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The technical and economic facfors that govern the selection of dyes by the wool dyer are discussed with
reference to specific examples. Such data help to quantify the complex interplay between these competing
requirements and to establish their relative importance in a given set of circumstances. The technical and
economic limitations imposed by the need to eliminate metamerism are illustrated. There is a substantial price to
be paid in meeting the highest standards of product quality and fastness in woo! dyeing.

INTRODUCTION

Many technical factors determine the choice of dyes made
by the wool dyer, not least being the processing stage at
which dyeing takes place. Wool dyed as loose stock, tops
or yarn for production of woven fabrics has to withstand
several wet treatments at various pH values and tempera-
tures during later processing. Typical conditions are listed
in Table 1 to illustrate the variety of these in-process
requirements.

TABLE 1

Wet process treatments for dyed wool

Process Typical conditions

Scouring Detergent, soda ash {pH 9-10), 15-30 min at
40-50°C

Alkaline milling Detergent, soda ash {pH 9-10), 2 h at
40-50°C

Acid milling Detergent, sulphuric acid (pH 2-3), 1 h at
60-90°C

Carbonising Padding with 5% sulphuric acid, drying and
baking for 3-15 min at 105-130°C

Potting Boiling water for 1-3 h

Crabbing Boiling water for 5 min, pressure steam
10-15 min at 110-130°C

Decatising Pressure steam for 10-15 min at 110-130°C

Padding with 1% sodium bisulphite, pressure
steam for 5 min at 130°C

Chemical setting

Level dyeing behaviour is a major asset in wool dyeing,
although the performance of a given class of dyes
depends critically on the quality of wool to be dyed and
the dyeing conditions chosen. There are three main
approaches to achieving level dyeings on wool, as
outlined below.

(a) Stock-dyed and top-dyed wool showing significant
batch-to-batch variations can be blended at the
carding or gilling stages to obtain satisfactory uni-
formity of colour in yarn form.

{b) Dyes of low molecular weight with good levelling
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properties but rapid initial strike often show initial
unievelness, especially at low pH, but this is normally
overcome by migration at the boil.

(¢) Dyes of larger molecular size designed for high wet
fastness usually migrate and diffuse much more
slowly. In this case, level dyeing is best achieved from
the outset by carefully controlling the rate of uptake
to avoid uneven strike. This constraint puts a greater
onus on the choice of optimum pH and control of
temperature rise to ensure gradual exhaustion of the
dyebath. Levelling agents may prove particularly
useful under these conditions.

If the wool cuticle is damaged by localised chemical
attack or abrasion, more rapid strike of dyes occurs on the
exposed cortical cells. At low dyebath temperatures all
dyes are taken up preferentially by damaged fibres and
fibre tips [1]. At higher temperatures the more polar the
dye, the more strongly it is preferentially adsorbed by
damaged fibres [2,3]. Dyes of low molecular weight cover
such ‘skittery’ damaged fibres well by subsequent migra-
tion. With dyes of higher molecular weight, particularly
sulphonated 1:2 metal-complex dyes, good coverage can
be achieved by the use of cationic auxiliary products. By
interaction with anionic dyes these form hydrophobic
complexes, which are less sensitive to differences in fibre
dyeability.

TECHNICAL PROFILE OF DYES FOR WOOL

Virtually all classes of dyes will colour wool, but by far the
most widely used is the heterogeneous class given the
designation of C.I. Acid dyes in the Colour Index, C.1.
Mordant dyes and C.I. Reactive dyes are important for
specific high wet fastness requirements. It is useful to
subdivide C.I. Acid dyes into at least eight sub-classes as
indicated in Table 2, in order to distinguish clearly
between the commercial ranges available. Obviously the
metal-complex and unmetallised types differ markedly,
but there are other important differences, such as



TABLE 2

Typical commercial ranges of homogeneous dyes for wool

Ciba-Geigy Sandoz Bayer
Dye class ICI ({CGY) (S) (BAY) BASF
Levelling acid dyes Lissamine Neolan E Sandolan E Supracen Acidol E
‘Half-milling’ acid dyes Sandolan P Supramin GW
Milling acid dyes Coomassie Polar Sandolan N Supranol
‘Super-milling” acid dyes Carbolan Polar Lanasyn Supranol
Brilliant
Chrome dyes Solochrome Eriochrome Ormega Chrome Diamond Chrome
1:1 Metal-complex dyes Neolan Palatine Fast
Unsulphonated 1:2 metal-complex dyes [rgalan Lanasyn Isolan K Ortolan
Monosulphonated 1:2 metal-complex dyes Neutrichrome S Lanacron § Lanasyn S Isolan S
Disulphonated 1:2 metal-complex dyes Neutrichrome M : Acidol M
Reactive dyes Procilan E Lanasol Drimalan F Verofix Acidol X

molecular size, degree of sulphonation and hydrophilic—
hydrophobic balance of the dye molecule. There is
significant overlap between these sub-classes of related
dyes and the commercial brand names are not always
applied strictly to a specific sub-class. To complicate the
picture further, there has been a tendency in recent years
to promote mixed ranges of dyes selected from two or
more sub-classes under a new brand name.

As a general rule in wool dyeing, the lower the dyebath
pH, i.e. the greater the degree of protonation of the basic
groups in the fibre, the more rapid is the approach to
equilibrium exhaustion. Therefore the attainment of a
safely controllable dyeing rate becomes easier with
increase in pH. Eventually a compromise pH is reached,
above which the dye no longer exhausts in a reasonable
time. Consequently dyeing conditions are normally set
initially at a pH appropriate for an exhaustion level of
about 80-85% for piece dyeing and 90-95% for dyeing
loose wool, tops and yamn. This combines adequate vield
with as much migration as is practicable.

The response of degree of exhaustion to dyebath pH
varies considerably among the various classes of dyes for
wool (Table 3). In general the dyebath pH corresponding
to 80-85% exhaustion tends to increase with molecular
size and hydrophobic character as shown, with levelling
acid dyes exhibiting practically no neutral-dyeing affinity
and the unsulphonated 1:2 metal-complex types giving
virtuaily complete exhaustion under neutral conditions.
Although 1:1 metal complexes can be applied at about
pH 4, they migrate with difficulty because there is some
coordination bonding of the metal atom to anionic
groupings in wool keratin. At pH 2 such bonding is less
favoured and effective exhaustion can still be achieved
together with superior level-dyeing properties.

TABLE 3

Dyebath pH for exhaustion of 80-85%

Dye class pH
1:1 Metal-complex dyes 2.0-25
Levelling acid dyes 2535
Chrome dyes 4.0-5.0
Milling acid dyes 4.5-55
Disulphonated 1:2 metal-complex dyes 4555
‘Super-milling’ acid dyes 5.0-6.0
Monosulphonated 1:2 metal-complex dyes 50-6.0
Unsulphonated 1:2 metal-complex dyes 5565

Levelling acid dyes

These dyes are easy to apply because of their excellent

migration at the boil, but high-quality woo! can be

damaged at the low pH values necessary. Glauber’s salt
must be added to assist levelling by competition between
sulphate ions and dye anions for the positive sites. Dye
and process costs are low but only moderate-to-poor wet
fastness can be achieved.

There are two main types of levelling acid dye:

{a) Disulphonated dyes of molecular weight about
400-600, including many cheap traditional products;
of all sub-classes of wool dyes, these have the lowest
wet fastness; they are somewhat sensitive to dye-
ability differences in the substrate

(b) Monosulphonated dyes of lower molecular weight
(300-500); these dyes, represented by some Acidol E
(BASF) and Lissamine {ICI) dyes for example, migrate
better and cover substrate irregularities {e.g. carbon-
ising faults} more effectively; wet fastness is slightly
higher but so, generally, is the dye cost.

Levelling acid dyes are most appropriate when level
dyeing is critically important but only moderate levels of
wet fastness are required, as in the dyeing of bright shades
of pale and medium depth with high light fastness on
carpet yarns and on woollen fabrics for ladieswear,
upholstery and furnishings.

Milling acid dyes

Here again, there are two main subdivisions within this

category:

(a) Disulphonated dyes of high molecular weight (600—
900), as exemplified by the well established Coo-
massie (ICI) and Sandolan Milling N (S} dyes; these
diffuse much more slowly than typical levelling acid
dyes and exhibit correspondingly higher wet fastness,
but their migration and coverage properties are
inferior and the addition of a levelling agent is
necessary

(b) Monosulphonated dyes {molecular weight 500-600)
that are somewhat more hydrophobic than the other
sub-classes mentioned so far; these have been
described as ‘half-milling’ dyes, e.g. Sandolan P (S)
and Supramin GW (BAY) ranges, since they migrate
and cover well but are a little inferior to traditional
milling acid dyes in terms of wet fastness.

Milling acid dyes are preferred for economical bright
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colours on knitting yarns, loose stock for carpets and in
the garment dyeing of knitwear and outerwear.

‘Super-milling’ acid dyes

‘Super-milling’ dyes, so described to distinguish them
from conventional disulphonated milling acid dyes, are
similar to them in molecular weight and degree of
sulphonation but contain higher alkyl substituents (e.q.
butyl, octyl, dodecyl) to impart more hydrophobic
character to the dye molecule. At a price, this confers
higher neutral-dyeing affinity, better coverage of dye-
uptake differences in the fibre and exceptionally good wet
fastness. These properties make the ‘super-milling” sub-
class particularly appropriate for bright colours on loose
wool or slubbing, where any batch-to-batch variations can
be eliminated by blending. Such dyes are reasonably
suitable for yarn dyeing and can be applied with a
levelling agent to wool piece goods, provided that the
dyeing method is carefully designed to ensure uniform
uptake, since the dyes do not migrate readily.

Chrome dyes

Many years ago virtually all fast dyeings on wool were
dependent on some form of mordant process. Eventually
chelate formation by treatment with potassium dichro-
mate after dyeing became by far the most popular
technique and the successive development of fast milling
dyes, metal complexes and eventually reactive dyes
robbed chrome dyes of much of their former glory.
Nevertheless their recognised advantages of economy,
goad level-dyeing properties (molecular weight 300-600)
and excellent wet fastness when aftertreated have
maintained their significant place among the ranges of
dyes of interest to the wool dyer, particularly for blacks
and other dark colours on loose wool, slubbing and yarn.

The growing reliance of the dyeing industry on rapid
instrumental colour matching in recent years has tended
to be a handicap towards the use of chrome dyes, owing
to the marked change in colour that accompanies
conversion of the mordant dye to its chromium complex
during aftertreatment, although this difficulty can be
overcome. More serious problems include the prolonged
dyeing procedure, oxidative damage to the wool, and
growing awareness of the environmental hazards associ-
ated with chromium compounds, especially the hexa-
valent chromium form [4]. Users of chrome dyes are
increasingly concerned with dyeing under mild conditions
at pH 4-5 and 85°C, and afterchroming at pH 3.5 to 4
and 92°C to minimise wool damage [5,6]. The content of
residual Cr{VI) rises steeply above pH 4, whereas below
pH 3.5 the Cr{lll} concentration increases considerably.
The conversion of Cr(Vl) to Cr(lll) is accelerated by
addition of a mild reducing agent, preferably an organic
compound, e.g. lactic acid, capable of sequestering the
trivalent metal ion. The observed decrease in total
concentration of chromium ions in the exhausted bath has
been attributed to adsorption of the Cr({lll} lactate by wool
[7]. Sandoz recommends Lyocol CR (S), a glucose-based
product, to reduce the residual Cr(VI) concentration by a
similar mechanism.

The adoption of dyeing methods to reduce effluent
contamination in this way has only been implemented in
practice, however, when necessary to meet local legisla-
tion requirements. Machinery with automatic control of
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temperature is essential to ensure reproducibility of hue
and depth when dyeing and chroming at temperatures
below the boil Migration properties may also be
adversely affected. Glauber's salt is an effective levelling
agent for chrome dyes, but it impairs the efficiency of the
afterchroming stage. Dyers applying minimum amounts of
dichromate to reduce effluent contamination normally
prefer an agent of the weakly cationic type if this is
necessary to promote additional levelling.

Sulphonated 1:1 metal-complex dyes

The long-established 1:1 metal-complex dyes are almost
all monosulphonates of molecular weight 400-500. This
gives them dyeing properties somewhat similar to those of
the monosulphonated levelling acid dyes, with good
migration and coverage of damaged wool. If dyed at
pH 4, i.e. just below the isoelectric range of pH 4.5 to 5,
the wool suffers less damage than with levelling acid dyes
at pH 2.5 t0 3.5, but in piece dyeing it is usual to apply the
1:1 metal-complex dyes at pH 2, sacrificing optimum
physical properties of the dyed fabric in favour of better
migration and coverage at the lower pH [8,9]. These
conditions are particularly conducive to the attainment of
level dyeings on unevenly carbonised wool containing
residual acid. For similar reasons these dyes are useful
where thorough penetration is essential, e.g. for hard-
twist carpet yarns or gaberdines. Non-ionic levelling
agents are preferred with 1:1 metal-complex dyes.
Weakly cationic products tend to form a dye-agent
complex that is too stable, resulting in lower wet fastness
of full-depth dyeings. Fastness to light and wet treatments
is normally good, but metal complexes are not usually as
bright as the levelling acid dyes.

Unsulphonated 1:2 metal-complex dyes

Virtually all of the original 1:2 metal-complex dyes that
were developed following the successful adoption of the
1:1 metal-complex types are symmetrical complexes free
from ionic solubilising groups and are applied from
aqueous dispersions. They show high neutral-dyeing
affinity and very good fastness to light and wet treatments,
although inferior to chrome dyes for fastness to the most
severe tests, e.g. potting. Such hydrophobic properties
promote coverage of dye-uptake variations in wool, but
their high affinity can cause rapid initial strike and they
have slow diffusion and migration properties (molecular
weight 700-900). The alkaline pH values required to slow
the exhaustion rate even marginally are deleterious for
wool quality, and cationic levelling agents are of limited
value with unsulphonated dyes. Most dyes of this type
now used on wool are solubilised by one non-ionised
polar group, such as sulphonamide (—=S02NH2), methyl-
sulphonamide (—SO2:NHCH3) or methylsulphone
(—=S02CHs3), on each of the dye ligands, but these are
more expensive to manufacture and share most of the
drawbacks of the traditional non-polar structures.

Sulphonated 1:2 metal-complex dyes

Over the last 30 years great advances have been made in
developing auxiliary products which improve the level-
dyeing properties of sulphonated 1:2 metal-complex
dyes, and their coverage of tippy wool. These products
have led to the widespread use of more economical
monosulphonates in applications where unsulphonated



dyes were previously considered essential.
Sulphonated metal-complex dyes are divided into two
sub-classes.

Unsymmetrical monosulphonated dyes of molecular
weight 700-900

The presence of the solubilising group reduces manufac-
turing costs and minimises the staining of adjacents in
severe wet tests, but these dyes are more sensitive to
dye-affinity differences than the unsulphonated 1:2 metal
complexes. Like the unsulphonated dyes, the unsym-
metrical monosulphonates are particularly useful on loose
stock, tops and yams.

Disulphonated dyes of molecular weight 800—1000
Many of these dyes are symmetrical in structure and are
often cheaper to manufacture than the unsymmetrical
monosulphonates and the unsulphonated dyes; they are
slow-dyeing complexes that do not cover irregularities
well. They can be applied level on gocd-quality wool
using amphoteric or weakly cationic levelling agents with
control of pH and temperature, but their intrinsic
migration properties are poor. Even highly effective
levelling auxiliaries do not exert much influence on the
migration of these slow-diffusing dyes.

The sulphonated 1:2 metal-complex dyes are especiaily
suitable for the dyeing of yarn, where they offer
satisfactory all-round fastness and their solubility avoids
possible filtration problems that can arise when unsul-
phonated metal-complex dyes are applied at full depths in
circulating-liquor machines. Another important sector for
sulphonated 1:2 metal complexes is the dyeing of wool in
blends with synthetic-polymer fibres, either in yam or
piece form [10].

Reactive dyes

This highly significant class of dyes for wool has made

considerable progress with the growing interest in

machine-washable wool over the last two decades[11].

Several types of reactive system have proved effective on

wool, the most important commercially being:

(a) a-Bromoacrylamide dyes, i.e. Lanasol (CGY)

(b) 2,4-Difluoro-5-chloropyrimidine dyes, i.e. Drimalan F
(S), Verofix (BAY)

(c} N-Methyltaurine precursors of vinylsulphone dyes,
i.e. Procilan E (ICI).

The Lanasol dyes are potentially bis-functional in that
they are capable of reaction either by displacement of the
labile bromo substituent or by addition to the unsaturated
double bond, but the former mechanism predominates in
practice [12-14]. A special levelling agent, Albegal B
{CGY), was developed to minimise the inherent skittery
dyeing properties of these relatively hydrophilic dyes.

The diflucrochloropyrimidine dyes also contain two
reactive substituents but in this case they are similar in
reactivity {15,16]. Either fluorine atom is available for
nucleophilic substitution, but the chloro substituent
located meta to the ring nitrogen atoms is not labile. The
high molecuiar weight of this type of dye leads to limited
migration.

Procilan E dyes are converted to the reactive vinyl-
sulphone form with release of N-methyltaurine only

during the boiling stage at pH5--6. Thus in the earlier
stage of the dyeing process migration of the unreactive
precursor form is superior to that of the active-halogen
types of reactive dye, since premature reaction with the
fibre cannot occur under these conditions [17].

Inherently more expensive than traditional dyes for
wool, reactive dyes usually require weakly cationic or
amphoteric levelling agents, adding significantly to the
costs of the prolonged dyeing process. Nevertheless their
bright colours, moderate to good levelling and migration
before fixation (molecular weight range 500-900, usually
two or three sulphonic acid groups), together with
excellent wet fastness if correctly aftertreated with
ammonia, make them highly suitable for dyeing shrink-
resist wool, usually in slubbing or yam form. Most reactive
dyes are sensitive to dye-affinity vartiations, especially on
unchlorinated wool. Piece dyeing requires careful control
of the pH and temperature cycle, since any unlevet strike
may prove extremely difficult to correct safely at a later
stage. Levelling agents are essential and penetration
problems may occur on tightly woven fabrics.

Mixed ranges of dyes for wool

Recent years have seen considerable activity in the
selection of compatible members from different but
related sub-classes of wool dyes, dye makers sometimes
giving the novel selection a distinctive brand name. One
example of this approach is provided by the Sandolan MF
{S) range, essentially compatible mixtures of traditional
disulphonated milling acid dyes with monosulphonated
‘half-milling’ types. Such combinations migrate well and
exhibit reasonably good wet fastness [18]. To minimise
fibre damage they are dyed in the isoelectric region with
additions of Glauber’s salt and a weakly cationic levelling
agent, Lyogen MF (S). Typical applications include
knitting yams, carpet yarns, apparel and fully fashioned
knitwear.

The Lanaset (CGY) dyes are mainly mixtures of milling
acid and monosulphonated 1:2 metal-complex dyes,
supplemented by selected reactive dyes. For minimum
damage to the wool, they are applied in the isoelectrtic
region (pH4.5 to 5) in the presence of an amphoteric
levelling agent, Albegal SET (CGY)[19]. Addition of
Glauber's salt is recommended for yarn and piece dyeing.
This range has been adopted primarily for loose stock,
slubbing and yarn, but Lanaset dyes can be used with care
for the winch dyeing of woollens and the jet or cverflow
dyeing of worsteds.

The monosulphonated 1:2 metal-complex dyes and the
so-called ‘super-milling’ unmetallised acid dye types are
complementary in terms of colour gamut and readily
applicable by a ‘compromise dyeing’ procedure. Satisfac-
tory mixture recipes can also be devised from disul-
phonated milling acid dyes and disulphonated 1:2 metal
complexes. Mixtures such as these have been widely used
for the dyeing of loose wool, slubbing, varn and knitted
garments, including machine-washable knitwear where-
ever the wet fastness performance is satisfactory.

Dyes from different ranges should only be used
together if, at the chosen initial pH (see Table 3), they
have compatible rates of uptake. If not, differential strike
will produce unacceptable unlevelness, or slow selective
restraining will cause incomplete exhaustion and poor
reproducibility [20]. Even if the component dyes have
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similar rates of exhaustion, it is important that they should
be reasonably similar in migration and coverage be-
haviour, so that any selective strike does not become
more accentuated as dyeing proceeds [21]. Furthermore
only dyes of broadly comparable fastness properties
should be combined, to avoid the risk of a progressive
change in hue of the dyed wool as one of the components
selectively fades or desorbs on washing.

TECHNICAL LIMITATIONS ON

SELECTION

The inverse relationship generally found in wool dyes

between increasing molecular size (and decreasing migra-

tion) and wet fastness properties allows the various dye
classes to be conveniently illustrated in a single diagram

(Figure 1). Dyes in the upper left-hand comer of the

diagram are easy to dye level, but give the lowest wet

fastness. The further towards the bottom right-hand
corner a dye class is positioned, the better the wet fastness
but the poorer the migrating power; gradual uptake of dye
through control of dyebath variables thus becomes
increasingly important. Dye classes that do not lie on the
diagonal line all have a special bonding feature to wool

which distorts the normal relationships, i.e.:

(a) Chrome dyes, where the good migrating power of the
unchromed mordant dye contrasts with the strong
non-polar bonding, and possible coordination bond-
ing [6], to wool of the larger chromed complex.

(b) 1:1 Metal-complex dyes, where coordination bonding
to wool under neutral conditions raises their fastness
properties above those of acid dyes of similar
molecular weight

(c) Reactive dyes, the high fastness of which arises from
covalent bonding to the wool fibres.

DYE CLASS

Good

”/[evelrdyelrw\-g\
mDyes
R
Half-milling
Acid Dyes

Chrome
Dyes

= Tlimitof d_ye_ seiection
for winch dyefing

Migrating
Power
Reactive
Limit for heavy shades 1:2 Metal _ Dyes
in overflfow machines Complex/
Super-milling
Acid Dyes
Poor
L owe———————————— Wet-tastness Properties ~——— -—————= High

Figure 1 — Classification of wool dye ranges

Wool fabric dyeing
Dyeing wool piece goods demands, above all, dyes with
good level-dyeing behaviour. Traditionally this led to the
use of level-dyeing acid and 1:1 metal-complex dyes, and
dyeings of limited wet fastness in medium and heawy
shades. Chrome dyes have never been popular except in
black and heavy navy shades because of the problem of
accurate control of shade during chroming.

In recent years higher standards of wet fasiness have
been demanded of wool piece dyers, due in part to the
increasing use of wool fabrics in unlined garments. This
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demand, combined with the improved level-dyeing
performance of overflow machines compared with that of
conventional winches, and the use of increasingly
effective levelling agents, has led to increased use in piece
dyeing of dye classes previously considered too low in
migrating power, e.g. 1:2 metal-complex dyes (especially
unsulphonated types), milling dyes or even reactive dyes.
Successful use of the fast dyes depends heavily on fabric
construction, and achievement of high wet fastness in
wool piece dyeing remains a common practical problem.

To put the problem in context, an attempt was made to
quantify the migration and wet fastness axes in Figure 1,
for a series of three shades of medium depth, a green,
brown and blue all between 1/2 and 1/1 Standard Depth.
These shades were matched using six representative

ranges of dyes of potential interest in wool piece dyeing
(Table 4).

TABLE 4

Dye ranges of potential interest for wool piece
dyeing

Range Dye class

Levelling acid dyes {mainly monosulphonated)

Monosulphonated ‘half-milling” acid dyes

1:1 metal-complex dyes {mainly monosulphonated)

Monosulphonated 1:2 metal-complex dyes

Reactive dyes (mainly disulphonated)

Mixtures of disulphonated ‘super-milling’ dyes and
monosulphonated 1:2 metal-complex dyes

Mmoo O® >

Because of shade control difficulties during chroming,
chrome dyes are normally restricted to navy and black
shades in piece dyeing and were therefore not included in
this exercise. Both of the ranges D and F were included in
order to demonstrate the greater versatility of the mixed
range approach.

Migration was assessed by transferring a piece of wool
(X) from the dyebath immediately on reaching a tempera-
ture of 100°C to a blank bath containing a piece of
undyed wool (Y); the blank bath was then boiled for the
length of time appropriate for each dye class. The amount
of dye on each of pieces A and B was measured, and the
relative migration, M, (expressed as a percentage)
calculated according to Eqn 1:

_ 200[dye on Y]
[dye on X]+[dye on Y]

(1)

M thus represents the migrating power of the dyes
measured, a figure of 100% representing ideal migration,

Wet fastness was assessed by measuring the stain on
adjacent nylon component in a multi-fibre strip in the SO
alkaline perspiration test, R105/E04. Nylon was the most
severely stained of all the fibres in the strip and is
therefore the limiting factor in practice.

The results given in Figure 2 show that:

{a) At this medium depth of shade, the established
level-dyeing and half-milling acid dyes will seldom
reach the level of 4 commonly demanded by chain
stores

(b) 1:1 Metal-complex dyes clearly offer the best
combination of good migrating power with moderate
wet fastness



(c) A high price must be paid in loss of migration when
the higher fastness dye classes D, E and F are chosen.

Mugration
(%}
90} e 'I c
804 3 B ]
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304 !
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20+ |
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103 3 2 5

Alkaline perspiration; stain on adjacent nylon

Figure 2 — Piece dyeing with ranges A to F; plot of migration
against fastness to alkaline perspiration (stain on adjacent nylon)

Loose wool dyeing

This is the opposite extreme to piece dyeing as regards
the technical performance needed from the dyes. Level-
dyeing properties are much less important, because
batches of dyed wool are blended before spinning. Wet
fastness requirements are higher, to withstand the wide
range of finishing processes used in the wool industry.

The choice of dye classes open to the dyer depends on
a detailed knowledge of the processes that will later be
applied to the dyed wool. Uncertainty in this area leads
many dyers, especially those working on commission, to
play safe by selecting dyes of the highest possible fastness,
which frequently imposes a penalty in dye costs or
product quality.

The level of wet fastness needed on dyed loose wool
depends on the severity of subsequent wet processing,
which in tum depends on end use. To illustrate the
interplay of end use and dye class selection, four heavy
shades were matched using four representative dye
ranges of potential interest in loose wool dyeing {Table 5).
The dyeings were then tested for fastness by a series of
tests relevant to different end uses (Table 6).

TABLE 7

Range of fastness results in heavy shades

TABLE 5

Dye ranges of potential interest in loose wool
dyeing

Range Dye class
E Reactive dyes (mainly disulphonated)
F Mixtures of disulphonated ‘super-milling’ dyes and

monosulphonated 1:2 metal-complex dyes
G Disulphonated 1:2 metal-complex dyes
H Chrome dyes

TABLE 6

Fastness tests carried out on dyeings

Woven Woven
worsted woollen
Test fabrics fabrics Knitwear(@
Washing (CO6/B2) v
Alkaline perspiration N V K
Light \ ¥ y
Alkaline milling v

Crabbing \

{a) Fastnesses to washing and perspiration were assessed:

1. On untreated wool

2. On dyed sample 1 after chlorination {Fichlor Clearon, Chlor-Chem Ltd) to
hand-washable standard

3. On dyed sample 1 after chlorination and polymer treatment to machine-
washable standard {Polymer G, PPT).

Fastness results on the four shades, bordeaux, brown,
navy and black, are summarised in Table 7; depth of
shade was between 2/1 and 3/1 Standard Depth for
bordeaux and brown, ISO light navy and light black.

Some general conclusions can be drawn from these
results, as follows:

{a} Chrome dyes remain the only dye class offering the
certainty of high fastness in heavy shades to all
common finishing processes used on wool.

(b) Reactive dyes do not offer consistently higher fastness
levels than sulphonated 1:2 metal-complex dyes on
wool for woven apparel fabrics.

(c} For woven worsted apparel fabrics, sulphonated 1:2
metal-complex dyes will generally meet fastness
requirements in all shade areas {Figure 3).

Fastness rating on different ranges

E F G H
Test Min. Max. Min. Max. Min. Max. Min. Max.

Washing at 50°C (CO6/B2, stain on
adjacent nylon)

Untreated wool 5 5 2-3 45 4 5 5 5

Chlorinated wool 5 5 2-3 4 4 5 5 5

Chlorinated/polymer-treated wool 5 5 2-3 4-5 4 5 5 5
Alkaline perspiration (stain on adjacent nylon)

Untreated wool 3 4-5 4 4-5 4 4-5 4 4-5

Chicrinated wool 3 4 4 4 4 45 4 4-5

Chlorinated/polymer-treated wool 3 4-5 4 4-5 4 4-5 4 4-5
Light fasiness (xenon) 6 7 6 7 6 7 5-6 7
Crabbing (stain on adjacent wool) 34 5 4-5 5 5 5 4-5 5
Alkaline milling (stain on adjacent wool) 3 45 3 4 3 4 4-5 5
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(d) For woven woollen apparel fabrics, the relative
weakness of 1:2 metal-complex and reactive dyes to
alkaline milling ensures the continuing use of chrome
dyes for heavy shades (Figure 3).

(e) Loose wool for use in knitted articles can be dyed to
heavy depths with chrome, reactive or 1:2 sulphon-
ated metal-complex dyes; disulphonated metal-com-
plexes in some shade areas (particularly navy and
black} show a clear advantage in washing fastness
over monosulphonates, due to their lower affinity for
polyamide substrates in alkaline wash liquors. In
recent years several auxiliary products, generally
cationic in nature, have become available for after-
treatment of 1:2 metal-complex dyes to improve their
fastness to perspiration and washing on shrink-resist-
treated wools [22].

limit of fastness

| Iimit of i
Good fastness for wooilen
o Level Dyeing | tor worsted | tabrics
Acid Dyes 11 Metal fabrics | theavy shades}
Complex Dyes | Chrome
Halt-milling | | Dyes
Acid Dyes | 1
Migrating |
Power ! l
l |
| |
L
A Milling |
| Dyes
v 1.2 Metal Feactive
- Complex Dyesy Dyes
| Super-milling
| Acid Dyes
Poor I
Lowe——— ——Wet-fastness Properties——————— High

Figure 3 — Migration power of wool dye ranges in relation to wet
fastness properties

ECONOMIC ASPECTS OF WOOL DYEING

The technical factors influencing the choice of dyes for a
given colour on wool are many, as outlined above, but
these are not the most difficult criteria to assess. They
must be balanced, as far as possible, against the more
nebulous variables of colour matching tolerance, dye cost
and process cost. These are best illustrated by taking
specific examples of the costs of applying a series of
typical colours by different methods, in order to quantify
these variables in relation to the technical requirements to
be met.

Minimum dye cost for piece dyeing recipes

For the purpose of this exercise, matchings to a series of

23 fashion shades [23] were predicted with the aid of a

computer colour matching program using established

databases for the six representative ranges of dyes of

potential interest in wool piece dyeing (see previous

section). Recipes were predicted according to three

criteria:

(@) MMlumninant Des only, to a tolerance of AE=0.5
CIELAB unit.

(b) THuminant Des to AE=0.5 and illuminant A to AE=1

{(c) Nluminant Des to AE=0.5 and illuminants A and
TL84, each to AE=1.

Acceptable matchings in illuminant Des; were obtained
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for all but one of the shades using ranges A, E or F (Table
8). Dullness was a limiting factor for the metal-complex
ranges C and D and the short range of ‘half-milling’ dyes
lacked build-up in the bluish-red sector. Metamerism
caused difficulties in illuminant A for ranges A, B and D in
particular, with further limitations introduced in most
instances when illuminant TL84 was included. Only the
mixed range F was able to provide acceptable matchings
for almost all of the shades in all three illuminants.

TABLE 8

Number of piece-dyeing shades matched within
criteria

No. matched under different illluminants

Range Des Desand A Des, A and TL84
A 22 12 10
B 18 8 5
C 18 17 16
D 15 8 8
E 22 20 15
F 22 21 21

The lowest costs of dyeing each of the recipes with each
range of dyes to achieve an acceptable matching in
illuminant Degs are listed in Table 9 in ascending order.
Costings were derived from prices quoted in the UK
during 1985. If bright enocugh to achieve a matching, the
1:1 metal-complex dyes (range C) almost always provided
the cheapest recipes. The levelling acid range A did so for
all the remaining shades but one, where the mixed range
F provided the only acceptable recipe for shade 19.
Build-up problems seriously affected the cost and attaina-
bility of the heavier depths (shades 13, 17-21 and 23}

TABLE 9

Lowest cost of dyes to match in illuminant Dgs only

Cost (p/kg) of dyes using ranges

Shade C A F D B E
1 0.08 0.12 0.09 0.09 0.36 0.62
4 012 0.16 0.52
5 0.12 0.23 0.31 0.34 0.71 1.05
2 0.15 0.24 0.21 0.23 0.54 0.93
3 0.20 0.26 0.30 0.30 0.79 0.99
15 0.20 0.34 0.31 0.32 0.90 0.95
14 0.21 0.36 042 043 1.12 1,58
9 0.25 0.27 0.41 0.79 0.82
11 0.28 0.25 0.45 0.45 0.99 1.21
6 0.40 0.68 0.66 0.66 1.72 1.86
12 1.34 3.02 2.49 2.78 5.17 5.65
7 1.36 2.24 2.42 293
10 1.42 1.24 250 2.48 5.06 5.05
8 1.47 2.13 275 2.76 429 3.11
22 1.64 1.45 2.89 2.91 5.59 5.17
16 2.61 4.08 351 3.54 9.92 9.04
17 457 6.74 1053 10.64 2407 3651
21 7.11 9.02 1051 1122 14.39
13 2.44 7.04 4.73 5.29
18 2.63 21.13 12.63  19.19
23 5.01 7.75 1242  19.56
20 573 5.78 7.27
19 31.04

Minimum average dye cost per shade:
- Using ranges A--F =3.04 p/kg
— Using ranges B or D-F only =449 p/kg



Improved quality at a premium

As already discussed, the dyeing processes for levelling
acid dyes and 1:1 metal-complex dyes are not ideal from
the viewpoint of preserving the fibre intact, and these
level-dyeing ranges lack fastness to severe wet treatments.
In order to ensure that the wool quality and wet fastness
attain the excellent standard given by the mixed range F,
almost always the most economical of the remaining four
possibilities, an average premium of 48% on the cost of
the dyes chosen must be sustained (Table 9).

This is by no means a fully realistic measure of the cost
of overcoming these limitations in practice. Table 10
displays a similar pattern of relative prices, this time for
recipes that overcome the problems of metamerism
posed by the incorporation of illuminants A and TL&4, as
in criterion (c) above. lt is evident that the choice between
the various ranges is much more restricted for many of the
shades, although the two classes (A and C) normally
applied from strongly acidic baths do provide low-cost
recipes for all but five of them. The need to resort to the
mixed range F in these instances raises the minimum
average cost per shade by 27%; this may be regarded as
the premium to overcome metamerism. If the
requirements for wool quality and wet fastess are
sufficiently critical to eliminate ranges A and C from
consideration, the minimum average cost per shade rises
again by a further 45%, the premium to be paid for these
desirable features of product appeal.

In circumstances where the need to minimise metamer-
ism is of extreme importance, there is an even higher
premium to be paid. If the lowest cost simply to achieve
criterion (c), as in Table 10, is replaced by the cost of that
recipe giving the least degree of metamerism, the
minimum average cost per shade is 62% higher than that
to meet criterion (a) in Table 9, and the high-quality
premium rises accordingly. There is a law of diminishing
returns in the search for the perfect match.

Minimum dye cost for stock dyeing recipes

In the dyeing of loose wool, wet fastness requirements are
exceptionally important, but level dyeing is not so critical,
for reasons already outlined in the introduction. A similar
recipe prediction exercise was carried out for four heavy
shades typically encountered in these circumstances. The
four representative ranges of potential interest for loose
stock dyeing were compared.

TABLE 11

TABLE 10

Lowest cost of dyes for metamerism criterion (c)

Cost (p/kg) of dyes using ranges

Shade C A F D B E

1 0.08 0.12 0.09 0.09 0.36 1.02
4 0.12 0.16 0.92
2 Q.15 0.24 0.21 0.23 1.08
5 0.20 023 0.34 0.34 0.71 1.69
3 0.24 026 0.30 0.30 1.82
9 0.25 041

15 0.27 0.52

11 0.34 121

14 0.38 0.36 0.44 0.44 1.12 243
6 0.66 0.68 0.76 1.16 3.32
8 1.47 2.80 5.48

10 1.52 8.02

12 1.54 7.75

22 223 3.28 5.84

16 3.40 7.33

17 457 6.74 10.53 10.64 24.07 54.11

13 260 7.71 5.29

18 2.97 2113 12.63 19.19
7 2.60 4.71

23 7.75 21.43

20 10.73

21 13.68 13.68

19 31.04

Minimum average dye cost per shade:

- Using ranges A--F =3.86 p/kg

- Using ranges B or D-F only =5.59 p/kg
Average dye cost per shade for least metarnerism:
- Using ranges A-F =4.49 p/kg

— Using ranges B or D-F only =6.82 p/kg

Recipes were predicted according to the choice of
illuminant and colour-difference criteria (a) to (c) defined
previously. In this instance all four ranges were able to
provide satisfactory matchings for the four shades in all
three illuminants.

Premium to overcome metamerism

The lowest costs of dyeing each stock dyeing recipe with
each dye range to give a satisfactory matching in
illuminant Dgs are compared in Table 11, with the
corresponding costs for acceptable results in all three
illuminants. In this case the premium required to satisfy
criterion (c) is only 5% of the minimum average dye cost
per shade to achieve criterion (a) only. Even if the
comparison is made with the cost of the corresponding

Lowest cost of dyes for matching to criteria (a) and (c)

Cost {p/kg) on ranges to
meet criterion (a)

Cost (p/kg) on ranges to
meet criterion (c)

Shade H G F E H G F E
Brown 7.07 12.52 13.14 48 52 7.05 12.52 13.14 81.26
Bordeaux 14.55 15.50 17.32 42.76 15.52 15.50 20.07 90.11
Black 7.39 13.69 15.63 69.09 7.39 13.69 15.63 83.23
Nawvy 492 9.59 11.00 43.19 5.57 9.59 11.00 69.62

Minimum average dye cost per shade:

- To achieve criterion () = 8.48 p/kg

— To achieve criterion () = 8.88 p/kg
Average dye cost per shade for least metamerism:
—To achieve criterion (b) = 9.89 p/kg

- To achieve criterion {¢}  =10.38 p/kg
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recipes giving the least degree of metamerism {Table 11),
the average cost per shade is only 17% higher for
criterion (b) and 22% higher for criterion {c). In any case,
freedom from slight metamerism is not usually the most
critical requirement for stock-dyed fibre.

Dyeing process costs

Typical dye-cycle diagrams for the dye ranges A-H are
illustrated in Figures 4-8. The same general diagram is
appropriate for ranges B, D, F and G; these differ
essentially in the preferred dyebath pH and chemical
additions necessary for optimum performance. The
process data recorded in Figures 4-8 formed the basis of
a series of process cost calculations [24] for liquor ratios
10:1 (stock dyeing) and 25:1 (piece dyeing on the winch).

Pale | Medium Full

Hold time ty(min) 30 60 90
Nt=t, 4t 110 140 170
Glauber's Salt (%} 20 15 10
Sulphuric Acid (%) 2 3 4

t,=15 min t,=45min 1,=20 min

T,=40-50 C T,=boil T,=70 C

T

Auxiliaries :
Dyes
iy T,

Figure 4 — Dye cycle diagram for levelling acid dyes (range A)

Ranges Pale | Medium Full
t,=t,(min) 30 45 60
=t a5 125 155
B.G Acetic Acid (%) 1 15 2
D.F Ammonium Sulphate (%) 2 2.5 3
B Unisal C {IC) (%) 2 1.5 1
D.F.G, Unisol WL {IC)){%) 15 1 05

1,=15 min {,=20min
T,=40-50 C T,=boil T,=70 C

T

2

Auxiliaries
Dyes

Figure 5 — Dye cycle diagram for neutral-dyeing acid and 1.2
metal-complex dyes (ranges B, D, F and G)

Pate  Medium Full

Temperature Rise t,imin) 30 40 50
st=t, 1+, 155 185 175
Sulphunc Acid (%) 6 7 8

L=15min t,=90Q min {,=20 min
| 7,=40-50 C T,=boil T,=70 C

1
\ T

Auxiliaries
Dyes
Hl T

Figure 6 — Dye cycle diagram for sulphonated 1:1 metal-
complex dyes (range C)
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Pale | Medium Full
Temperature Rise t(min) 30 40 50
Dyeing t,(min) 20 25 30
Chroming t,(min) 30 35 40
U=t AL F2E 2L A 160 185 210
Acetic acid (%) 1 1.5 2
Unisol WL (1C1) (%) 1 075 05
Formic Acid {%) 05 1 15
Dichromate (%} 04 0.6 08

t,=15min t,=10 min t,=5 min {,=20 min
T,=40-50 C T,= boil T,=80C T,=70C

Formic Formic
lDichromale

b

Figure 7 — Dye cycle diagram for chrome dyes {range Hj

3

Auxiliaries
Dvyes

Pale | Medium | Fuil
Hold time t, {min} 30 45 B0
St A3 4, L 140 155 170
Acetic Acid (%) 1 1.5 2
Ammonium Sulphate (%) 2 3 4
Albegal B (CGY) (%) 2 2 2
Glaubers Salt (%) 10 5 -
Ammonia (%) 2 2.5 3

t,=15 min 1,=20min 1= 25 min t,=10min
T,=50 C T,=70 C T,= boil T,=80 C

Ammanmia

Figure 8 — Dye cycle diagram for reactive dyes (range E}

The distribution of cost between the four main
contributory factors {labour, energy, chemicals and water)
is shown in Tables 12 and 13 for full-depth dyeings.
Cormresponding total process costs are also noted for pale
and medium depths under piece-dyeing conditions, but
the sensitivity to applied depth is low because the lower
energy consumption in pale depths is offset by higher
usage of chemicals. In a similar way the extra cost of the
migration period at the boil for the intrinsically level-
dyeing dyes (ranges A and C) applied at low pH tends to
be cancelled out by the higher cost of the chemical
additions necessary to ensure uniform uptake at higher
pH values {ranges B, D, F and G). Reactive dyes {range E),
and to a lesser extent the chrome dyes (range H), lose out
in both ways, however. A prolonged process is unavaida-
ble because the aftertreatment step is a crucial part of both
these application methods. Furthermore the dichromate
used to form the chrome dye complex and particularly the
amphoteric auxiliary product needed to overcome skit-
teriness in dyeing with reactive dyes add markedly to the
overall cost.

Table 14 shows the effect of adding the appropriate
piece dyeing process costs from Table 9 to the lowest dye
costs from the matchings predicted in illuminant Dgg only
(Table 9). Adding these together has little influence on the
relative cost comparisons between the various ranges. At



TABLE 12

Cost distribution for piece dyeing processes

Process cost (p/kg) for dyeing with ranges

Cost centre C DorF A B E
Labour 321 2.84 312 2.84 3.12
Energy 5.95 5.56 5.89 5.56 5.88
Chemical 0.24 1.06 0.92 1.66 8.33
Water 0.55 0.55 0.55 0.55 0.55
Total:

Full depths 9.95 10.01 10.48 1061 17.88

Medium depths 9.65 9.75 981 10.06 17.12

Pale depths 9.29 9.49 9.14 9.51 16.36
TABLE 13

Cost distribution for stock dyeing processes

Process cost (p/kg) for dyeing with ranges

Cost centre F G H E
Labour 2.84 2.84 3.85 3.12
Energy 2.22 222 3.09 2.35
Chemical 1.06 1.31 3.05 8.33
Water 0.22 0.22 0.22 0.22

Total: Full depths 6.34 6.59 10.21 14.02
TABLE 14

Lowest dye and process costs for piece dyeing

Cost (p/kg} of dyes using ranges
Shade C A F D B E

1 9.37 9.26 9.58 958 9.87 16.98
4 941 9.30 16.88
5 941 9.37 9.80 9.83 10.22 17.41
2 9.44 9.38 9.70 9.72 10.05 1729
3 9.49 9.40 9.79 9.79 10.30 17.35
15 9.49 9.48 9.80 9.81 10.41 17.31
14 950 9.50 9.91 992 10.63 1794
9 9.54 941 9.90 10.30 17.18
11 9.57 9.39 9.94 9.94 10.50 17.57
6 9.69 9.82 10.15 10.15 11.23 18.22
12 10.99 12.83 1224 12.53 1523 22.77
7 11.01 12.05 12.17 20.05
10 11.07 11.05 12.25 12.23 15.12 2217
8 11.12 1194 12.50 12.51 14.35 20.23
22 11.59 11.93 12.90 12.92 16.20 23.05
16 12.56 14.56 1352 13.55 20.53 2692
17 14.52 17.22 20.54 20.65 34.68 54.39
21 17.06 19.50 2052 2123 32.27
13 12.25 16.79 14.79 2241
18 13.11 31.14 23.24 37.07
23 15.49 17.76 23.03 3744
20 16.21 15.79 25.15
19 41.05
Minimum average dye and process cost per shade =12.69 p/kg

TABLE 15

Lowest dye and process costs for stock dyeing

Cost (p/kg) of dyes and process using ranges

Shade H G F E
Brown 17.36 19.11 19.48 62.54
Bordeaux 24.76 22.09 23.66 56.78
Black 17.60 20.28 21.97 83.11
Navy 15.13 16.18 17.34 57.21

Minimum average dye and process cost per shade =18.02 p/kg

pale depths (shades 1-6, 9, 11, 14 and 15) the levelling
acid dyes (range A) now often give slightly lower costs
than the 1:1 metal-complex dyes (range C), although the
latter retain their more significant lead at medium depths
(shades 7, 8, 10, 12 and 13) and full depths {shades
16-23), provided they are bright enough to achieve a
matching.

A similar summation for the stock dyeing processes in
Table 15, however, which represents the effect of adding
the process costs from Table 14 to the lowest dye costs
from Table 11 (predictions in illuminant Dgs only),
produces a significant change in the cost comparison
between the dye ranges. In the bordeaux and brown
shades, sulphonated 1:2 metal-complex dyes offer an
attractive simple process and high wet fastness at a total
cost comparable with chrome dyes applied by conven-
tional processing. Costs for the bordeaux shade actually
show a small advantage for metal-complex dyes.

In the ISO light navy and black shades used in this
exercise, overall chrome dyeing costs are between 10%
(navy) and 20% (black) below those of metal-complex
dyes. In heavier navies and blacks the cost gap is more
significant as differences in dye costs increasingly out-
weigh differences in process costs.

In the case of top and loose wool dyeing the balance
swings further towards metal-complex dyes as a result of
the less-easily defined cost savings arising from the lower
fibre damage and higher spinning yield generally found in
wool dyed with metal-complex dyes [25].

In all shades reactive dyes are much more expensive
than either of the unreactive dye classes.

These costings support the common practice in recent
years of restricting the use of chrome dyes, where fastness
requirements allow, to black and heavy navy shades.

CONCLUSIONS

The criteria governing dye selection for wool in all its
forms are so numerous that few unqualified conclusions
can be drawn from a limited evaluation of this kind. The
interconnected relationships between dye and process
costs, level dyeing, limitations of metamerism and fastness
requirements are such that difficult compromises in dye
and process selection become unavoidable. Process costs
in relation to effective utilisation of the available
machinery should not be seen in isolation from the
maintenance of product quality, e.g. fabric strength and
handle after piece dyeing, or spinning yield and yarn
strength after loose stock or top dyeing [25]. These hidden
costs are highly significant but must remain outside the
scope of this paper. Some observations can, however, be
made about the two areas looked at in detail.

In piece dyeing no single dye class will meet fastness
requirements in all shade areas. Dyeing before spinning,
the traditional answer to the poor level-dyeing properties
of fast wool dyes, is increasingly uneconomic as both
order lengths and required delivery times become shorter.
Selected level-dyeing acid and 1:1 metal-complex dyes
provide economical recipes but are limited because of
moderate wet fastness to pale and medium shades. In
heavy shades chrome dyes offer lowest costs, but are
unpopular outside navies and blacks because of shade
control difficulties during chroming. 1:2 Metal-complex
and milling acid dyes are limited by their poor level-
dyeing characteristics to favourable conditions, i.e. auto-
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mated machinery with efficient fabric—liquor interchange,
and relatively loosely woven fabrics. Most reactive dyes
offer little advantage in migration to offset significantly
higher dyeing costs. The extra dye costs involved in
minimising metamerism can be of the order of 50% more
than the cost of achieving an aceptable match in one
illuminant only.

In loose stock and top dyeing sulphonated 1:2
metal-complex dyes provide a cost-effective alternative to
chrome dyes in all shade areas except blacks and heavy
navies, with fastness levels acceptable for all applications
except heavy shades on woollen fabrics and machine-
washable wool. As water pollution controls are tightened
worldwide and the cost of water treatment continues to
rise, this alternative becomes increasingly important.
Reactive dyes are seen to justify their higher dye costs
only on shrink-resist-treated wool.
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