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This study was undertaken in an effort to use radio-frequency energy to improve the level of fixation of
reactive dyes on cotton in pad-batch dyeing. The successful application of statistical experimental
design strategies for the development and optimisation of a new dye application method is described.
Key process variables were identified and optimised to maximise dye fixation. Heating of the batch
with radio-frequency energy during the batching stage greatly accelerated the rate of fixation. Fixation
levels achieved using optimised radio-frequency-assisted methods were approximately equivalent to

those achieved in conventional pad—batch dyeing.

INTRODUCTION

Reactive dyes for cellulose were first introduced to the
dyestuff and textile industry in 1956 [1], following the
work of Rattee and Stephen [2,3]. The historical
development of these dyes has been well documented by
Dawson, Fern and Preston [4], Rattee [5,6], Stead [7] and
Vickerstaff [8]. With the advent of these novel dyes came a
colour palette and brilliance of shade previously
unattainable to dyers of cellulosic fibres. In addition to the
wide shade range possible, reactive dyes also give the
colourist excellent wet-fastness properties and a variety of
application methods from which to choose.

Despite these obvious advantages, continuing restrict-
ions and environmental regulations imposed on the
industry by local and federal governments have
magnified the disadvantages associated with various
commercially available reactive dye systems. Among the
environmental issues are the discharge of coloured waste
streams, high concentrations of electrolytes, and
organometallic and organohalogen residues [9]. Over the
last decade dyestuff companies and universities through-
out the world have invested enormous resources in efforts
to develop new dyes and dyeing systems to increase the
percentage of applied dyestuff fixed to the fibre [10].

The use of alternative energy sources has been explored
in an attempt to improve the overall fixation of reactive
dyes and reduce the amount of colorant lost in the
effluent. The use of dielectric heating (at radio frequencies)
in textile wet processing has been studied for more than 40
years. Alexander and Meek demonstrated its application
for drying textile fibres in 1950 [11]. They concluded that
curing resins and fixing dyestuffs by high-frequency
heating would be practical. The first patent covering the
use of microwave energy to accelerate dyeing was issued
in 1966 [12].

In 1972 Delaney and Seltzer demonstrated the
teasibility of applying certain reactive dyes to wool with
rapid fixation by using microwave energy [13]. Later that
year Evans and Skelly extended the use of microwaves

from the laboratory to the pilot plant {14]. Their work
clearly showed an increase in dyestuff fixation rates for
various dye—fibre systems when applied by a continuous
method with microwave heating. Although many studies
have been conducted and papers published concerning
the use of microwave heating in textile processing [12-20],
these efforts have been largely confined to the laboratory.

The general principles and methods of application of
dielectric heating have been outlined by others [21-23].
These publications point out that the longer wavelengths,
referred to as radio waves, are more suitable for
commercial applications than are microwaves. In order to
use microwave frequencies, wave guides and energy sinks
are required, making the overall equipment design much
more complex [24]. In addition, temperature control
within the heated textile substrate is more difficult with
microwaves than with radio waves. Therefore the present
discussion focuses on the application of radio-frequency
(RF) energy in the dyeing of textile fibres.

In 1978 Dawson International patented a process and
the equipment design used for fixing dyes or chemicals
with RF energy [25]. The process involved continuously
conveying the treated fibres through a closely confined
tube located between flat parallel-plate electrodes. By
generating a RF energy field within the tube, a self-sealing
pressure chamber was created by the formation of steam
from the wetted fibres. The advantage claimed was an
increase in the reaction rate of the dye or chemical on the
fibre. This invention became known to the textile industry
as the Dawson Fastran dyeing process [26].

The semi-continuous pad-batch process has long been
recognised by the industry as one of the most efficient
methods for applying reactive dyes to cellulosic goods.
This technique was first developed for the application of
reactive dyes [27]. Lewis and Seltzer later extended the
pad-batch concept to the dyeing of wool {28]. Among the
advantages noted were extremely high fixation
efficiencies for reactive dyes and minimum yellowing of
the wool fabric. In 1972 Graham observed higher levels of
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fixation with acid dyes and reactive dyes on wool fibres by
applying RF heating during the batching stage [29].

Pad-batch dyeing has become widely accepted as an
economical process producing a high-quality fabric. The
uniformity of shade over long runs is considered excellent.
In addition to the high fixation efficiencies obtained by the
pad-batch method, this form of dyeing also lends itself to
the quick-response needs of the modern dyehouse. For
example, the time required for mechanical clean-up
during shade change is minimised because of the
simplicity of the equipment. Thus a logical strategy for
improving the overall fixation of reactive dyes to cellulosic
fibres would be to incorporate the potential benefits of
dielectric technology with the known advantages of pad-
batch dyeing. This concept formed the scope of the
present research.

The application of RF heating to reactive dye systems
for the coloration of cellulose has only recently been
explored [30-34]. In general these studies found that the
drying rate of cotton was exponential and independent of
fabric weight. The rate of RF power absorption increased
with fabric moisture content and with the presence of
electrolyte in the applied dye liquor. Also, contrary to
previous expectations, migration of reactive dyes on
padded fabric was greater during RF heating than that
obtained by conventional hot-air drying. Most
importantly, the fixation time for reactive dyes on cotton
was reduced as a direct result of the increased rate of
heating under RF conditions.

Numerous advantages for using dielectric heating in
textile wet processing have been cited by previous
researchers. However, increased fixation of reactive dyes
to cellulose has not been claimed. A systematic approach
was therefore undertaken in an effort to improve the
percentage of dyestuff fixed to cotton fabric. Statistical
experimental design methods were used to identify key
variables in the padding, batching and RF heating stages.
These variables were further optimised with the objective
to maximise the dye-fibre bond formation and thus
minimise the amount of colorant and chemicals lost to the
effluent.

PROCEDURES

The research was done in three phases. The first phase
was a screening study to determine the most appropriate
Drimarene (S) dye range for the RF-assisted pad-batch
process. In the second phase dye pad formulation and
process optimisation was accomplished with the aid of
statistical experimental design strategies. One dye was
selected from the appropriate dye range as determined
from the screening study. This dye was then used for all
optimisation studies conducted in the second phase.

The third and final phase consisted of process
verification dyeings using additional Drimarene reactive
dyes. Other reactive dye systems were also evaluated
using the newly developed RF-assisted pad-batch
procedure.
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Dye formulations

The dye concentration used was 30 g/l in all dyeings; all
dyes were of commercial grade and used as received
(Table 1). Caustic soda (50%) and sodium silicate (42°Bé)
were industrial-grade chemicals. Sodium carbonate,
sodium chloride, urea, and glycerol were of laboratory-
reagent grade. The commercial wetting agent Sandozin
CW (S) and distilled water were used for the make-up of
all dyestuff pad solutions.

Formulations were prepared for padding by dissolving
the dye in slightly less than half of the total amount of
water required in the formulation at a temperature of
48°C. The dye solution was then cooled to less than 35°C.
The other ingredients, which had been predissolved in
half of the water required in the formulation, were added
to the dye solution. The final volume was adjusted with
additional water and the temperature of the pad solution
was set at 28°C.

Table 1 Dyes used in the present study

Commercial name Cl Reactive Type?

Drimarene Turguoise K-2B (S) Blue 116 DFCP
Drimarene Yellow K-2R (S} Yellow 125 DFCP
Drimarene Brilliant Red K-4BL (S) Red 147 DFCP
Drimarene Blue K-2RL (S) Blue 209 DFCP
Drimarene Brilliant Yellow K-3GL (S) Yellow 25 DFCP
Drimarene Brilliant Green K-5BL {S) Green 21 DFCP
Drimarene Discharge Crange X-3LG (S) Orange 11 TCP
Drimarene Rubine X-3LR (S) Red 55 TCP
Drimarene Blue X-3LR (S) Blue 52 TCP
Drimarene Green X-3G (S} Green 12 TCP
Atlafix Black B (ATL) Biack 5 VS
Cibacron Blue F-8 (CGY) Blue 182 MFT
Sumifix Supra Blue BRF (NSK) Blue 221 VS/MCT

a DFCP - difluorochloropyrimidine
TCP - trichloropyrimidine
VS — vinyl sulphone
MFT - maonofluorotriazine
MCT - monochlorotriazine
Padding

A Birch Brothers laboratory padder was used. The squeeze
roll pressure was 97-103 MPa (14-15 lbf/in? gauge).
Padding speed was 4.57 m/min {5 yards per min). The wet
pick-up of each padding was determined by weighing the
wet sample immediately as it emerged from the padder.

RF heater

The RF heater was a parallel-plate (through-field) unit
having plates approximately 23 cm square. The power
tube was rated at 5 kW power and operated at a nominal
frequency of 100 MHz. The unit was equipped with a
horizontal rotator which allowed rotation of the samples
in the RF field during the heating cycle. The distance
between the electrode plates was fixed at 11.5 cm for this
study.



Fabric

A 100% cotton knit fabric already prepared for dyeing
(scoured and bleached) was used. Samples for padding
were 22.8 cm wide by 3.66 m long (9 inches x 6 yards}. The
samples were obtained by splitting 45.7 cm (18 inch) wide
tubular knit fabric into four strips. The first 0.91 metre of
fabric served as a leader to thread the padder, which left
2.75 metres (3 yards) for dye fixation and analysis.

Dye fixation

The leader was cut off after padding. The remaining 2.74
metres (3 yards) of padded fabric was rolled on a Mylar-
covered paper core. The fabric roll was placed in a 0.945 |
(1 quart) polyethylene freezer bag to retard evaporation of
water from the fabric during batching. The roll was then
wrapped with four layers of corrugated cardboard. The
ends of this roll were insulated using polyurethane foam
pads. The roll was heated in the RF oven and batched for
the time specified for a particular experiment.

Immediately after the specified batching period, exactly
(0.914 metre (1 yard) was cut from the middle of the sample
that had been heated in the RF oven and washed. The
dyed samples were washed for 3 min in 3.781 (1 gallon) of
water, three washings being given to each piece of dyed
fabric. The first wash was done with water at room
temperature, and the second and third washes used hot
water at a temperature greater than 90°C. The water from
the three washes was combined and adjusted to a known
volume so that colour removal in washing could be
determined.

Water alone was used to remove unfixed hydrolysed
dye so that direct comparisons could be made between
the various dyestuffs used. Since the reproducibility of the
data was very good and the final rinse with hot water was
essentially clear, it appeared that virtually all unfixed dye
was removed during washing,

Colour measurement

Spectrophotometric measurements were made using a
Bausch and Lomb Colorscan spectrophotometer.
Transmittance measurements of diluted samples of the
dyebath and the wash waters were compared to
determine the extent of dye fixation, which was calculated
using transmittance values obtained at the wavelength of
maximum absorption.

The dyed fabric samples were scanned in the
reflectance mode at three randomly selected points along
the length of each sample. Reflectance data reported are
the average reflectance readings of the three scans. Colour
strength was determined from Kubelka-Munk K/5 values
of the dyeings at the wavelength of maximum light
absorption. The K/S values used in strength calculations
were corrected for the contribution of the undyed fabric.
The relative strengths reported are thus the ratio between
the corrected K/S values of a dyed sample and a selected
standard dyeing.

Design of optimisation experiments
Statistical experimental design is a method for organising
individual trials in which many variables are studied
simultaneously. Each trial represents a point within the
experimental space for the given variables and their
respective range of values being studied. A number of
design strategies can be employed. The selection is usually
based on the number of variables and the amount of
information required about their influence on the process
being considered. Fortunately for today’s scientist, a
thorough knowledge of statistics is not a prerequisite for
the use of statistical experimentation. There are several
computer programs available that generate experimental
designs and aid in the analysis and interpretation of data.
For this phase of the project two experimental designs
were carried out using Drimarene Blue K-2RL as the test
dyestuff. The first design was a simple screening
experiment based on a linear model with a central point.
The design was used to determine the most influential
variables in controlling the fixation of dye applied using
the RF-assisted dyeing method. The formulation and
process variables included in this experiment are shown in
Table 2.

Table 2 Variables studied in the first
optimisation experiment

Variable Range
Soda ash 0-40 g/
Caustic soda 0-4 g/l
Sodium silicate 0-120 g/
Salt 0-20 g/l
Urea 0-100 g/
Glycerol 0-100 g/l
RF heating time 20-60s
Batching time 5-60 min

Table 3 shows the computer-generated statistical design
used. The dyeing number is the order in which the
dyeings were done, while the trial number is the
computer-generated experiment number assigned to each
unique trial. The experiments were randomised and the
design included five unique trials that were replicated.
This was done to reduce any bias that might have
occurred owing to the influence of uncontrolled variables
in the experiment. In addition an estimate of error
associated with the model’s ability to fit the observed data
was obtained.

The second design utilised was derived from a second-
order polynomial. By using this more complex quadratic
model interactions between the main variables as
determined in the preceding experiment were analysed.
In addition the curvature of the response surface due to
nonlinear behaviour was observed by the squared terms
in this design. The purpose of this experiment was to
develop a response surface for dye fixation. These results
were then used to predict the optimum settings for the
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Table 3 Experiment design showing the values selected for the variables in the first

optimisation experiment

Chemical formulation {g/l) Time

Dyeing Trial Soda Caustic Sodium Common RF Batch
ne. no. ash soda silicate salt Urea Glycerol (s) {min})
1 6 0 0 120 20 0 0 60 60
2 4 0 0 0 0 100 100 60 80
3 6 0 0 120 20 0 0 60 80
4 10 0 4 0 20 0 100 20 80
5 5 40 4 120 20 0 0 20 5
8 15 0 4 120 0 o 100 20 &0
7 8 0 0 120 20 100 100 20 5
8 2 0 0 0 0 0 0 20 5
9 7 40 4 0 0 100 100 20 5
10 1 20 2 60 10 50 50 40 325
1 4 0 0 0 0 100 100 60 60
12 1 40 0 120 Q 100 0 60 5
13 14 40 0 0 20 100 o] 20 60
14 13 40 0 0 20 0 100 60 5
15 5 40 4 120 20 0 v 20 5
16 12 0 4 0 20 100 0 60 5
17 2 0 0 0 0 0 0 20 5
18 3 40 4 120 20 100 100 60 60
19 9 40 4 0 o] 0 0 60 60
20 3 40 4 120 20 100 100 60 60
214

220

a Same as dyeing 1 except batched for 30 min before heating in the RF oven
b Same as dyeing 1 except batched for 90 min before heating in the RF oven

process variables to obtain maximum fixation of the
Drimarene K dyestuffs. The variables studied in this phase
are shown in Table 4.

Because of the number of variables studied (six), this
quadratic model contained 40 unique trials. Therefore in
the interest of clarity only the seven trials that produced
high fixation dyeings (as discussed later) are shown in
Table 5.

RESULTS AND DISCUSSION

Screening study

A preliminary screening study using a non-optimised RF-
assisted pad-batch method previocusly published was
undertaken [34]. Although lower than fixation levels
achieved by the 24 h cold-pad-batch process, the results
obtained for the Drimarene K dyes were encouraging,
particularly as the effects of many variables were
unknown at the time. Figure 1 shows the fixation levels
achieved for three of the dyes using the conventional 24 h
pad-batch method and a 15 min, non-optimised RF-
assisted dyeing method. The fixation achieved in 15 min at
room temperature is also shown for reference. Drimarene
X dyes showed low fixation values in the screening phase
and were not studied further in this project. Normally
these trichloropyrimidine-based dyes are applied by
exhaust methods at temperatures of 80-95°C.
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Table 4 Variables studied in the second
optimisation experiment

Variable Range
Soda ash 0-50¢9/
Sodium silicate 0-120 g/
Salt 0-209/
Pre-RF batching time 0-120 min
RF heating time 20-60 s
Post-RF batching time 5-60 min

Table 5 Sample trials showing the values selected for variables in
the second optimisation experiment

Chemical formutation {g/l)

Processing time

Pre- RF  Post-
Dyeing Trial Soda Sodium Common batch heat bateh
no. no. ash silicate salt (min) (s) (min}
11 30 50 120 0 120 20 5
13 2 50 0 0 120 60 5
22 27 50 60 10 120 20 325
24 15 0 120 10 60 20 5
25 3 0 120 20 120 60 5
27 28 0 120 0 120 80 325
34 4 0 120 [t} 120 20 60




145 min without RE [_]15 min with RF
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Figure 1 Fixation levels of Drimarene K dyes by various pad—batch
dyeing methods

First optimisation experiment

The first experiment in the process optimisation phase
was designed to identify the variables that had the
greatest effect on dye fixation in the RF-assisted dyeing
procedure.

The clarity of formulations containing both sodium
chloride and sodium silicate was borderline, some of them
being slightly ‘grainy” in appearance; some paddings with
these formulations produced ‘specky” dyeings. However,
all the dyeings were judged to be uniform enough for
meaningful evaluation of their colour yield.

Wet pick-up ranged from 70 to 84%, much of this
variation probably resulting from differences in density of
the various formulations studied. The specific gravity of
the formulations varied from 1.008 to 1.140, depending on
the number of ingredients they contained (Table 3).

Some of the samples, notably dyeings 2 and 11, dried
out considerably during the RF and batching stages. Both
of these included urea, which has been reported to cause
excessive drying during RF treatments [13], but other
formulations containing urea such as 7, 9 and 13 did not
dry as much during treatment. This drying behaviour
may depend on whether or not the plastic bag enclosing
the sample ruptured during the RF heating stage.

The temperature in the heated roll depended on both
the RF exposure time and the contents of the formulation.
Samples heated to temperatures greater than 90°C cooled
to around 45°C when batched for a period of 60 min. The
plate current, which is a measure of the rate of energy
uptake by the sample, varied from 0.5 to 0.75 A. No
pattern in plate current readings was detectable.

The dye fixation levels ranged from 8.2 to 88.3% for the
various test conditions. In general the RF-assisted fixation
process including transmittance measurement was very
reproducible. This was indicated by a small replicate
standard deviation of 3.5 observed for the dye fixation
response.

The colour strength of the RF-assisted dyeings ranged
from 3 to 88.9% relative to a 24 h conventional cold-pad-
batch control dyeing. Colour strength values, being based

on reflectance measurements, are inherently more vari-
able than the fixation values, which are based on trans-
mittance measurements. The replicate standard deviation
was somewhat higher for relative colour yield; a value of
6.0 was calculated for this response. However, this value
includes not only measurement error, but also all experi-
mental error associated with repeating the entire trial.

The dyeings for which a fixation level of 70% or more
was achieved are reported in Figure 2. The relative colour
strengths of these dyeings versus the standard 24 h cold-
pad-batch dyeing are also shown. Formulations con-
taining no alkali gave fixation values of less than 10%.
Dyeings 21 and 22, in which the padded fabrics were
batched for 30 and 90 min respectively before RF heating,
gave fixation levels of 85 and 88%. Dyeing 1, which used
the same formulation as dyeings 21 and 22 but which was
RF heated immediately after padding, gave a slightly
lower fixation value of 78%.

- Fixation l:] Relative strength

H
o

Fixation,strength, %
<2}
=3

N
o
T

Std 1 3 5 10 12 13 19 20 21 22

Dyeing no.

Figure 2 Fixation and relative colour strength of the dyeings having
fixation higher than 70%

Computer-assisted statistical analysis of the experi-
mental data revealed that glycerol lowered dye fixation.
This was anticipated because this polyol provides primary
hydroxyl sites where dye reaction can occur, thus leading
to a greater percentage of dye molecules unavailable to
react with the cellulosic polymer. The effect of urea and
caustic soda was minimal while the other variables
studied all had a positive influence on dye fixation.
Therefore the most important variables were identified as
the concentration of common salt, soda ash and sodium
silicate. In addition RF heating time and batching time
were important, as was the amount of pre-RF batching
time observed in dyeings 21 and 22.

Second optimisation experiment

This phase of the research was designed to optimise those
variables identified in the previous experiment in order to
obtain the highest level of fixation of Drimarene Blue K-
2RL possible. The dye fixation levels ranged from 5.4 to
88.0% for the various test conditions in the second
optimisation experiment. The colour strengths ranged
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from 2.3 to 108.9% relative to the dyeing produced in
experiment 22. Dyeing 22 was selected as the standard for
relative colour strength because it was a smooth, level
dyeing. Other samples having greater colour strength
were specky in appearance because some dye separated
from the solution and deposited on the surface of the
fabric.

Figure 3 shows the fixation achieved for the eight
dyeings that gave dye fixation values higher than 85%;
colour strength values relative to dyeing 22 are also
shown. Each of these dyeings included a pre-batching
stage prior to RF heating {Table 5).

Computer-assisted statistical analysis of the results of
the second optimisation experiment indicated that the
most important variable influencing fixation was the
concentration and type of alkali used in the dye pad
solution. For example, high concentrations of sodium
silicate had a strong positive effect, while the interaction of
sodium silicate and soda ash limited the amount of dye
fixation achieved. This can be seen in Figure 4, when pre-

120

M Fixation D Relative strength

100~

Fixation/strength, %

11 13 22 24 25 27 34
Dyeing no.

Figure 3 Fixation and relative colour strength of dyeings having
fixation higher than 85%

N

0

Sodium silicate, gA

&
\—-‘
30 40 50

Soda ash, g/l

20

Figure 4 Computer-simulated two-dimensional contour plot illustrat-
ing the effect of alkali type and concentration on RF-assisted dye
fixaticn; numbers on the contours show parcentage dye fixation at
respective concentrations of soda ash and sodium silicate
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RF and post-RF batching times were held for 60 min while
the RF heating time used was 60 s. No salt was included in
the dye pad solution.

Pre-batching the sample for 30 to 60 min before RF
heating was also important for achieving maximum
fixation, as was reaching a temperature of 100°C in the
fibre during RF treatment.

Verification phase

After examining the results of the optimisation experi-
ments, trials were performed to determine the applic-
ability of the RF-assisted dyeing method to reactive dyes
containing various types of reactive groups. The optimal
dyeing conditions predicted for Drimarene Blue K-2RL
were selected for these verification studies and are shown
in Table 6. Each of the dyes shown in Table 7 was applied
using these conditions. For comparison, a standard pad-
batch dyeing was also done with each of the dyes using
formulations and batching times recommended by the
respective vendors of the dyes studied. The fixation level
of five of the seven dyes studied was equal or slightly
higher with the RF-assisted method than with the
conventional cold-pad-batch method.

The colour strength of each dye applied by the RF-
assisted method was compared with that observed when
using the conventional method. In several cases the
relative strength of an RF-assisted dyeing was lower, even
when the fixation levels were nearly equal. This suggests
that there was a difference in dye distribution and/or

Table 6 Dyeing conditions used in the verification study

Variable Setting

Alkali 120 g/l sodium silicate
Pre-RF batching time 2h

RF heating time 90 s

Post-RF batching time 2h

Table 7 Relative fixation levels and colour strengths
achieved in RF-assisted and conventional cold-pad—

batch dyeing
Relative
Fixation strength
Dye (%)° (%)2
Drimarene Blue K-2RL 101.4 e}

Atlafix Black B 85.2 81.3

Cibacron Blue F-R 105.7 102.3
Sumifix Blue BRF 103.0 93.4
Drimarene Yellow K-2R 100.5 95.0

Drimarene Red K-4BL 85.1 86.6
Drimarene Green K-5BL 100.1 98.8

a As percentage of values in conventional dyeing



fabric surface appearance when dyes between the two
methods.

RF heating of samples dyed with Drimarene Blue K-
2RL and Drimarene Brilliant Green K-5BL that had been
previously cold-batched for 24 h caused very small
increases in fixation and relative colour strengths. This
indicates that only a very small percentage of dye had
escaped hydrolysis or reaction with cellulose hydroxyl
groups after batching,

CONCLUSIONS

(a) Fixation of dyes commonly used in cold-pad-batch
processes can be greatly accelerated by the application
of RF energy during batching. Batching time can be
lowered from as much as 24 h to as little as T or 2 h,
with little or no loss of colour yield or dye fastness.

(b) Optimised RF-assisted dyeing generally gives dye
fixation approximately equivalent to that of
conventional cold-pad-batch dyeing. The fixation
levels achieved are different for each dye.

(c) The fixation level achieved is depends more on the
chemical system (type and amount of alkali) than on
the method of application (RF-assisted compared with
cold-pad-batch).

(d) RF heating offers little or no potential for savings in
dyes and/or chemicals in pad-batch dyeing of 100%
cotton fabric.

(e) The successful application of statistical experimental
design strategies for the development and
optimisation of a new dye application method has
been illustrated.
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