A universal dye for all fibres — are disperse dyes

capable of fulfilling this vision?
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A theoretical study of dye—fibre interactions leads the colour chemist to the conclusion that disperse
dyes offer potential as the universal dye for all fibres; the requirement is to incorporate the necessary
dye sites covalently within these fibres either as a pretreatment or ideally during the dye application
process. The types of disperse dye sites required and their effect on dye colour yield and wet fastness
are reviewed. It has been found that a minimum number of disperse dye sites must be incorporated
into celiulosic and protein fibres in order to achieve the appropriate quality of coloration. This paper
thus studies a water-based method to benzoylate cotton cellulose in order to improve its disperse
dyeability. Clearly commercial interest in these basic studies will be in the fields of single-dye blend
dyeing and printing (e.g. wool/polyester, cotton/polyester, wool/cotton, cotton/silk, etc.) and some

initial results in these areas are reported.

INTRODUCTION

Nonionic disperse dyes have little substantivity for natural
fibres. Modification of such fibres to increase the
substantivity of nonionic disperse dyes is desirable for two
major reasons. Firstly disperse dyes are widely employed in
sublimation transfer printing, and so suitable modification
of cellulosic or protein fibres would provide an extended
use of this process. Secondly polyester/cotton and poly-
ester/wool blend fabrics are highly popular apparel fabrics,
and a method to colour such fabrics with a single class of
dye would be valuable. In the case of polyester/cotton
blends, current practice is to dye the polyester part of the
blend with disperse dyes, whilst the cotton part of the blend
is frequently dyed with water-soluble reactive dyes. Such
processes are expensive and time-consuming, especially if
using two-step methods, involving dyeing the polyester
portion with the disperse dye at 130°C, reduction clearing,
dropping and resetting the bath, reactive dyeing the cotton
portion and finally clearing unfixed dye.

Pretreatment of cotton fabrics with benzoyl chloride to
impart easy-care properties was practised in the 1920s by
Tootal, Broadhurst and Lee, but this treatment has been
revived more recently as a preparation for transfer printing
(Shikibo-Uni process) [1,2]. In this process cellulosic fabrics
are acylated using the Schotten-Baumann method; the

goods are pretreated for 30 min at 20°C in 20% caustic soda
solution, squeezed to a wet pick-up of 9% and run in
benzoyl chloride for 10-480 s (depending on the degree of
substitution required); thorough rinsing completes the
process. This pretreated cotton can be subsequently trans-
fer printed with disperse dye papers, giving prints of similar
quality to those obtained on 100% polyester.

Thomas demonstrated that activated phenolic or
mercapto esters of carboxylic acids reacted with cotton
cellulose at high temperatures (150-200°C) to form the
cellulose-carboxylic acid ester [3]. These esters were water
soluble due to the presence of pendant carboxylate groups
and could be applied to cellulosic fabrics under mill
processing conditions. Examples included sodium benzoyl-
thioglycollate (BTG) and sodium benzoylsalicylate, and
their reactions with cotton cellulose are shown in Scheme 1.

Baumann and Korte found that the substantivity of
disperse dyes for cellulose, modified with aliphatic acid
chlorides, increased with the chain length of the aliphatic
residue, maximum substantivity being achieved at a chain
length of at least eleven carbon atoms [4]. Aromatic sub-
stituents on the fibre produced high disperse dye
substantivity and such dyeings exhibited better wash
fastness than the corresponding dyeings produced on
fibres modified with aliphatic substituents [5,6].
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Einsele et al. showed that a degree of substitution
between 0.15 and 0.25 for benzoylated cellulosic fabric gave
optimum disperse dye substantivity [5,6]. For a degree of
substitution of 0.12, approximately 3% of the cellulosic
hydroxyl groups would be modified. Benzoyl residue
substitution in the region of 0.12-0.15 is required to give a
modified fabric having good colour yields when transfer
printed with sublimable disperse dyes, but to achieve good
wash fastness properties, a degree of substitution in the
range of 0.3-0.4 is required [7].

Baumann et al. showed that, for acylated cellulose,
approximately 30% of the ester groups originally present
are hydrolysed when washing under alkaline conditions
[7,8]. After five such washes 60-70% of the ester groups
originally present were hydrolysed. Thus new alkali-stable
bridging groups should be developed for commercial
application of such fibre modifications.

Very similar work has been carried out on the acylation
of wool protein fibres. In particular, Lewis and Pailthorpe
investigated systems to incorporate benzoyl and other acyl
residues in wool in order to obtain improved dyeing
properties [9]. Acid chloride and anhydride treatments of
wool from organic solvents have been employed by
previous workers to study the mechanism of setting [10-
13], and even to develop shrink resistance. The substrate
yellowing produced by acyl chloride reactions was
unacceptable, but anhydrides gave satisfactory whiteness.
The benzoic anhydride method proposed by Milligan and
Wolfram to obtain fabrics with enhanced thermal setting
properties was found to be most useful in producing wool
that could be dyed with disperse dyes [9,14].

Lewis and Pailthorpe found that treatment with benzoic
anhydride in DMF was a very effective method of
producing wool that can be dyed or transfer printed with
existing ranges of disperse dyes, giving colorations of good
brilliance and wet fastness [9]. In addition the treated fabrics
were found to be shrink-resistant. These desirable effects

were only achievable at weight gains of 13% or greater,
which was equivalent to 1238 umol of benzoyl residues per
gram of wool. It was expected that benzoylation occurred
according to the reactions shown in Scheme 2.

This process was very attractive since, in addition to the
disperse dyeing and shrink-resist advantages, it gave a
heat-settable substrate with unaltered handle. However,
there were problems associated with working from organic
solvents and the necessity to achieve a high degree of
benzoylation.

Some efforts have been made to acylate wool using
water-soluble, fibre-substantive acylating agents. In
particular BTG was employed by Eastall [15] and benzoyl
thiosulphate by Caldwell and Milligan {16]. In the former
study it was found that wool fibres modified with BTG
showed improved disperse dye uptake, and the resulting
dyed modified wool fibres showed better wash fastness
and resistance to felting during washing. These water-
soluble acylating agents react with wool according to
Schemes 3 and 4.

In the case of benzoyl thiosulphate, Milligan and
Caldwell demonstrated good uptake from long liquors in
acid baths at 100°C [16]. This behaviour was expected, since
the product would behave as a simple, colourless acid dye.
Below pH 4 hydrolysis to benzoic acid could be minimised
and the optimum application conditions were determined
to be treatment for 1 h at the boil at pH 3. The maximum
number of benzoyl groups incorporated by this method
was 700 umol/g dry wool. Since work with benzoic
anhydride clearly demonstrated that incorporating more
than 1300 umol/g dry wool of benzoyl groups is necessary
to give adequate disperse dyeability [9], benzoyl
thiosulphate has not been studied for coapplication with
disperse dyes.

This paper describes further optimisation of the reaction
of BTG with cotton in order to provide a substrate that can
be dyed with disperse dyes.
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EXPERIMENTAL

Materials

All chemicals employed were of laboratory-reagent grade
unless otherwise stated. Cotton fabrics were obtained as
bleached and scoured from Whalleys Ltd, Bradford.

Preparation of benzoylthioglycollic acid
Benzoylthioglycollic acid was prepared by the reaction of
sodium thioglycollate with benzoyl chloride at 0-5°C.
Thioglycollic acid (1 mol) was added to a cold solution of
sodium hydroxide (2 mol) in water (440 ml). The sodium
thioglycollate solution produced was cooled to below 5°C
and benzoyl chloride (1 mol) was added dropwise with
thorough stirring. Sodium bicarbonate was added, as
necessary to maintain the pH at 5-6, and the reaction was
allowed to proceed until no further additions of this alkali
were required. Concentrated hydrochloric acid was then
gradually added to the solution to precipitate the free
benzoylthioglycollic acid. The precipitate was collected,
washed with water, dried and then purified by
recrystallisation from toluene.

HPLC

Reverse-phase ion-pair HPLC was used to detect and
quantify sodium BTG and sodium benzoate in solution.
The analysis was carried out on the Perkin-Elmer Series 10
liquid chromatograph, in combination with the Perkin-
Elmer LC-75 spectrophotometric detector. The analysis was
carried out using a Hypersil MOS 5 um (C8 bonded)
chromatographic column, with a flow rate of 2.0 ml/min.
Eluents based on HPLC grade methanol/water mixtures
were used for the analysis; tetrabutylammonium bromide
was added as the ion-pair reagent. Detection of the eluting
species was carried out at a wavelength of 235.0 nm.

Hydrolysis of sodium BTG

The extent of hydrolysis of sodium BTG was investigated
under both acid and alkaline conditions. BTG (0.5 g) was
dissolved in a minimum quantity of 100 g/ sodium
carbonate solution, adjusted to the desired pH value using
more of the same solution or 100 mi/ acetic acid solution,
and then made up to 100 ml with deionised distilled water.
BTG solutions were adjusted to the desired pH and left to
stand at room temperature. After 24 h samples were then
analysed by HPLC and the extent of hydrolysis determined
by following the amount of sodium benzoate produced
during the hydrolysis reaction. The extent of hydrolysis of
BTG at 100°C was determined over a period of 4 h.

Alkaline hydrolysis may be represented by Scheme 5.

Madification of cotton with benzoyl chloride
Cotton fabric was padded to a wet pick-up of 80% using a
Peter pad mangle with 100 g/ sodium hydroxide solution

CN
OsN N=N N
Br HsC,OCHN

Figure 1 Ci Disperse Blue 183

and batched at room temperature. After 24 h the activated
cotton fabric was immersed in benzoyl chloride for 60 s,
removed and washed thoroughly with sodium hydroxide
solution (50 g/l).

Dyeing

The benzoylated cotton fabrics and untreated fabric were
dyed (5 g samples) using 2% o.w.f. Cl Disperse Blue 183
(Figure 1) at pH 6.0, maintained using a 0.1 m citric acid (7.37
ml)/0.2 M disodium hydrogen phosphate (12.63 ml) buffer. A
liquor ratio of 20:1 was used and the dyeings were carried
outin a john Jeffrey’s Rotadyer laboratory dyeing machine.
The dyebath was raised to 100°C over 20 min and main-
tained at this temperature for 1 h. The resulting dyeings
were thoroughly washed-off with water. The above dye
application conditions were employed throughout the
following work.

The resulting dyeings were subjected to IS0 2 and ISO 3
wash fastness tests. The colour yields (K/S) of the dyeings
before and after wash fastness testing, and of the stained
adjacent nylon 6.6 fabrics used in the tests, were measured
on an ICS colour measurement system at a wavelength of
620 nm.

Visible absorbance spectrum of CI Disperse Blue 183

The visible absorbance spectrum of CI Disperse Blue 183
dissolved in acetone was obtained on a Pye-Unicam
SPBO0A spectrophotometer using 10 mm cells. To determine
any reduction effects, thioglycollic acid was added
dropwise to the dye solution and the spectrum was
remeasured.

Modification of cotton with BTG

Cotton fabrics were modified in the presence of sodium

carbonate; padding solutions were prepared containing;

(a) 200 g/ BTG plus 20, 40, 60, 80 and 100 g/l sodium car-
bonate

(b} 300 g/1 BTG plus 20, 30, 60 and 80 g/l sodium carbonate.

These were then applied to cotton via the pad-dry-
thermofix (Thermosol) procedure (60 s, 200°C). The
resulting modified fabrics were rinsed, then dyed with
disperse dyes, and the dyed fabrics subjected to ISO 2 and
ISO 3 wash fastness tests.

Some experiments were also done using sodium
hydroxide additions to the pad liquors instead of sodium
carbonate.

Qﬁ—scmcoo— Na* + HoO ——= @-COOH + HSCH,COONa*
o

Scheme 5
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Effect of time and temperature on cotton modification
Cotton fabrics padded with 200 g/l BTG and 20 g/l sodium
carbonate were dried at room temperature overnight and
then thermofixed at 100, 150, 200 and 220°C for 15, 30, 45, 60,
75, 90 and 120 s. Samples of the modified fabrics were
extracted five times with distilled deionised water at 50°C.
The resulting solutions were made up to 250 ml and their
absorbance measured on a Pye-Unicam PU8600 UV/VIS
spectrophotometer at 239 nm, using a 10 mm quartz cell.
The extracted fabrics were dried to constant weight. The
percentage fixation F of BTG on cotton was calculated using
Eqnl:

=100 — 2t x 100 )
A

where A, is the absorbance of the extracted Thermosol-
treated fabric and A, is the absorbance of the extracted
padded fabric before thermofixation.

Degree of substitution of modified cotton

Cotton fabrics padded with 200 g/l BTG and 20 g/l sodium
carbonate were thermofixed at 100, 150, 175, 200 and 220°C
for 15, 30, 45, 60, 76, 90 and 120 s. The weight gains of the
modified cotton fabrics were measured and the degree of
substitution (DS) of the modified fabrics calculated using
Eqn 2:

_3W,

DS
Wt,S

(2)

where W, is the actual weight gain, and W, ; the theoretical
weight gain for a DS of 3, defined by Eqn 3:

W,s= i xF ®

172

where F is the weight of fabric, 484 is the molecular weight
of the tribenzoylated anhydroglucoside residue in cotton,
and 172 the molecular weight of the original anhydro-
glucose residue.

The effect of sodium carbonate concentration on DS was
investigated by thermofixing cotton fabrics padded with
200 g/l BTG and 0, 20, 40, 60, 80 and 100 gl sodium
carbonate solutions for 60 s at 220°C.

FTIR spectroscopy of modified and natural cotton

The IR spectra of BTG-modified and untreated cotton were
obtained on a Perkin-Elmer 1725 FTIR spectrophotometer,
using the diffuse reflectance attachment. Difference spectra
were obtained by the subtraction of the untreated cotton
spectrum from that of the modified cottons.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was carried out on
BTG-modified and untreated cotton fabric using a Dulont
1090 thermal analyser, the temperature being increased at a
rate of 10 degC/min.
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RESULTS AND DISCUSSION

Cotton esterified with benzoyl chloride

Untreated cotton and the cotton modified by the standard
benzoyl chloride procedure were dyed with CI Disperse
Blue 183 and the colour yields and wash fastness properties
of the dyeings determined; Table 1 summarises the results
obtained. Clearly good colour yields and promising wash
fastness properties were displayed on the benzoylated
cotton.

Cotton esterified with BTG

IR spectroscopy indicated that benzoylthioglycollic acid
had been satisfactorily prepared; microanalysis also
confirmed the purity of the product.

The BTG hydrolysis experiments at room temperature
indicated that, even under strongly alkaline conditions, the
rate of hydrolysis was exceedingly slow, only 3% hydrolysis
occurring after 24 h at pH 11.0. The extent of hydrolysis of
sodium BTG at 100°C was determined over the pH range
4.00-10.46 and a period of 04 h. The results shown in
Figure 2 indicate that significant hydrolysis of BTG occurred
at the boil, especially under alkaline conditions.

On thermofixation of cotton impregnated with BTG and
disperse dye, the thioglycollic acid liberated in the reaction
interacted with the disperse dye, giving a weaker and
redder hue, compared with that obtained when benzoyl
chloride was used to pretreat cotton prior to dyeing.

The spectrum of CI Disperse Blue 183 showed a

Table 1 Colour yields of dyed cotton and modified cotton fabric,
and resulting wash fastness tests

After ISO 2 wash test

K/Sofdyeing K/Swashed K/Snylon6.6
Treatment (620 nm) dyeing (staining)
Nene 0.28 0.22 0.03
Benzoyl chloride  17.88 16.77 0.12

Yield of sodium benzoate, %

0 i i {

4.0 6.0 8.0 10.0
pH

Figure 2 Effect of pH and time on the hydrolysis of BTG at 100°C




wavelength of maximum absorption of 555 nm. The
addition of thioglycollic acid to the dye solution resulted in
the formation of two absorption peaks in the spectrum of
the dye, one at 420 nimn and the second at 610 nm. As more
thioglycollic acid was added to the dye solution, the peak at
610 nm was gradually shifted towards 605 nm, the peak at
420 nm being unaffected. This demonstrated that the
thioglycollic acid reacted with the dye chromophore.

Owing to the above problem, it was decided to pretreat
the cotton by padding with alkaline BTG solutions, baking
(60 s, 200°C) and then washing-off in water. Subsequently
the modified fabric was dyed with 2% o.w/f. CI Disperse
Blue 183. The effect of sodium carbonate concentration on
colour yield was determined and the results are plotted in
Figure 3.

When 200 g/l BTG (16% o.w.f) was applied to cotton in
the presence of sodium carbonate, the highest colour yield
was achieved with a sodium carbonate concentration of
2.5% o.w.t. Application of 300 g/l BTG (24% o0.w.f.) required a
sodium carbonate concentration of 4.5% o.wAf. to obtain the
highest colour yield (Figure 3). BTG application to cotton in
the presence of sodium hydroxide, (1-4% o.w.f) gave very
promising colour yields, espedially at lower alkali levels (1-
2% o.wf) (Table 2). At higher levels of cotton benzoylation,
good colour yields and wet fastness properties could be
achieved.

Since urea additions often improve the fixation of
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Figure 3 Effect of sodium carbonate concentration on colour yieid

Table 2 Effect of sodium hydroxide addition on colour yield before and after ISO 2 and

1SO 3 wash fastness tests

reactive dyes in pad-thermofix or print-thermofix systems,
additions of urea to the pad liquor containing 200 g/1 BTG
and 20 g/l sodium carbonate were expected to increase the
extent of benzoylation following thermofixation for 60 s at
200°C. The dyeing results (Table 3) indicate that urea
additions had an adverse effect on the reaction. The
probable explanation for this effect would be that the
ammonia produced from the thermal degradation of urea
reacted rapidly with BTG to form benzamide, thus
reducing the concentration of reactive species.

As the thermofixation time was increased from 30 to 120
s, higher levels of BTG fixation were achieved, resulting in
modified cotton fabrics with higher DS values. The DS and
fixation of BTG on to cotton also increased as higher
temperatures were used during thermofixation. The
increase in DS that resulted when longer thermofixation
times or higher temperatures were used gave rise to
disperse dyeings of improved colour yields. The BTG
fixation results versus thermofix time and temperature are
shown in Figure 4; a maximum fixation value of 80.4% was
achieved after 60 s at 220°C, representing a DS of 0.109.

The FTIR difference spectrum obtained by subtracting
the spectrum of untreated cotton from the spectrum of
BTG-modified cotton showed a very strong absorption
peak at 1718 cm! (Figure 5). This absorption peak
corresponds to the stretching absorption of the carbonyl
group in the resulting benzoyl ester derivative of the
cellulose. The difference spectrum also showed absorption
peaks at 1602 and 1453 em'!, which correspond to the IR
stretching vibrations of the carbon—carbon double bonds in
the benzene ring of cotton modified by benzoyl ester.

The DSC plot for untreated cotton reveals exothermic
enthalpy changes at temperatures of 334.0 and 376.0°C, and
an endothermic enthalpy change at 357.0°C. The corres-
ponding DSC plot for BTG-medified cotton contains only
an endothermic enthalpy change at 364.0°C (Figure 6).

The exothermic changes obtained in the DSC plot for
cotton are possibly due to decomposition processes that
may occur within the fabric during heating. The endo-
thermic peaks in the DSC plots for both untreated and
BTG-modified cotton fabric are possibly due to local
changes either in the crystalline regions in natural cotton or
a breakdown in hydrophobic interactions in the BTG-

Table 3 Effect of urea
concentration on colour
yield of BTG-modified

cotten (200 g/l BTG, 20 g/t
sodium carbonate)

Sodium 1ISO2 ISO3
BTG hydroxide K/Sof Urea K/S at
concn  applied dyeing K/Swashed HK/Snylon  K/Swashed K/S nylon conen (%) 620 nm
{g) (gM (620 nm) dyeing {staining) dyeing (staining)
200 20 7.19 6.69 0.21 5.25 0.28 g ggg
200 40 3.37 15 462
300 10 10.52 8.90 0.14 7.65 0.33 20 3.07
300 20 6.62 5.58 .21 475 0.37 05 2i77
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Figure 4 Effect of time and temperature on the fixation of BTG (200
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Figure 6 DSC plots of untreated and BTG-medified cotton

modified cotton on heating. The movement in the position
of the endothermic peak may be due to changes occurring
in the physical structure of the polymer, brought about by
modification.

The DSC plots for untreated and BTG-modified cotton
fabric also contain endothermic peaks at 115.0 and 112.0°C
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respectively. The peak area of the endothermic peak in the
DSC plot for untreated cotton is greater than that obtained
in the DSC plot for BTG-modified cotton.

The lower peak area obtained in the DSC plot of BTG-
modified cotton could be due to decreases in the amounts
of water trapped within the polymer chains after
modification, brought about by changes in the physical and
hydrophobic nature of the polymer after benzoylation.

CONCLUSIONS

Natural cotton has little substantivity for disperse dyes, the
resulting disperse dyeings giving poor ISO 2 and 15O 3
wash fastness results. By modification of cotton with
benzoyl chloride via a Schotten-Baumann reaction, a
modified fabric can be produced that allows disperse
dyeings of high colour yield to be produced. The resulting
disperse dyeings gave good results in ISO 2 and ISO 3 wash
fastness tests.

This investigation has demonstrated that a water-soluble
benzoylating agent, sodium benzoylthioglycollate (BTG),
can be applied to cotton in the presence of an alkali via a
pad—dry—thermofix process to produce a modified fabric for
which disperse dyes have improved substantivity. The
resulting disperse dyeings were of high colour yield and
gave good results in 15O 2 and ISO 3 wash fastness tests.

The esterification of cotton by BTG was confirmed by
FIIR spectroscopy and DSC; the latter indicates that im-
portant changes associated with increased hydrophobicity
had occurred.

Since BTG is a water-soluble active ester, its use would
allow the formation of benzoyl esters of cellulose under mill
processing conditions. This latter aspect is a great advantage
over the Shikibo-Uni process, which relies on the Schotten-—
Baumann reaction with benzoyl chloride.
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