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SYNOPSIS

A single-step dyeing and finishing (SDF) process was developed to eliminate dyeing problems
associated with cotton crosslinked by polycarboxylic acid such as 1,2,3,4-butanetetracar-
boxylic acid (BTCA). This process consisted of several steps: (a) impregnation of the fabric
by the bath containing BTCA, dye, and catalyst; (b) drying; and (c¢) curing at high tem-
perature. Color strength (K/S) and dye fixation of cotton treated by the SDF process were
excellent, especially with reactive dyes containing mono- or dichlorotriazinyl compounds
and, in some cases, were higher than those of the sample dyed by a conventional batch
process without finishing treatment. The presence of dye in the SDF process did not interfere
with crosslinking of cotton. We believed that the reaction occurred between carboxyl groups
of BTCA and s-triazinyl groups in reactive dyes in the presence of imidazole and other
catalyst. FTIR, Raman, and X-ray fluorescence spectroscopies were used to confirm the
mechanism of dye fixation. Elemental analysis also supported this mechanism. The SDF
process can be an excellent way to dye fabric that also requires crosslinking treatment for
smooth drying appearance. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

Recent studies have indicated that crosslinking
treatment of cellulose using polycarboxylic acids
provide a means to produce nonformaldehyde du-
rable press finished cotton.!™ Various polycarboxylic
acids such as 1,2,3,4-butanetetracarboxylic acid
(BTCA), citric acid, and a mixture of maleic acid
and itaconic acid were investigated and their ad-
vantages and disadvantages in terms of crosslinking
efficiency, economy, durability of finish, and
strength retention of the treated fabric have been
studied.'®®

Although crosslinking treatment of cotton via
etherification with N-methylol derivatives or ester-
ification with polycarboxylic acids improved smooth
drying appearance of the treated fabric, it renders
substantial reduction in dye uptake and fixation.
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Two reasons could cause this reduction: (a) limited
availability of dye sites that are already occupied by
finish molecules, and (b) blocking of cellulose hy-
droxyl groups by crosslinking reaction.®

Specifically, the esterification reaction of cellulose
with polycarboxylic acids provides large amounts of
unreacted free carboxyl groups within the fiber.’
These free carboxyl groups cause substantial de-
crease in the affinity of cellulose toward conventional
cotton dyes, such as direct dyes and reactive dyes.’
In many cases, therefore, cotton fabrics are dyed
prior to crosslinking treatment.® However, cross-
linking treatment of dyed cotton often produces un-
desirable effects, such as fastness problems and
shade changes, and these effects are more pro-
nounced in the presence of a reductive catalyst, such
as sodium hypophosphite, when the fabrics are dyed
with sulfur dyes and some reactive dyes.*®

Many attempts have been made to minimize the
problems associated with the dyeing of crosslinked
fabrics. Hebeish et al.? and Refai and Ibrahim!® have
investigated factors that affect dyeability. Blanchard
and Reinhardt® have studied the use of hydroxyl-
amines that reacted with N-methylol agents on cel-
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lulose to produce a crosslinked fabric that had af-
finity for anionic dyes.

Another approach to solving the dyeing difficulty
of crosslinked fabric has been a simultaneous dyeing
and finishing process.!!'!* By using this process, dyed
fabrics showed excellent color strength (K/S) and
fixation. It was believed that nucleophilic groups
within the dye molecules reacted with cellulose hy-
droxyl groups during the crosslinking treatment, re-
sulting in excellent fixation. The number of nucleo-
philic groups, structure, molecular size, and steric
configuration of the dyes were important factors in
fixation.!! In addition, other advantages, such as
cost-effectiveness, can be introduced by using this
single-step dyeing and finishing process.

Previous studies on the single-step process, how-
ever, have been based mainly on the use of N-meth-
ylol compounds as the crosslinking agent. In the
present study, we investigated the single-step dyeing
and finishing process of cotton fabrics using poly-
carboxylic acid as a crosslinking agent and imidazole
as a catalyst. This process could overcome dyeing
problems in addition to being cost-effective and
simple.

EXPERIMENTAL

The fabric used was a desized, scoured, and bleached
100% cotton print cloth weighing approximately 3.1
oz/yd? (107 g/m?). The crosslinking agent used was
BTCA (Tokyo Kasei Chemicals) and the catalyst
used was imidazole (Aldrich Chemical Co.). Addi-
tional catalysts, such as sodium hypophosphite and
2-methylimidazole supplied by Aldrich, were also
used for comparison purposes. Triton X-100 (Ald-
rich) and Cyanaluble TSI (American Cyanamide)
were used as a nonionic wetting agent and softener,
respectively. Triethanolamine and polyethylene
glycol with molecular weight of 600 (PEG-600), both
from Aldrich, were used as additives. Dyes supplied
by various commercial sources were commercial
grade, used without further purification.

Unless otherwise stated, a fabric sample (15 em
X 13 em) was padded in a solution containing 6.5%
owb (on the weight of bath) BTCA, imidazole (one-
to-one mole ratio vs. BTCA), 1% owb Cyanaluble
TSI, 0.1% owb Triton X-100, 2-3% owf (on the
weight of fiber) dye, and, if necessary, additives. The
liquor-to-goods ratio was 10 : 1. One dip-and-nip at
200 kPa gave a wet pickup of about 756% using a
Werner-Mathis Laboratory Pad Range. The sample
was then dried for 5 min at 85°C and cured for 1.5
minutes at 180°C, 190°C, or 200°C. The cured sam-

ple was washed through running water and then
dried at an ambient condition.

For comparison purposes, some samples were
dyed by a conventional batch process. The sample
was placed in a bath containing NaCl (17% owb)
and distilled water (liquor-to-goods ratio 20: 1) and
agitated for 10 min at 40°C. After the stock dye
solution (2% owf) was added, the bath was again
agitated for 30 min. Finally, Na,CO3 (20% owf) was
added to the dyebath to promote reaction and the
bath was agitated for another 30 min. The temper-
ature was maintained at 40°C to minimize hydrolysis
of the dye molecules.

Treated fabrics were divided into four pieces.
One-fourth of the samples were treated with 0.1%
Tanapon X-70 (modified polyglycol ether from Sy-
bron Chemical, Inc.) solution at 100°C for 10 min.
Another fourth of the samples was treated with 50/
50 (v/v) dimethyl formamide (DMF)/water solu-
tion at 100°C for 10 min to assess the extent of fix-
ation.

Some samples were mercerized with sodium hy-
droxide solution in a tensionless state according to
a previous study.'* Conditioned wrinkle recovery
angles (AATCC Test method 66-1990)'® were eval-
uated to measure smooth drying appearance of the
treated fabric. A Hunter Ultrascan Sphere Spectro-
photometer was used to measure the reflectance, and
K/S values were calculated automatically according
to the Kubelka—-Munk equation:

K/S=(1-R)%*/2R

where R is the reflectance at the wavelength of max-
imum absorption.? Percent fixation was calculated
as the ratio of the K/S value after Tanapon X-70
or DMF /water treatments to the K /S value before
these treatments.

Fourier transform infrared (FTIR) spectra were
obtained on potassium bromide disks of fabric
ground in a Wiley mill to pass a 20-mesh screen.’
The infrared spectra of the treated fabrics were ob-
tained on a Digilab FTS40 spectrometer (BioRad,
Digilab Division, Cambridge, MA) equipped with a
deuterated triglycine sulfate detector, a water-cooled
source, and a dry air purge (Balston, Inc., Lexington,
MA). One hundred scans of each sample were col-
lected at a resolution of 4 cm™. All of the spectra
were transferred through Kermit protocol to an
IBM-compatible computer for analysis and plotting
by SpectraCalc software (Galactic Industries, Na-
shua, NH). A 15-point Savitsky—Golay smoothing
algorithm was applied to all of the spectra prior to
subtraction. If necessary, a two-point baseline cor-
rection between 3850 and 1850 cm™ was also applied.



Fourier transform Raman spectra were obtained
on a Spex FT R/IR (J-Y/SPex/Instruments SA,
Edison, NJ) equipped with a Bomem Michelson in-
terferometer and a 750 M-35 Nd:YAG Laser (Lee
Laser Inc., Orlando, FL). Two layers of fabric were
placed in the sample holder and 100 scans of each
sample at a resolution of 4 cm™ were collected. The
Raman spectrum of the dye itself was obtained on
a KBr disk prepared for FTIR. The spectra were
smoothed using a factor of 12 and were transferred
to SpectraCalc through J-Camp for subtraction and
plotting.

An energy dispersive X-ray fluorescence spec-
trometer (Kevex EDX-771, Fisons Instruments,
Inc., San Carlos, CA) was used to analyze the pres-
ence of residual chlorine in the treated samples.
Samples were ground to pass 20-mesh screen,
pressed at 20,000 psi for 20 seconds, and analyzed
with a potassium secondary target for 100 seconds
in a Helium atmosphere at 30 kV and 1.0 ma.

RESULTS AND DISCUSSION

Various Dyes in SDF Process

Cotton fabrics were dyed and crosslinked simulta-
neously using different classes of dyes, such as direct,
acid, disperse, and reactive dyes. Tables I and II
show the K/S values of dyed samples and those
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treated with Tanapon and DMF /water solutions to
assess the extent of dye fixation. Uniform dyeing
was obtained for all samples. No appreciable differ-
ence was observed in color strength of the samples
treated at three different temperatures, however the
fixation increased substantially at higher curing
temperature in each dyestuff.

Better fixation was expected with C.I. (Colour
Index )!® Direct Green 6 than with C.I. Direct Red
81 since the former has good exhaustion property
and a larger number of nucleophilic groups (total
3).!1 However, results revealed that C.I. Direct Red
81 showed much greater fixation than that of C.L
Direct Green 6. C.I. Direct Red 81 is smaller than
C.I. Direct Green 6 in molecular size. This suggested
that in a single-step dyeing and finishing (SDF)
process, the size of the molecule could play an im-
portant role in determining dye fixation by hindering
good penetration of the dyestuff to the vicinity where
the reaction took place. Other factors such as steric
configuration and high aggregation properties of the
dyestuffs could also have contributed to this differ-
ence.'? No advantage was shown with a dye concen-
tration increase to 3% with respect to both color
strength and dye fixation (Table I).

Acid dyes generally have no or little affinity to-
wards cellulosic fibers. But in the SDF process, good
fixation of the acid dyes was obtained. Especially
with C.I. Acid Orange 7, the increase of dye fixation

Table I Color Strength (K/S) Values of Cotton Treated by SDF Process Using BTCA and Different

Classes of Dyes®

Cured at 180°C

Cured at 190°C

Cured at 200°C

Dyes (2% owf) Initial K/S AP B¢ Initial K/S A B Initial K/S A B
Direct Green 6 0.93 0.49 0.45 1.74 0.66 0.92 1.70 0.89 1.01
(52.9)¢  (48.4) (38.3) (53.4) (562.2) (69.7)
Direct Red 81 9.18 6.81 5.76 11.34 9.85 10.30 10.56 9.69 10.35
(74.2) (62.7) (86.8) (90.8) (91.8) (98.0)
Direct Red 81 10.90 8.03 7.37 11.32 7.77 7.13 10.12 7.27 7.76
(3% owf) (73.7) (67.6) (68.6) (63.0) (71.9) (76.7)
Acid Orange 7 2.45 0.61 0.88 2.89 0.83 1.75 2.09 2.02 2.27
(24.8) (35.9) (28.8) (60.5) (69.6) (78.2)
Acid Yellow 42 1.43 1.02 1.01 1.43 1.05 1.02 1.50 1.14 1.19
(71.0) (70.3) (73.6) (71.0) (76.1) (79.5)
Disperse Blue 3 1.04 0.61 0.54 1.20 0.72 0.72 1.03 0.73 0.79
(59.2) (52.0) (60.0) (59.8) (71.1) (77.1)
Disperse Red 5 0.81 0.57 0.46 1.83 1.19 1.27 1.72 1.30 1.30
(69.7) (56.3) (65.1) (69.3) (75.5) (75.6)

# The treating bath contained 6.5% owb BTCA, imidazole (1 : 1 mole ratio vs. BTCA), 1% owb softener, 0.1% owb wetting agent,
and 2% owf dyes. The samples were dried at 85°C for 5 minutes and cured for 1.5 min. "Tanapon treated. ‘SDMF/water treated.
4Percent fixation value is shown in parentheses.
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Table II Color Strength (K/S) Values of Cotton Treated by SDF Process using BTCA and Various

Reactive Dyes

Cured at 180°C

Cured at 190°C Cured at 200°C

Reactive dyes (2% owf) Initial K/S A B Initial K/S A B Initial K/S A B
Reactive Red 8 9.70 7.66 8.32 10.74 9.72 10.04 11.32 10.78 10.51
(79.0) (85.8) (90.5) (93.5) (95.2) (92.8)
Reactive Red 4 6.49 5.92 591 5.88 5.61 5.69 6.01 5.52 5.54
(91.2) (91.1) (95.5) (96.8) (92.0) (924)
Reactive Blue 4 1.63 1.23 1.33 1.51 1.31 141 1.59 1.45 1.46
(75.8) (81.6) (86.9) (93.0) (91.2) (91.6)
Reactive Blue 5 1.42 1.05 1.21 1.38 1.21 1.23 1.35 1.26 1.19
(74.2) (84.9) (87.8) (89.0) (93.0) (88.3)
Reactive Red 21 4.86 3.92 4.31 4.98 4.41 4.58 5.57 4.61 4.25
(80.6) (88.5) (88.5) (92.1) (82.9) (76.3)
Reactive Yellow 17 3.48 1.84 2.79 3.13 2.84 2.47 3.47 3.09 2.86
(52.8) (80.0) (90.7)  (78.9) (89.1) (82.4)
Reactive Red 8 12.57 8.26 9.03 13.04 11.05 11.16 13.33 10.36  11.66
(3% owf) (65.7) (71.9) (84.7) (85.6) (77.7)  (87.5)

at 200°C curing was substantial. Fabrics dyed using
these acid dyes in the absence of BTCA and imid-
azole catalyst showed 1.6-2.2% dye fixation values
with 0.49 (Orange 7) and 0.78 (Yellow 42) color
strength. This indicated that some sort of chemical
reaction could have occurred between nucleophilic
groups of dyestuffs such as — OH and free carboxyl
groups of BT'CA which did not react with cellulose.

Disperse dyes, being insoluble in water, are un-
suitable for dyeing cellulosic fibers; but uniform
dyeing and good fixation were obtained when these
dyes were incorporated into the SDF process. Nev-
ertheless, color strength of the fabrics dyed with
disperse dyes was generally lower than that of the
fabrics dyed with acid or direct dyes, due to low sol-

ubility of disperse dyes that greatly reduced dye
penetration to the reaction site.

Table II shows color strength values of cotton
treated by the SDF process using BTCA and various
reactive dyes in the presence of imidazole. These
reactive dyes show much higher color strength values
compared with those of the fabrics dyed with other
types of dyes. Increase in curing temperature from
180° to 190°C during the SDF process considerably
improved dye fixation but fixation leveled off at
190°C in many cases. An increase in dye concen-
tration to 3% increased color strength values
slightly, but fixation values decreased at each tem-
perature, indicating the presence of more surface
dyes.

Table III Color Strength (K/S) Values of Dyed Cotton (Unfinished and Previously Finished by

Two-Step Process)*®

Dyed and Finished Cotton Samples Treated by Two-Step Process

Unfinished Sample

Cured at 180°C?

Cured at 190°C Cured at 200°C

Initial Initial Initial Initial
Dyes (2% owf) K/S A B K/S A B K/S A B K/S A B
Reactive Red 8 6.25 1.55 1.27 0.65 0.19 0.22 0.51 0.18 0.24 0.56 0.16 0.19
(24.9) (20.3) (28.8) (33.0) (34.8) (47.7) (28.0) (33.5)
Reactive Red 4 7.55 6.67 6.72 1.25 0.64 0.68
(88.3) (89.0) (561.2) (54.4)

® The samples were dyed by a conventional batch process. "Curing temperatures for a separate finishing process with BTCA.
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Table IV Conditioned Wrinkle Recovery Angle (WRA) of Cotton Treated by

SDF Technique

Cured at 180°C

Cured at 190°C Cured at 200°C

Initial DMF/Water
Dyes (2% owf) WRA Treated Initial WRA Initial WRA
Undyed 280 — 284 292
Reactive Red 81 286 273 295 289
Reactive Red 8 282 272 293 293

We also dyed the unfinished fabric and the fabric
separately, finished by BT'CA and imidazole at dif-
ferent curing temperatures, to compare with the
fabric treated by the SDF process. When the com-
parison was made between the SDF-treated fabric
and the unfinished fabric in Tables II and III, the
unfinished fabric showed considerably low color
strength and dye fixation in the case of C.I. Reactive
Red 8. With C.I. Reactive Red 4 the difference in
color strength and dye fixation between the two fab-
rics was small. On the other hand, the previously
finished cotton fabric, in a separate step, resulted
in remarkable reduction in color strength as well as
in dye fixation. These decreases occurred at all cur-
ing temperatures, suggesting that even at the tem-

perature of 180°C the BTCA-finished fabric lost
most of its affinity toward conventional cotton dyes,
such as reactive dyes. This was due to the blocking
of cellulose hydroxyl groups by crosslinking reaction
and the repulsive force coming from free carboxyl
groups. These results clearly indicate that with the
SDF process, dyeing problems encountered with the
fabric finished with polycarboxylic acids such as
BTCA can be eliminated or at least substantially
minimized.

The objective of the SDF process was to dye cot-
ton as well as to increase its smooth drying appear-
ance. Therefore, conditioned wrinkle recovery angles
(WRASs) of the SDF-treated samples were evaluated
as shown in Table IV. Addition of reactive dyes in
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Figure 1 Effect of mercerization on color strength of cotton dyed with reactive dyes
(cured at 190°C for 1.5 min). (@) C.I. Reactive Red 8; (W) C.I. Reactive Red 4; (Ao) C.I.
Reactive Blue 4; (¥) C.I. Reactive Blue 5; () C.I. Reactive Red 21; (@) C.I. Reactive
Yellow 17.
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Figure 2 Effect of bath additives on reactive dye fixation of cotton. (@) C.I. Reactive
Red 8 and Tanapon-treated; (HM) C.I. Reactive Red 8 and DMF /water-treated; (a) C.L
Reactive Red 4 and Tanapon-treated; (¥) C.I. Reactive Red 4 and DMF /water-treated.

the SDF process did not reduce WRA values of the
treated fabric, suggesting little or no hindering of
crosslinking reaction in the presence of dyes. After
extraction with DMF /water treatment, a slight re-
duction was observed in WRA values. In addition,
there was an increase in WRA values at higher cur-
ing temperatures, which was in accordance with the
greater fixation of dyes at higher temperatures.

Effect of Mercerization

Cotton samples submercerized (14%) and mercer-
ized (20% ) according to a previous study '* were dyed
and finished by the SDF process using reactive dyes.
From Figure 1 it can be concluded that the color
strength of dyed submercerized and mercerized
samples was generally higher than that of the un-
mercerized samples. Also the fully mercerized sam-
ples (20%) showed higher color strength than the
submercerized samples (14% ). It is well known that
the mercerization brings about increased accessi-
bility and decreased molecular orientation of the
cellulose, and high reactivity towards finishes and
dyes.® Contrarily, in many cases mercerization of
the cotton tended to decrease dye fixation (not
shown). This could be due to the opened structures
of the mercerized cotton resulting in free absorption
and desorption of dyes within the molecules.

In general, improvement of color strength by
mercerization was greater with a dye having larger
molecular weight, such as C.I. Reactive Red 4, than
that of smaller dye, such as C.I. Reactive Red 8.
Increased pore size in cotton due to mercerization
could facilitate the entry of larger molecules into
interfibrillar spaces, resulting in increased color
strength.

Influence of Additives

The effect of additives such as triethanolamine
(TEA) and polyethyleneglycol (PEG) was also
studied. It was claimed that TEA and PEG reacted
with the BTCA crosslinking agent to produce fabric
that had an affinity for anionic dyes, such as reactive
dyes, direct dyes, etc.® The dye fixation decreased
consistently with increase in additive concentration,
as shown in Figure 2. The decrease in fixation was
more noticeable at higher concentration levels. The
same trend was shown with the K/S values (not
shown). At higher concentration levels, the decrease
in fixation was more pronounced in the case of TEA
compared with PEG. The decrease in fixation was
due to a competing reaction between nucleophilic
groups of the additive and the dye to react with free
carboxylic groups of BTCA. Also, due to its basic
nature, TEA increased the pH of the SDF bath at
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Figure 3 Effect of bath additives on conditioned wrinkle
recovery angle of cotton. Samples were cured at 190°C for
2 min. (@) TEA; (m) PEG.

high concentration, which further hindered the es-
terification reaction. In addition, it was observed
that at higher concentration PEG tended to form a
surface coating which might further hinder the dye
diffusion.

The influence of the additives on WRA values is
shown in Figure 3. There was a drastic decrease in
WRA of the samples treated with TEA at high con-
centration levels. This further confirmed that high
concentration of TEA hindered the crosslinking re-
action as well as dye fixation. In the case of PEG,
although the effect was not as pronounced as that
of TEA, substantial decrease in WRA was observed.

Cotton samples were separately finished by
BTCA along with 2% additives and then dyed. In
Tables III and V, results show that at 2% the pres-
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ence of additive in the finish bath only slightly in-
creased K/S and dye fixation of cotton, compared
with cotton dyed by the two-step process without
involving additives. Although high K/S values might
be obtained at high concentration of additives in the
finish bath, this could decrease the fixation.

Mechanism of Dye Fixation

Crosslinking of cotton using BTCA was obtained
through esterification reaction between BTCA and
cellulose in the presence of an imidazole catalyst. A
similar chemical reaction was expected to take place
between nucleophilic groups of the dyes and free
carboxyl groups of BTCA, which consequently re-
sulted in a high level of dye fixation.

To analyze the reaction mechanism between the
dye, BTCA, and cellulose, samples were dyed and
finished without imidazole. The dye fixation was
considerably low (i.e., about 18-64%) in the absence
of imidazole as shown in Table VI, indicating the
low extent of the reaction. In addition, cotton treated
without BT'CA had even lower dye fixation, ranging
from 7.8% to 14.2%. Even in the absence of BTCA,
a basicity of imidazole was not high enough to induce
a nucleophilic substitution reaction between the s-
triazinyl chloride and the hydroxyl groups of cel-
lulose. This was represented by remarkably low dye
fixation and K/S.

We also examined the presence of any chemical
reaction between dye and cellulose by the action of
imidazole at low pH values without involving BTCA.
This was based on the assumption that BTCA acted
as an acid catalyst. The pH of baths prepared by
imidazole and dye in the absence of BTCA was ad-
justed to 3.1 and 1.8 (similar to the bath pH with
BTCA) by using acetic acid and sulfuric acid, re-
spectively. Both cases showed little or no dye fixa-
tion. These results continuously confirmed that a

Table V Color Strength (K/S) Values of Cotton Treated by Two-Step Process (Finished along with 2%

Additives and then Dyed)®

Triethanolamine Polyethyleneglycol
Reactive dyes
(2% owf) Initial K/S A B Initial K/S A B
Reactive Red 8 0.67 0.23 0.29 0.76 0.23 0.39
(34.3) (43.3) (30.3) (51.3)
Reactive Red 4 1.69 0.93 0.91 81.64 1.51 0.88
(55.0) (53.8) (92.1) (63.7)

® The fabric was first finished by the treating bath containing 6.5% owb BTCA, imidazole (1 : 1 mole ratio vs. BTCA), 2% owb
additive, 1% owb softener, and 0.1% owb wetting agent, dried at 85°C for 5 mins, and cured at 190°C for 1.5 min. The sample was

then dyed with 2% owf reactive dyes by a batch method.
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Table VI Effect of Various Components in SDF Process on the Fixation of Reactive Dyes®

C. 1. Reactive Red 8

C. 1. Reactive Red 4

Bath Component Initial K/S A B Initial K/S A B
BTCA + Imidazole 10.74 9.71 10.04 5.88 5.61 5.69
(90.5) (93.5) (95.5) (96.8)
BTCA + 2-methyl 7.23 6.05 6.42 — — —
imidazole (83.7) (88.8)
BTCA + sodium 7.67 7.83 6.52 — — —
hypophosphite (100.0) (85.0)
BTCA 4.62 1.40 1.36 2.36 1.51 1.31
(30.3) (29.4) (64.0) (18.0)
Imidazole 3.57 0.44 0.28 2.12 0.30 0.20
(12.3) (7.8) (14.2) 9.4)
Imidazole at 3.20 0.50 0.30 — — —
pH = 3.1° (15.6) (9.4)
Imidazole at 6.59 0.48 0.34 5.48 0.54 0.37
pH = 1.8 (7.3) (5.2) (9.9) (6.8)

® The treating bath contained 6.5% BTCA (as needed), catalyst (1 : 1 mole ratio, as needed), 1% softener, 0.1% wetting agent, and
2% owf dyes, dried at 85°C for 5 min, and cured at 190°C for 1.5 mins. ®The bath pH was controlled by acetic acid to 3.1 and by

sulfuric acid to 1.8.

synergistical chemical interaction had occurred be-
tween the dye, BTCA, and cellulose molecules in
the presence of imidazole.

Other catalysts, such as 2-methylimidazole and
sodium hypophosphite, also resulted in good fixation
of dyes (Table VI). This tended to suggest that any
catalysts which can enhance esterification reaction
between BTCA and cellulose could improve dye fix-
ation on cotton in the SDF process. However, with
sodium hypophosphite the fabric dyed by C.I. Re-
active Red 8 substantially changed its shade due to
the reductive nature of the catalyst.

The fixation of the reactive dyes (mono- and
dichloro s-triazinyl dyes) was exceptional when
compared with that of dyes from other classes. A
possible mechanism can be proposed to explain this
superior fixation. It is known that cyanuric chloride
reacts with carboxylic acid in the presence of a cat-
alyst such as amine to form acylchloride and cy-

X
NN 3
/L B + 2RCOOH imidazole
Dye N Cl
H
N
2RCOCI

\

| +
Dye)\N OH

anuric acid.'” Similarly, as shown in Scheme 1,
dichloro or monochloro s-triazinyl dyes could react
with BTCA in the presence of imidazole or other
similar catalysts to form acid chloride and hydroxy-
substituted triazinyl dye.

As a result of this reaction the number of nu-
cleophilic groups in the dye was increased by one or
two, depending upon whether the dye was mono- or
di-chloro triazinyl dye. So the larger the number of
nucleophilic groups, the greater the probability of
the dye reacting with the free carboxylic acid groups,
and the better the fixation of the dye.

FTIR and Raman Spectroscopic Analyses

Fourier transform infrared (FTIR) and Raman
spectroscopic analyses were carried out to confirm
some of the assumptions proposed earlier. When C.1.
Reactive Red 8, whose chemical structure is illus-

C.l. Reactive Red 8

sogNa  QH cl
oGy
NaO3S NH—Sv"el

Scheme 1
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Figure4 FTIR and Raman spectra of C.I. Reactive Red 8. A: FT Raman spectrum [ peak
1: 1593 cm ™7, peak 2: 1492 cm ™}, peak 3: 747 cm ™! |; B: FTIR spectrum [peak 4: 1585 cm™,

peak 5: 1493 cm™, peak 6: 783 cm™'].
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Figure 5 FT Raman spectra of various cotton samples. A: untreated cotton; B: BTCA-
finished cotton; C: dyed cotton with C.I. Reactive Red 8 [peak 1: 1589 cm ', peak 2: 1474
cm™!]; D: dyed and finished cotton by the SDF process [peak 3: 1579 cm™!, peak 4: 1479

cm™].
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Figure 6 FTIR spectra of various cotton samples. A: untreated cotton; B: BTCA-finished
cotton [peak 1: 1732 cm™, peak 2: 1587 cm™!; C: dyed cotton with C.I. Reactive Red 8; D:
dyed and finished cotton by the SDF process [peak 3: 1732 cm™!, peak 4: 1587 cm™'].

trated below, was analyzed by FT Raman spectros-
copy, characteristic peaks are shown at 1593 cm™*
for —C=C—, 1492 cm™* for —C—N— in s-
triazinyl ring, and 747 cm™! for — C—Cl (Fig. 4A).
When the same dyestuff was analyzed by FTIR,
similar results were obtained and peaks were shown
at 1585 cm™!, 1493 cm™', and 783 cm™! for
—C=—=C—, —C=N—, and —C—ClI, respec-
tively (Fig. 4B).

Three cotton samples were finished by BTCA,
dyed by C.I. Reactive Red 8, and finished and dyed.
Their spectra, along with those of untreated control
fabric are shown in Figure 5 for Raman and Figure
6 for FTIR spectroscopies. Once the BTCA-finished
cotton was analyzed by Raman spectroscopy, no
characteristic carbonyl peak for ester and free car-
boxyl groups was observed in the spectrum (Fig. 5B).
On the other hand, in the Raman spectrum of the
dyed fabric the peak was exhibited at 1589 cm™!
(peak 1), probably due to —C=—C— group of ar-
omatic ring structures in the reactive dye molecule,
as shown in Figure 5C. The same peak was shifted
to a slightly lower wave number (1579 cm ') in the
case of BTCA-finished and dyed fabric (Fig. 5D). In
addition, the dyed sample (Fig. 5C) and the finished
and dyed sample (Fig. 5D) exhibited 1474 cm ™! and

1479 cm ™, respectively, for —C—=N— groups in
the s-triazinyl ring structure, indicating the presence
of dyes. The peak at 747 cm™* for — C—Cl which
was shown in the pure dye disappeared in both the
dyed fabric and the finished and dyed fabric. This
suggested that the reaction could have occurred
through the s-triazinyl group, as proposed above.

Contrarily, in FTIR spectra both the finished
(Fig. 6B) and the finished and dyed (Fig. 6D) samples
show strong carbonyl peaks at 1732 cm™* for ester/
carboxylic acid and 1587 cm™? for carboxylate group
in BTCA (Fig. 6). Further analyses were carried out
with these two spectra (Figs. 6B and 6D) by nor-
malizing with the spectrum of the untreated sample
(Fig. 6A); the results are shown in Figure 7. The
only difference between the two spectra was ob-
served at 1485 ecm™ due to the —C=N— group
in the s-triazinyl ring structure. This indicated the
presence of dye molecules in the dyed and finished
sample, but did not tell whether the reaction had
occurred in the s-triazinyl ring structure.

Results illustrated in Figure 7 show that there
was considerable difference between two differential
spectra in Figure 7A [the spectrum of the dyed sam-
ple (6C)—the spectrum of the untreated cotton (6A)]
and Figure 7B [ {the spectrum of the dyed and f{in-
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Figure 7 Differential FTIR spectra of cotton samples. A: dyed cotton with C.I. Reactive
Red 8 (6C)—untreated cotton (6A); B: {dyed and finished cotton by the SDF process
(6D) —untreated cotton (6A ) } —{ BTCA—finished cotton (6B ) —untreated cotton (6A) }.

ished sample (6D)—6A}—{the spectrum of the
BTCA-finished sample (6B)—6A}]. This difference
suggested that the reaction mechanisms of dye fix-
ation between the sample dyed by a conventional
batch dyeing process and the sample dyed by the
SDF process could be different.

Elemental analyses were also carried out to de-
termine whether the fabrics had any chlorine con-
tent after the treatment. It was found that all three
samples (the fabrics finished by BTCA and imid-
azole, dyed by C.I. Reactive Red 8, and finished and
dyed by the SDF process) contained less than 0.5%
of total chlorine. Due to the limitations of the ex-
periment, we were not able to distinguish total chlo-
rine below this level.

Table VII X-ray Fluorescence Spectroscopic
Analyses of Cotton

Chlorine
Sample level
Untreated control 23.34 ppm
BTCA-finished 47.34 ppm
Dyed by C.I. Reactive Red 8 144.85 ppm
Dyed and finished by the SDF process 38.54 ppm
C.I. Reactive Red 8 7.78%

X-ray fluorescence spectroscopy was also used to
confirm the presence of residual chlorine. As shown
in Table VII, untreated control, BTCA-finished, and
dyed and finished samples contained extremely low
levels of chlorine. The sample dyed by C.I. Reactive
Red 8 showed a slightly higher level of chlorine
sample than that of the sample dyed and finished
by the SDF process. This confirmed the previous
hypothesis that the fixation of dyes within the SDF
technique had occurred through s-triazinyl ring
structures.

CONCLUSIONS

To solve dyeing problems commonly encountered
with cotton crosslinked with polycarboxylic acid
such as BTCA, we examined a single-step dyeing
and finishing (SDF) process. The fabric was im-
pregnated by a bath containing a crosslinking agent
(BTCA), dye, and catalyst; dried; and then cured
at 180°C or above for 2 min. Use of other dyes such
as direct, acid, and disperse dyes was feasible, but
excellent color strength and dye fixation were ob-
tained, especially with various reactive dyes. The
advantage of the SDF process over the sample fin-
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ished and dyed in two separate steps was clearly
demonstrated. In some cases, the SDF process re-
sulted in higher color strength and dye fixation val-
ues than those of the dyed sample that had not been
finished.

Mercerization of the cotton increased color
strength of the sample dyed with reactive dyes in
the SDF process. NaOH concentration also affected
the color strength of the SDF-treated sample, re-
sulting in greater color strength with 20% NaOH-
treated samples. However, the same treatment was
generally detrimental to the percent fixation of dyes,
probably due to easy absorption and desorption of
dyes.

Increased concentrations of bath additives such
as triethanolamine (TEA) and polyethyleneglycol
(PEG) considerably decreased color strength and
dye fixation values, due to the competing reactions.
The effect of TEA was more substantial in decreas-
ing color strength and dye fixation compared with
those of PEG, presumably due to greater effects on
bath pH.

The mechanism of dye fixation in cotton was in-
vestigated by treating the fabrics with different sets
of components. In the absence of BT'CA or imidazole
(or other esterification catalysts such as 2-methyl-
imidazole or sodium hypophosphite), the color
strength and dye fixation were remarkably low, in-
dicating an absence of dye reaction in such a system.
This substantiated the fact that there was a syn-
ergistic effect between dye molecule, BTCA, and
imidazole.

Instrumental analyses by FTIR and Raman
spectroscopies indicated that the reaction between
BTCA and dye molecule had occurred in the s-tri-
azinyl ring structures, presumably by the formation
of hydroxy-substituted triazinyl dye and acid chlo-
ride. This reaction consequently enhanced the reac-
tivity of dyes towards BTCA. Elemental analysis
and X-ray fluorescence spectroscopy revealing the
absence of chlorine in the fabric treated by the SDF
process also substantiated the mechanism.

The authors thank Kansas Agricultural Experimental
Station for financial support, Lynda Wartelle for X-ray
fluorescence analyses, and E. A. Catalano for Infrared and
Raman spectra of cotton samples.
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