

appeared in 1988 [9], were devised in Japan as a means of increasing the 
apparel usage of polyester fibres and are the product of the vertical inte
gration of various technologies involved in fibre production, such as poly
mer modification, yarn production, weaving and finishing [4, 9]. Although 
the term shingosen has been considered to mean microfibre, this is incor
rect insofar as some shingosen do not contain microfibres and not all 
micro fibre items are shingosen [4]. The earlier shingosen were lightweight 
woven fabrics having a silk-like handle (e.g. for shirts and blouses), these 
being later supplemented by middleweight yarns having a worsted-type 
touch (for trousers and jackets) peach skin fabrics (coats and jackets) and 
'cool and dry' fabrics [9]. 

Whilst most microfibres are microfilaments, microstaple fibres, such as 
both polyester (0.44-0.55 dtex) and acrylic (0.55-0.77 dtex) [4], are also 
produced [24). However, although their effects, in terms of handle, drape 
and appearance, are similar to those achieved using micro filaments, the 
outlets for such fibres are determined by different criteria than those of 
filament yarns [10]. 

4.1.1. General considerations 

Reducing filament linear density alters several fabric properties [10]; the 
effect on the flexural rigidity (R) or stiffness of a filament is given by 
equation (4.1) [11], in which 1] is the shape factor (cross-sectional shape), 
E the specific (tensile) modulus of the filament, T the linear density in tex 
and p the density of the filament: 

R = ~ 1]ET2 

4n p 
(4.1) 

From equation (4.1) it is apparent that for filaments that have been pro
duced from the same polymer and which differ only in their respective 
filament linear density (T), the filament stiffness will decrease markedly 
with decreasing filament linear density, because, in this particular case, 
the flexural rigidity is dependent upon T. A reduction in filament linear 
density results not only in reduced stiffness of the filament but also in a 
reduction in the strength of the filament. However, this reduction in 
strength of an individual filament is offset by the corresponding increase 
in the number of individual filaments within a yarn to obtain the same 
yarn count, with the result that total yarn strength remains high [10]. 
Furthermore, a reduction in filament linear density is also accompanied 
by an increase in the surface area per unit volume of the filament, the 
specific surface increasing markedly with decreasing filament linear den
sity. 

In the context of dyeing, the increase in surface area that accompanies 
a decrease in filament linear density serves, firstly to increase the extents 
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of both dye adsorption and desorption, these two effects resulting in, 
respectively, an increase in the rate of dyeing and often decreased wet and 
light fastness and, secondly, to reduce the visual and instrumental depth 
of shade obtained. In the latter context, Fothergill [12] argued that the 
path length of light within a textile fibre increases with increasing fibre 
diameter, assuming that the cross-sections are of identical shape and 
derived equation (4.2) to relate the concentration (C) of dye required to 
achieve the same visual depth of shade on two similar fibres (1 and 2) of 
differing dtex (1). 

(
T )0.5 

C2 = C] T: (4.2) 

Thus, according to equation (4.2), if a 1% o.m.f. dyeing was carried out 
on a 3.5 dtex fibre, the concentration of dye required to achieve the same 
perceived depth on a 0.5 dtex fibre would be 2.65% o.m.f. Figure 4.2 
shows the theoretical dye requirement, calculated using equation (4.2), for 
similar fibres of varying dtex, based on a 1 % o.m.f. dyeing having been 
carried out on a 3.5 dtex fibre. 

However, although exponents of 0.375 and 0.4 have been proposed for 
use in equation (4.2), exponents in the range 0.51-0.58 have been secured 
for several dye-fibre systems, the average value of 0.54 being close [13] to 
the theoretical 0.5 originally proposed by Fothergill. A similar treatment 
to that of Fothergill has been suggested by Dorsch et al. [14], in a study 
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Figure 4.2 Theoretical dye requirement for similar fibres as a function of dtex 
(over the range 0.1-3.5 dtex) based on a 1 % o.m.f. dyeing on 3.5 dtex fibre 
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centred on acrylic fibres. Dorsch et at. argued that, according to Kubelka
Munk theory (equation (4.3) in which K and S are the coefficients of the 
absorption and scatter of light, respectively and R the reflectance of a 
dyeing), as K is determined mainly by the dye and S only by the textile 
material, then finer fibres would appear lighter in shade than coarser 
fibres because of the greater amount of scattered light (8) resulting from 
the larger specific surface of the finer fibres. These workers [14] further 
proposed that as the specific surface of a filament (F) was inversely pro
portional to the fineness or dtex (1) of the filament, equation (4.4) was 
valid, from which, assuming that light scatter was proportional to specific 
surface, equation (4.5) depicted the variation in depth of shade (A) with 
fibre fineness. 

~ = feR) (4.3) 

(4.4) 

Al = (TI)0.5 
A2 T2 

(4.5) 

Using dyeings of a cationic dye on acrylic fibres of varying dtex, Dorsch 
et at. [14] showed that the theoretical depth of shade calculated using 
equation (4.5) coincided with instrumentally measured depths of shade for 
low values of dtex; however, at higher fibre linear densities the two para
meters diverged markedly. As the perceived depth of shade of a dyeing on 
two fibres of differing fineness depends, according to Fothergill [12], on 
path length and, according to Dorsch et al. [14], on specific surface (each 
of which is the same phenomenon), it follows that cross-sectional shape, 
which involves both specific surface and path length effects, will also 
influence the perceived depth of shade. Indeed, it has been reported [13] 
that in the case of nylon carpet yarn, about 100% more dye is required to 
achieve the same depth of shade on trilobal cross-section yarn as is 
achieved on round cross-section yarn. Dorsch et at. [14] showed that such 
effects were due to differences in the amounts of light scattered by differ
ent cross-sectional shapes. In the case of acrylic fibres, these workers [14] 
found that S increased as the filament cross-section changed from round, 
through kidney-shaped to barbell-shaped and derived equation (4.6) to 
describe the extent of light scattering achieved for two cross-sections, 
namely round and barbell-shaped, wherein x was 3.54 and 5.01, respec
tively, for the two cross-sections. 

x 
S = (1)0.5 (4.6) 
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Steilin [13] defined a Form Index, FI (equation (4.7», derived from the 
circumference of the filament cross-section U and the filament cross-sec
tional area F (the factor 28.2 corresponding to 100j2(no.s) such that the 
FI of a circle was unity), by means of which, in the cases of dyeings on 
polyamide and polyester, when the fibre fineness was constant, it was pos
sible to mathematically relate changes in cross-sectional shape to changes 
in perceived depth of shade: 

U 
FI = 28.2 (F)0.s - 100 (4.7) 

Perceived depth of shade also decreases with increasing amount of del us
trant in the substrate, this having been shown, in the case of acrylic fibres 
of identical dtex but differing delustrant contents, to be due to an increase 
in the extent of scattered light, S, that accompanied an increase in delus
trant content [14]. Weigner [I5] showed that in the case of 3 dtex polye
ster, when compared with round, bright filament, the disperse dye 
requirement was 20% greater in the case of round, dull, 30% greater for 
trilobal, bright and 40% greater in the case of trilobal, dull filaments. 

4.1.2. Microfibre production 

Two methods can be employed to produce microfibres, namely conven
tional spinning and conjugate spinning; however, there is a further method, 
mass reduction (section 4.2.1), that is used only for polyester and which 
produces fibres of fine rather than micro dimensions. 

4.1.2.1. Conventional spinning. Although all three conventional spinning 
methods (melt, wet and dry) can be employed and polyester, polyamide 
and acrylic microfibres can be obtained [4], the direct spinning of micro
fibres is a complex process [21] and involves the modification of the spin
ning methods that are used to produce conventional dtex fibres [4, 21]. 
Generally, there is a limit to the fineness of fibres produced using direct 
spinning, as exemplified by polyester which cannot be extruded at less 
than approximately 0.15 g min lowing to breakage of the filament [6]. 
Typically, microfibres in the range 0.3-1.0 dtex are secured using conven
tional spinning methods [10] although filaments of 0.1 dtex have been 
reported [16, 20]. High-speed spinning and the drawing of fully oriented 
yarn (FOY) produce flat microfibre for use in woven fabrics whilst high
speed spinning of partially oriented yarn (POY) followed by drawing and 
texturing provides false-twist yarns suitable for knitted fabrics [21, 22]. 

4.1.2.2. Conjugate spinning. Although Du Pont are credited with the 
first example of a potential micro filament produced using conjugate spin
ning technology followed by the splitting of the two components of a 
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Figure 4.3 Separation and dissolution spinning methods 

conjugate fibre, the production of micro fibres by the combination of these 
two technologies was not, at the time, investigated [6] and the develop
ment of these techniques was subsequently undertaken in Japan. Two dif
ferent methods, namely separation and dissolution, have been devised 
(Figure 4.3). 

( i) Separation. This technique, which was developed by Okamoto et a/. 
in the mid-1960s [6] , involves the spinning of a bicomponent filament, 
typically one comprising nylon 6 and polyester although polyolefin/polye
ster and polyolefin/polyamide bicomponents have also been developed [4]. 
After weaving, the ensuing fabric is exposed to solvent or alkali swelling 
or thermal or mechanical treatment such that the two immiscible compo
nents separate resulting in individual polyamide/polyester microfilaments 
[4, 5, 20, 25]. The ratio of the two components as well as the shape and 
number of the resulting individual segments can be varied. 

Oi) Dissolution. In this technique [4-6, 20], two polymers are extruded 
through a suitable spinneret to produce a bicomponent filament that com
prises either several individual 'islands' of one component embedded 
within a 'sea' of the other component or a sheath of one component that 
surrounds the core of the other component. After weaving or knitting, 
one of the components is removed by dissolution in a solvent thereby 
producing microfilaments. Various polymers can be used for the island 
and sea components [6]. In the case of polyester micro filament produc-
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tion, the polyester island is commonly used in conjunction with a poly
styrene or alkali-soluble polyester sea component [20]. The number of 
islands, the ratio of islands: sea components and the cross-sectional shape 
of the ensuing microfi1aments can be varied, the method being capable of 
producing supermicro polyester filaments of 1.1 x 10-4 dtex [6] as well as 
hollow microfibres [25]. The finest polyester supermicrofibres are pro
duced using 'islands-in-the-sea' technology [25]. 

4.2. Polyester microfibres 

This section concerns the dyeing of polyester microfibres with disperse 
dyes; the reader is directed to Chapter 1 for a general discussion of the 
use of this dye class on polyester fibres. 

As mentioned, of all the synthetic fibres, polyester has received the 
greatest attention in the context of the production of microfibres; how
ever, the trend towards finer polyester fibres dates back almost to the 
introduction of polyester yarn. This trend, which has been pioneered in 
Japan, accrued from the desire to produce a fibre that imitated silk in 
handle, appearance, drape and sound. Historically, the development of 
silk-like polyester occurred over several decades [5, 16]: 

• 1960s: polyester yarns of trilobal cross-section [25] were introduced 
providing enhanced lustre and crispness; 

• 1970s: yarns comprising filaments of differing heat shrinkages were 
introduced to enhance handle; mass reduction (10-15%) of the fabric 
further enhanced drape and moisture absorbency; 

• 1980s: the use of micro- and supermicrofibres in conjunction with pre
vious developments enabled fabrics to be produced that are remarkably 
silk-like in many of their characteristics. 

In a comparison of various characteristics, including stiffness, scroop, 
smoothness and fullness/softness, of a mass-reduced polyester fabric and 
a natural silk fabric, Matsudaira [26] concluded that the performance of 
the polyester fabric approached that of its natural silk counterpart in the 
various parameters examined. However, as mentioned earlier, micro- and 
supermicrofibres are employed in a variety of outlets other than imitation 
silk. 

Prior to dyeing, a gentle but efficient preparation stage is considered to 
be of vital importance in order to remove fibre processing aids (sizes, oils 
and waxes) and to minimise creasing and maintain the desired aesthetics 
[20]. Also, prior to dyeing, the fabric can be emerized to produce the pop
ular 'peach skin' effect. This treatment, which is undertaken using specia
lised single- or multi-roller machines [18, 20], is usually carried out on 
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washed goods [18, 20, 30], plain weave fabrics being emerized on both 
sides and gabardine and twill on one side only [3]. Prior to emerization, 
the fabric is prelubricated [20] with a non-permanent softener with anti
static character (to overcome the static that is built-up during emerization) 
[3, 20] and the emerized fabric is then heat set, the dust and lint generated 
during emerization being removed by washing either before [20] or after [3, 
18] heat setting. Although emerizing can be carried out after dyeing [20, 
27], this can result in shade change [20] and visual unevenness [27]. 

The increase in specific surface that accompanies a reduction in fibre 
linear density results in disperse dyes exhibiting a faster rate and greater 
extent of uptake on polyester microfibres than on 'conventional' fibres [2, 
15, 20, 27-30]. It was shown [2] that when CI Disperse Blue 73 was 
applied at the same concentration (1.9% o.m.f.) under identical condi
tions to different microfabrics and to a conventional decitex fabric, the 
rate of dye uptake increased with increasing fibre fineness, the higher sur
face area of the microfibre fabrics used resulting in 10-20% more rapid 
dye uptake in the region 90-130°C (Figure 4.4). Furthermore, when 
Foron Blue RD-GLF (Sandoz) was applied at both 1/1 standard depth as 
well as 1.06% o.m.f. to different microfabrics and to a conventional deci
tex fabric [2], the dye displayed different rates of uptake on the different 
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Figure 4.4 Exhaustion behaviour of 1.9% o.m.f. CI Disperse Blue 73 on conven
tional and micro PET fabrics [2] 

(Reproduced with permission from S.Y. Kamat and Sandoz (India)) 
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micro fabrics and the rate of dye uptake on to each micro fabric was 
greater than that on to their conventional decitex counterpart only in the 
lower temperature region (between 70 and 105-11 ODC). The greater 
adsorptive character of microfibres was demonstrated by the findings that 
when CI Disperse Blue 73 was applied in a 1/1 standard depth shade to 
polyester fabrics of 3.45 and 0.56 dtexpf, although virtually 100% more 
dye was required for the microfabric and the rate of dye uptake on to the 
latter fabric type was slightly greater than that on to its conventional 
decitex counterpart, the amounts of dye that were loosely bound to the 
fabrics at the end of dyeing were the same for both conventional and 
microfibres [2]. It has been proposed that, compared with conventional 
fibres, micro fibres are capable of adsorbing 2 to 3 [15, 29, 30], 3 [28] or 
even 4 to 5 [31] times as much disperse dye, the magnitude of this differ
ential dye uptake depending on dye structure as well as fibre fineness and 
cross-sectional shape, as well as fabric construction [31]. Fully penetrated 
dyeings are more rapidly attained on microfibres than on coarser fibres 
and, as a result, shorter times are required under HT dyeing conditions to 
achieve good dye penetration [28, 29]. The temperature range over which 
dye adsorption occurs as well as the time required to achieve dyebath 
exhaustion and fully penetrated dyeings depends on the fineness of the 
fibres [29]. As tightly woven microfabrics may rapidly adsorb considerable 
amounts of dye at low temperature, dye metering at the starting tempera
ture of dyeing has been recommended [2]. 

As a consequence of disperse dyes exhibiting a faster rate and greater 
extent of uptake on polyester microfibres than on conventional fibres, the 
levelling behaviour of the dyes on microfibre is often poorer than that on 
conventional decitex fibres [15, 20]. This situation is exacerbated in the 
case of high twist yarns in high-density fabrics within which dye penetra
tion is very poor [20]. To improve levelling, microfibre dyeing is usually 
commenced at a lower temperature [2, 15, 18, 20] than that employed for 
conventional fibres; starting temperatures of 60°C [3, 18], 70°C [15, 20, 
30] as well as 30-50D C [28, 29] have been proposed depending on fibre 
type, fabric structure and dyeing machine [28]. Furthermore, a lower rate 
of rise of temperature up to the top dyeing temperature is usually 
employed [15, 18, 20, 28]. 

Additional dye coverage problems arise owing to the facts that many 
fabrics comprise both micro and conventional fibres [15, 20] which can 
result in a marked difference in dyeing rate occurring, especially at the 
start of the dyeing process [30]. Also, because the extent of surface reflec
tion is greater for textured rather than flat filaments as well as for multi
lobal rather than round cross-sections, more dye is required to achieve 
the same depth of shade in the cases of textured microfilaments (Table 
4.3) [3, 18] and filaments of multilobal cross-section [15]. Thus, dye cover
age problems can also arise as flat filaments are often combined with tex-
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Table 4.3 Relative amounts of dye required to achieve identical shade depth on 0.47 dtexpf 
textured and flat polyester [3] 

CI Disperse 

Polyester Red 86 Red 302 Red 82 Blue 60 

Flat 100 100 100 100 
(=2.1%) (=2.6%) (= 1.85%) (=2.5%) 

Textured 146 120 120 124 

(Reprinted with permission from AA TCC) 

tured yarns and filaments of varying cross-section are often combined 
[20]. Improvement in overall solidity of shade can be achieved by careful 
selection of the dyes and dyeing method as well as the use of dyebath 
auxiliaries [20]. It has been recommended that a holding period of 20 
minutes at 96°C aids levelling because the rate of dye exhaustion increases 
at this temperature [18]; levelness is also promoted by the use of effective 
levelling and/or dispersing agent [3, 18]. 

To achieve the same visual (or instrumental) depth of shade on micro 
and conventional polyester fibres, a greater amount of disperse dye must 
be applied to the micro fibre owing to its greater specific surface; the finer 
the filaments, the greater is the amount of dye required (Table 4.4). The 
amount of dye required to achieve a given depth of shade also increases 
with increasing degree of delustring [2, 15]. The build-up properties of 
disperse dyes on microfibre can differ from those of the same dyes on 
conventional fibre [20]. 

Disperse dyes display lower fastness to light [2, 3, 15, 18, 20, 28-32] on 
microfibres than on conventional polyester fibres because of the greater 
fibre surface area that is exposed to light. The decreased light fastness, 
which can be of the order of 0.5 to 1.5 units depending on fibre fineness 

Table 4.4 Relative amounts of dye required for identical shade depths on textured polyester 
[3] 

CI Disperse 
Count 
(dtexpf) Red 86 Red 302 Red 82 Blue 60 

5.6 100 100 100 100 
(=1%) (=1.1%) (=0.65%) (=1.1%) 

1.40 184 189 206 194 
1.06 210 189 240 193 
0.50 221 242 283 296 
0.47 310 266 348 287 

(Reprinted with permission from AA TCC) 
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and fabric construction [2], can be partially offset by the use of proprie
tary UV stabilisers during dyeing [2, 20]. It has been proposed that the 
wet fastness of dyeings on polyester microfibre is not a major problem 
when suitable reduction clearing [18, 31], finishing and heat treatments 
[18] have been carried out. However, dyeings on micro fibre do exhibit 
lower wet fastness than comparable dyeings on conventional fibres [29], 
especially in heavy depths [3, 15, 18, 20, 30], due to inadequate after
treatment [30] and when thermally treated [2, 15, 20, 30, 31]. The lower 
wet fastness of disperse dyes on microfibres can be attributed to the 
greater amount of dye present within the fibre and to the greater specific 
surface from which dye desorption can occur. The fastness of dyeings to 
sublimation on microfibre are lower than on conventional fibres [2, 28, 
29, 31], this phenomenon being due to the greater amount of dye on 
microfibre which can result in sublimation fastness being some 1-2 points 
lower on micro fibre than on conventional fibres [28]. In the context of the 
fastness properties as well as the compatibility of disperse dyes on poly
ester microfibres, the careful selection of dyes is highly recommended [2, 
3, 15, 20, 28-32]. 

Consideration must also be paid to the choice of dyeing machine 
employed; dyeing is carried out almost exclusively on jet machines [3, 18, 
20, 28, 32], employing fabric circulation rates of at least 250 m min-1 [32], 
as this machine design enables the fabrics to develop bulk [3, 18]. To 
minimise creasing during dyeing, the addition of a proprietary anti-crease 
agent is recommended [3, 20, 28, 32] and the use of deaerating agents 
suggested [18]. The use of effective dispersing and levelling agents is also 
recommended [3, 18, 20], the former agents being of importance to dis
perse contaminants such as oligomers, oils and waxes [20]. Dyeing is car
ried out, typically, in the pH range 4.4-5.0 [3, 15, 18, 20, 29, 32] using 
acetic acid [15, 18, 20, 29, 32] or formic acid/ammonium sulphate [3] at 
l30a C. For successful dyeing, the need for appropriate preparation of 
polyester micro fabrics has been emphasised [18, 20]. 

At the end of dyeing, surplus dye is removed commonly by reduction 
clearing at 70aC [3, 18], 70-75a C [29] or 80aC [20, 32] although it has 
been recommended that in the case of pale and medium depth dyeings, 
detergent scouring at 60-70aC is sufficient [28]. 

4.2.1. Mass-reduced fibres 

This section comprises a brief account of the principles of the mass 
(weight) reduction of polyester fabrics and their dyeing with disperse 
dyes; the reader is directed to Chapter 1 for a fuller discussion of the 
dyeing of polyester with this particular dye class. 

Mass reduction of polyester fabrics, which has been practised for sev
eral decades and variously termed alkalisation, causticisation and alkali 
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deweighting, relies on the fact that polyester is readily hydrolysed at high 
temperature by aqueous solutions of an alkali (commonly NaOH). This 
results in a loss in fabric mass which is accompanied by a reduction in 
fibre linear density and a change in several fabric properties namely, an 
improvement in softness, handle and wettability [33, 34], reduction of wet 
cling [35] and a marked reduction in the propensity to stain and to retain 
soil [36-38]. It has also been reported [39, 40] that by reducing the fila
ment diameter of heat set woven fabric, alkali treatment increases the air
flow through the fabric and increases yarn movement at interyarn cross
over points, the latter effect improving drape and suppleness. Commonly, 
the typical dtexpf range for conventional polyester fibres is 2 to 6 whilst 
that of mass-reduced polyester is 1.2 to 1.6 [20] and thus, from Table 4.1, 
such fibres can be classified as 'fine'. 

Although the mass-reduced polyester fibres can be considered to com
pete with the coarser types of microfibres, Richter [28] considers that 
important differences between the two fibre types are the more irregular 
surface of the alkali-treated fibres and the market for microfibres of 
weatherproof clothing with good 'breathability'. Furthermore, this author 
proposes that microfibres offer the advantages of lower effluent problems 
when compared with the high amounts of ethylene glycol and sodium ter
ephthalate which are generated during mass reduction, together with the 
elimination of errors that can occur in mass-reduction treatment. 

Shortly after the commercial introduction of polyester fibres, Waters 
[41] reported that treatment with an aqueous solution of KOH at 98°C 
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Figure 4.5 Rate of hydrolysis of PET with 200 g dm -3 KOH at 9SOC [41] 
(Reproduced with permission from the Society of Dyers and Colourists) 
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hydrolysed polyester fibre, as a result of which, the diameter of the fila
ments was reduced (Figure 4.5). The first patent concerning the use of 
alkaline hydrolysis to improve the tactile aesthetics of the substrate was 
issued in 1952 [42], this particular treatment having been applied to fiat 
(untextured) yarn, by means of which, fabrics possessed softer tactility 
with a less synthetic-like handle [40]. Further developments in the 1950s 
led to the C-H-C process [44, 45] that involved calendering and heat set
ting followed by alkali treatment that enabled a fabric of enhanced lustre 
to be obtained without a paper-like handle [39, 43], as well as a patent 
specification [28] for a treatment that produced a silk-like delustering 
effect and softer handle. However, alkali demassing was subsequently 
little used [28, 39] because the enhanced fabric softness as well as the 
reduction in tensile strength that was also secured by alkali treatment 
were not at the time required [28]; during this period, the extent of mass 
loss involved was, typically, 2 to 5% [39]. In the 1970s, in connection 
with the high surplus of polyester fibres and the trend towards more com
fortable fabrics of superior handle, interest in the alkali treatment of 
polyester was revitalised in Japan [28] and alkali-treated textured polye
ster fabrics with silk-like aesthetics were introduced, these having a mass 
loss of between 10 and 25% [44] or even up to 30% [39]. 

NaOH is most commonly employed, although the hydrolysing action of 
LiOH and KOH have been examined [46]. In the reaction with alkali 
depicted below, the highly nucleophilic OH- ion attacks the electron-defi
cient carbonyl carbon atom in the polyester. The nucleophilic substitution 
reaction, which occurs via the formation of an intermediate anionic spe
cies (I), results in chain scission and the generation of terminal carboxyl 
(II) and hydroxy groups (III). 

I 

o _ 0 11-0-11 -c ~ j C-O- + 

II III 

It is to be expected that, depending on treatment conditions, hydrolysis 
generates various products, from oligomers to terephthalic acid and ethy
lene glycol. Consequently, the loss in mass observed in practice often dif
fers to (or is greater than) that calculated on the basis of the 
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Table 4.5 Hydrolysis of PET at 60°C in the absence and presence of cetrimonium bromide 
[48] 

Treatment time 
(mins) 

o 
15 
60 

120 

Mass loss (%) 

Absence 

1.08 
5.18 

10.01 

Presence 

3.9 
16.3 
35.4 

(Reproduced with permission from The Textile Institute) 

Fibre density (g cm-3) 

Absence Presence 

1.400 1.393 
1.398 1.388 
1.399 1.389 
1.398 1.390 

stoichiometry of the above reaction [40, 44]. The effectiveness of the treat
ment, expressed in terms of mass loss, was observed to increase with 
increasing nucleophi1icity of the attacking ion insofar as the following 
order was found, hydroxide < tert-butoxide < sec-prop oxide < methox
ide < ethoxide [47]. The rate of hydrolysis was found to be higher in the 
case of cationic-dyeable polyester [40, 43] possibly as a result of increased 
electron deficiency of the carbonyl carbons resulting from the inductive 
effect of the sulphonate groups within such polymers or due to differences 
in fine structure between the regular and anionically modified substrates 
[48]. 

Hydrolysis is topochemica1, in that it is confined to the fibre surface 
[40-43, 49], evidence for this proposal having accrued from the findings 
that the density of polyester fibre, which is a measure of crystallinity, 
remains relatively constant with increasing mass loss [43] (Table 4.5) and 
also that the Mr of polyester fibre decreases only slightly as a result of 
hydrolysis [37, 43, 48, 49, 51]. Equation (4.8) has been devised to describe 
the rate of this topochemica1 hydrolysis, wherein R is the residual mass 
(%), k the rate constant for the solution and ro the initial radius of the 
fibre [48]. The use of equation (4.8) is conditional in that it applies only 
when the fibre radius decreases linearly with time at a given alkali con
centration, no radial changes occur in the fibre structure and the fibre 
surface remains smooth and its cross-section remains round [48]. 

RO.5 = 10[1 - k/ro)t] (4.8) 

It is considered that as chain scission proceeds, the various hydrolysis 
products dissolve in the alkaline solution to reveal a 'fresh' surface for 
further reaction, as a consequence of which, fibre diameter decreases [41, 
48]. However, surface pitting also occurs [28, 33, 34, 39, 44, 51], this 
being especially pronounced in the case of delustred fibre [39, 48], the 
latter observation having been attributed [39, 44] to removal of Ti02 par
ticles from the substrate. It has been suggested [40] that at up to 10% 
mass loss, alkali treatment primarily consists of progressive surface ero
sion whereas in the case of mass loss above 10%, mass reduction pro-
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Figure 4.6 Mass loss of untextured PET fabric as a function of temperature, 
[NaOH] and time of treatment using a high liquor ratio [40] 

(Reproduced with permission from AATCC) 

ceeds through enlarged surface cavitation. Alkali treatment reduces the 
strength of the substrate although the loss in strength is not directly pro
portional to mass loss, in that loss in strength is often greater [28, 39, 40]. 

The extent of fibre degradation imparted by alkali treatment depends 
on the concentration of alkali, temperature, duration and liquor ratio of 
treatment, type of cationic surfactant employed and fabric construction. 
In the context of the first three of these variables, it is considered [39, 40] 
that their influence decreases in the order temperature > alkali con
centration > time of treatment (Figure 4.6). 

The rate of demassing can be controlled by temperature [28]; whilst the 
hydrolysis of PET begins only at temperatures above its Tg (80 to 90°C) 
[28], under batchwise conditions, the rate of loss in mass imparted by 
alkali treatment increases almost exponentionally with increasing tempera
ture above about 80-90oe [28, 39, 40, 52]. The extent of mass loss in
creases with increasing concentration of NaOH during batchwise treat
ment [39, 40, 52]. However, owing to consumption of NaOH during the 
process [40, 43, 44], the rate of mass loss that occurs at a given concentra
tion of alkali decreases with increasing time [39, 40] and, consequently, an 
excess of alkali must be employed [43]. 

At constant treatment time, a curvilinear relationship between mass 
loss and alkali concentration was observed [37] and the variation of (mass 
loss) y, with time was shown to be rectilinear [48]. Latta [44] derived a rate 
expression for the hydrolysis of polyester with NaOH from the findings 
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that the second-order (with respect to [OH-D cleavage of the polymer 
chain was the rate-determining step and that subsequent terminal group 
generation was a first-order reaction. A linear relationship has been 
secured for the extent of hydrolysis as a function of time of treatment [37, 
40-43, 50, 52] although if an excess [OHl is not used, a curvilinear rela
tionship is obtained [53]. 

Several workers have demonstrated that the rate of mass loss, at a 
given temperature and given [OH-] , increases markedly in the presence of 
a quaternary ammonium surfactant [39, 40, 43, 54] (Table 4.5). It has 
been shown [46, 54] that the efficiency of such accelerated hydrolysis 
depends on the constitution of the cationic surfactant. The acceleration 
effect imparted by cationic surfactants has been attributed [55-57] to the 
agents suppressing the negative charge on the intermediate anionic species 
(I) which thus decreases ion-ion repulsive effects operating between (I) 
and the hydroxide ion and thereby facilitates transfer of the OH- ions 
into the polymer. Zeronian and Collins [48] suggest that such interaction 
between the cationic surfactant and the intermediate anion (I) would, by 
means of an inductive effect, increase the electron deficiency of the carbo
nyl carbon atoms, resulting in an increase in susceptibility of the polymer 
to hydrolysis. It has been reported that cationic surfactants can have a 
detrimental effect on the strength of the substrate [39, 40]. The extent of 
hydrolysis of polyester can be assessed, with the aid of a calibration 
series, by means of the staining of the fabric with cationic dyes [28, 44]. 

Commonly, prior to alkali demassing, the fabric must be carefully 
desized [28], scoured and bulked [44] and usually heat set [28, 40, 44]. 
Alkali treatment can be carried out either batchwise or continuously [28, 
39, 57]; Shet et al. [56] considered that a pad-dry heat (60°C) technique 
was more effective, in that greater mass loss was achieved, than in a 
batchwise process that employs a large liquor: solids ratio. Richter [28] 
recommends both a batchwise procedure involving treatment at 110°C for 
60 minutes using 10 to 20 g 1-1 NaOH (100%) and a continuous process 
comprising padding with 100 to 200 g 1-1 NaOH (100%) followed by 
steaming for 2 to 6 minutes at 11 0-115°C, both treatments being carried 
out in the presence of a cationic surfactant. 

In the context of dyeing with disperse dyes, uniform alkaline treatment 
is essential for levelness of dyeing, relatively small variations in treatment 
resulting in uneven delustring which, in turn, gives rise to the ensuing 
dyeings having a 'cloudy' appearance; although mass-reduction can be 
carried out after dyeing, cloudy dyeings can still result [28]. The effects 
of the increase in fibre-specific surface that accompanies a reduction in 
fibre linear density are very similar to those previously discussed in the 
preceding section that concerned the dyeing of microfibre polyester, 
namely that the dyes exhibit a faster rate and greater extent of uptake 
and, also, that more dye must be applied in order to achieve a given 
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Table 4.6 Effect of treatment with 200 g dm-3 

KOH at 100°C on mass loss and disperse dye 
uptake [41] 

Time Mass loss Dye uptake 
(min) (%) (%) 

0 10 
30 42 12 
45 85 18 

(Reprinted with permission from the Society of Dyers 
and Colourists) 
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depth of shade on mass-reduced fibre [28]. Waters [41] first observed the 
increase in dye uptake that accompanied the mass reduction of PET 
(Table 4.6). 

It has been proposed that, in the case of deep shades, mass-reduced 
polyester fabrics require some 1.5 to 2.5 times more dye than is required 
for non mass-reduced fabrics [28]. Consequently, as in the case of the 
dyeing of microfibres, the starting temperature of dyeing is reduced, typi
cally to between 40 and 50°C [28]. Furthermore, dyeings on mass-reduced 
fabrics generally display lower light- and wet-fastness properties than dye
ings on non-mass-reduced fabrics. The light fastness can be further 
impaired if the dyeings are subjected to thermal treatment that gives rise 
to dye migration [28]. 

4.3. Polyamide microfibres 

Polyamide microfibres have been available for several years [2, 17, 58-61] 
and enjoy usage in outlets such as sports/leisure wear, underwear and as 
'cotton-look' outerwear [17, 59]. This section concerns the dyeing of such 
microfibres with acid dyes. The reader is directed to Chapter 2 for a gen
eral discussion of the use of this dye class on nylon fibres. 

As with polyester microfibres, the greater extent of surface reflection 
that ensues from the greater surface area of polyamide microfibres results 
in dyeings on microfibre appearing visually lighter in shade than identical 
depth dyeings on conventional decitex fibre; this has been demonstrated 
by several workers [2, 15, 61-64]. Weigner [15] considers that, depending 
on fibre titre and lustre, polyamide microfibre may require up to 100% 
more dye than conventional fibre. In a study [65], using reactive disperse 
dyes and a conventional disperse dye, of conventional (78f46; 1. 7 dtexpf) 
and micro fibre (85f92; 0.9 dtexpf) knitted nylon 6.6 fabrics, each of AEG 
content 66.4 g-eqv. 10-6 g [66], it was found that in order to achieve a 1/1 
standard depth of shade on both types of fibre, between 25 and 33% 
more reactive disperse dye had to be applied to the microfibre than con
ventional fibre and considerably more disperse dye was required on 
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Table 4.7 Dye concentration (% o.m.f.) required to give standard 
depth dyeings on conventional and microfibre nylon 6.6 fabric [65] 

Standard 
Dye depth Conventional Microfibre 

A 1/1 0.3 0.4 
B 1/1 0.2 0.25 
C 1/1 0.25 0.3 
D 1/3 0.33 2.0 

(Reprinted from Dyes and Pigments, 25, S.M. Burkinshaw and G. Collins, 
The dyeing of conventional and microfibre nylon 6.6 with reactive disperse 
dyes, pp. 32-48. Copyright 1994, with kind permission from Elsevier Science 
Ltd., The Boulevard, Lanford Lane, Kidlington, OX5 1GB, UK) 

microfibre to achieve a 1/3 standard depth shade (Table 4.7). Further, in 
a study of the dyeing of the same microfibre and conventional decitex 
nylon 6.6 knitted fabrics using six non-metallised acid dyes and three 
mono sulphonated 1: 2 metal-complex dyes [64], it was observed that the 
colour strength (K/S value) of dyed micro fabric was consistently lower 
than that of its dyed conventional counterpart for each of the five depths 
of shade (0.5, 1, 2, 3 and 4% o.m.f.) and each of the three temperatures 

Figure 4.7 Colour strength achieved for 2% o.m.f. dyeings on conventional and 
microfibre nylon 6.6 fabrics at 98°C (1: CI Acid Blue 41; 2: CI Acid Yellow 42; 3: 
CI Acid Red 337; 4: CI Acid Blue 129; 5: CI Acid Yellow 159; 6: CI Acid Red 

229; 7: CI Acid Blue 348; 8: Neutrilan Yellow S-2G; 9: CI Acid Red 359) [64) 
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(98, 115 and 120°C) employed. Furthermore, the difference in colour 
strength of identical depth dyeings on micro and conventional fibres 
varied markedly for each of the nine dyes used (Figure 4.7). The visual 
depth of shade obtained on polyamide microfibre also decreases with 
increasing degree of delustring and is influenced by the cross-section of 
the fibre [2, 15]. 

As the polymer used in polyamide microfibre is often the same as that 
employed in conventional fibres [66], micro fibre can be dyed in a manner 
similar to its conventional counterpart [15]. It has been shown [64] that 
when nine acid dyes were applied, under identical conditions, to micro 
and conventional decitex nylon 6.6 fabrics, although the colour strength 
of identical depth dyeings on micro fabric was lower than that on its con
ventional decitex counterpart, there was very little difference in the hue 
(HO) and chroma (a*, b*, c*) of the same dyeings on each type of fibre. 
However, differences do exist between the dyeabilities of micro and con
ventional polyamide fibres. Although it has been proposed [2, 15] that 
both the rate and extent of dye uptake of non-metallised acid and also 
metal-complex dyes on microfibre differ only slightly from those achieved 
on conventional fibres, it was shown [2] that the rate of uptake of the 
non-metallised acid dye, CI Acid Red 261, on to nylon 6.6 microfibre (1 
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Figure 4.8 Rate of uptake of CI Acid Red 261 on conventional and micro nylon 
6.6 at pH 5 (2) 

(Reproduced with permission from S.Y. Kamat and Sandoz (India» 
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dtex) was lower than that achieved on to conventional (4 dtex) nylon 6.6 
fibre when the dye had been applied under identical conditions, at 1 % 
o.m.f., to each fibre type (Figure 4.8). 

Other workers [63] have observed that in the case of the dyeing of 
micro (0.9 dtexpf) and conventional (1.7 dtexpf) nylon 6.6 knitted fabrics 
with 1 % o.m.f. CI Acid Blue 25, in the initial stages of dyeing (after 15 
minutes at 40°C), dye uptake was greater on microfibre. As dyeing pro
ceeded and dyeing temperature was increased, the rate of dye uptake on 
to microfibre decreased and, at the end of dyeing at 98°C, complete (i.e. 
100%) dyebath exhaustion was secured for both types of fibre. The more 
rapid rate of dyeing observed for microfibre fabric in the early stages of 
dyeing was attributed [63] to the substrate's greater surface area. 

Examination of the dye distribution across dyed filaments during the 
course of dyeing revealed [63] that in the early stages of dyeing (at low 
temperature), most of the adsorbed dye was, for both fibre types, situated 
at the fibre periphery, but the extent of this 'ring dyeing' was greater for 
microfibre, this latter finding, again being attributed to the greater surface 
area of the micro yarn. Furthermore, it was found that the extent of this 
'ring dyeing' decreased to a greater degree in the case of conventional 
fibre with increasing time and temperature of dyeing and, at the end of 
dyeing, whilst 'ring dyeing' was absent in the case of conventional fibre, 
this was not the case with the micro fibre [63]. The greater propensity of 
the microfibre to ring dye was considered [63] to be due to the rate and 
extent of dye diffusion within the microfibre being lower than that within 
its conventional counterpart owing to the lower internal volume of the 
former type of fibre. 

It was demonstrated that the extent of dye bath exhaustion achieved for 
1 % o.m.f. CI Acid Red 261 [2] was slightly lower on nylon 6.6 microfibre 
(1 dtex) than on conventional (4 dtex) nylon 6.6 fibre when the dye had 
been applied under identical conditions to each fibre type. This was con
firmed in a subsequent study of the dyeing of both micro and conven
tional nylon 6.6 fabrics with four non-metallised acid dyes [63], in which 
it was found that the difference in final dyebath exhaustion obtained on 
micro and conventional fabrics increased with increasing concentration of 
dye applied over the range 0.5 to 4% o.m.f. The following argument was 
proposed to explain the observed lower extent of dyebath exhaustion in 
the case of microfibre fabric [63]. During the dyeing of both micro and 
conventional substrates, the dye molecules will be adsorbed on to the 
fibre surface and thence diffuse within the interior of the fibre. The rate 
of dye diffusion within the fibre can be considered to be governed by the 
concentration of dye at the fibre surface and the available volume within 
the interior of the substrate in which the dye molecules diffuse. Thus, 
when both the surface dye concentration and the internal volume are 
high, the rate of dye diffusion within the fibre (and thus the rate of 
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dyeing) will also be high. However, if the surface dye concentration and 
the internal volume are low, the diffusion rate will be low. In the case of 
microfibres, dye adsorption at the fibre surface was found to be high 
owing to the fibre's large surface area, whilst, in comparison, the avail
able internal volume will be low. Hence, it was envisaged that as dyeing 
proceeds, there was a limit to the amount of dye that could be accom
modated within the comparatively low internal volume of the substrate 
which, in turn, limited the rate of dye uptake and, therefore, the extent of 
dyebath exhaustion. Support for this argument was considered [63] to 
arise from the observation that the difference in dyebath exhaustion 
secured for dyeings of micro and conventional fibres increased with 
increasing concentration of dye applied. This was taken to indicate, in the 
case of microfibre, that even though at higher concentrations of applied 
dye more dye might be present at the fibre surface, this dye cannot diffuse 
into the small available internal volume of the substrate. 

Owing to its smaller decitex and greater surface area, because more dye 
has to be applied to polyamide microfibre to obtain the same visual depth 
of shade as its dyed conventional decitex counterpart, then for dyeings of 
the same visual depth, the wet fastness of a given dye on polyamide 
microfibre is lower than that on a conventional decitex fibre [2, 15, 62, 
64]. Also, it was shown [63] that when the same concentration of dye was 
present within micro and conventional nylon 6.6 fabrics, the dyed micro
fabric exhibited lower wash fastness, this being due to the larger surface 
area of the microfibre from which dye desorption occurred. Although the 
aftertreatment of dyeings with either syntans [2, 61, 67] or the full backtan 
[67] can improve the wash fastness of acid dyes on microfibre polyamide, 
it has been demonstrated [67] that, when the same amount of several non
metallised acid dyes was applied to 0.9 and 1.7 dtexpf nylon 6.6 knitted 
fabrics, a commercial syntan was less effective in improving the wash fast
ness of the dyed microfibre, even though, owing to the greater surface 
area of micro fibre, more syntan had been adsorbed on to this particular 
type of substrate. The mechanism of adsorption of syntans on both con
ventional and micro fibre polyamide fibres is discussed in Chapter 2. 

Non-metallised acid and, to a lesser extent, metal-complex dyes, exhibit 
lower light fastness on microfibre, especially on strongly delustred fibres 
[2, 15]; reductions of between 1 and 3 points can be encountered [2]. It is 
considered [15] that manganese, which is incorporated in dulled fibres to 
enhance the light resistance of the substrate, is removed from microfibres 
during dyeing under acidic conditions because of the large surface area of 
the fibre, with the result that not only is the light resistance of the fibres 
impaired but also the light fastness of dyeings is decreased. It has been 
found that the manganese content falls by up to 70% following treatment 
under acidic conditions [15]. Thus, in order to achieve maximum light 
fastness, dyeing with acid dyes should be carried out under weakly acidic/ 
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neutral conditions; for example, non-metallised acid dyes can be applied 
at pH 6 to 7 [2, 15] and 10: 2 pre-metallised acid dyes at pH 6 to 9 [15]. 
Generally, the light fastness of pre-metallised acid dyes is higher than 
their non-metallised counterparts on polyamide microfibre [2, 15, 64]. 
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Dye index 

The dyes below are those for which the structure has been given 

CI Acid Black 60 124, 125 
CI Acid Blue 129 84, 85 
CI Acid Orange 148 124, 125 
CI Acid Orange 156 84, 85 
CI Acid Red 183 124, 125 
CI Acid Red 266 84 
CI Basic Blue 119 160 
CI Basic Orange 30:1 159, 160 
CI Basic Red 4 160 
CI Basic Yellow 1 160 
CI Direct Blue 174 130, 131 
CI Direct Red 74 130, 131 
CI Disperse Blue 26 3, 4 
CI Disperse Blue 79 3, 4 
CI Disperse Yellow 3 24 
CI Mordant Black 11 126, 127 
CI Mordant Blue 13 126, 127 
CI Reactive Blue 6 140 
Ionamine Red KA 3 
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