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ABSTRACT

In this work, the feasibility of reusing water and salt from reactive dyebaths after electro-
chemical decolourization was evaluated. Dyeing series of ten reuses with three reactive dyes
(Navy Blue Procion H-EXL, Crimson Procion H-EXL and Yellow Procion H-EXL) were
carried out (individually and in a trichromie) and color differences and total organic carbon
values were measured to study how the successive reuses affect the quality dyeing. The first
reuse produced dyeings with low colour differences with respect to a standard dyeing. In
the subsequent reuses, colour differences increased until they reached a constant value at the
4th or 5th reuse, following a similar behavior to the organic matter content. At this point, it
is determined the percentage of dye increase that allows for continuous dyeing of acceptable
quality for the textile industry. To obtain dyeings with acceptable color differences (DE* cyc
@1 < 1) independent of the number of consecutive reuses, a 30% increase in blue dyestuff
and 10% for red dyestuff must be added, whereas in the case of yellow dyeing, it was not
necessary to increase the dye amount after subsequent reuses. In each dyeing, this process
allowed savings of 70% of water and an average of 60% for salt.

Keywords: Electrochemical treatment; Reactive dyebaths; Continuous reuse; Salt recovery;

Color differences

1. Introduction

Reactive dyes are widely used in dyeing cellulosic
fibers since they offer high washing fastness and bril-
liant colors. During the dyeing process with reactive
dyes, the addition of high concentrations of electrolyte
is necessary to obtain a better fixation and exhaustion.
Generally, an amount of 50-80gL ™" of a salt [1] is
added as electrolyte depending on the dyeing
procedure and the dyeing conditions (type of dye,
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dye concentration, shade), being NaCl or Na,SO, the
most common. This salt does not have affinity to the
fiber and it is completely discharged with the waste-
water. The salinity of the industrial effluents is con-
trolled by environmental regulations as it supposes a
severe environmental problem in Mediterranean areas
where the hydric resources are scarce. In Spain, the
concentration limits for chlorides and sulfates in
wastewater discharged into watercourses are fixed in
2gL~" [2]. The presence of high concentrations of salt
is very harmful for the aquatic ecosystems and
it causes operational problems to the biological
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wastewater treatment plants. Moreover, its elimination
is only possible through applying costly treatments as
inverse osmosis [3,4] or electrodialysis [5].

These problems make especially interesting the
possibility of reusing the water and the salt of the
residual dyebath, once discolored, for new dyeing
processes with reactive dyes. This reuse entails a
significant saving of water and electrolyte. However,
previously, the effect of the residual non-colored dye
fragments and organic matter coming from the fiber
in the dyeing quality has to be studied. The reactive
dyes have a low degree of exhaustion and fixation,
from 70 to 90% [1]. The unfixed dye becomes hydro-
lyzed and it is not able to form covalent bonds with
the cellulose; consequently, it cannot be reused. In
return, the hydrolyzed dye has to be degraded since it
can stain the textile fiber and/or it can interfere in the
reaction of the new reactive dye, reducing their
exhaustion or increasing their hydrolysis; in both
cases, this increases the difficulty in reproducing the
color of the dyeings.

There are different techniques to remove color,
being the most used: activated carbon adsorption
[6,7], sorption on low-cost sorbents [8], coagulation—
flocculation processes [9,10], membrane filtration
[11,12] and advanced oxidation processes (AOP) [13—
17]. Among the different AOP, electrochemical decol-
orization provides great advantages in the treatment
of high colored textile wastewater, such as the
recovery of the dyeing salt as electrolyte of the electro-
chemical reaction, the non-addition of chemical
compounds (organic or inorganic) to the water and
the non-generation of sludge [18].

The dye oxidation can occur directly on the elec-
trode surface but it mostly takes place through the
reaction of molecules formed in the anode, known as
indirect oxidation. In this sense, reactive oxygen spe-
cies such as hydroxyl radical (*OH), atomic oxygen
(*O), hydrogen peroxide and ozone can be generated
from water by discharge at the anode [19]. In addi-
tion, the presence of chloride as dyeing electrolyte in
reactive dyebaths has an important role in improving
the efficiency of electrochemical treatment by the gen-
eration of chlorine oxidants (Cl,, OCl™ and chlorine
radicals) [20].

In this work, electrochemical treatment was carried
out in a reactor with Ti/Pt oxides electrodes initially
designed for disinfection treatments. The aim of the
study was to propose a simple commercial cell that is
easy to apply at industrial level. The electrochemical
decolourization process with this type of cells has
been largely studied by the authors and has already
been published in previous studies on reactive dyeing
wastewater [20-23]. A low current density was
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selected in order to minimize electrical consumption.
In addition, color removal was improved by irradia-
tion of UV light. The UV light induces the homolytic
breakage of chlorine bonds formed during electro-
chemical treatment to generate new -Cl radicals which
continue the dye oxidation. In addition, ‘Cl radicals in
alkaline media can oxidize water molecules, produc-
ing hydroxyl radicals (*OH) and being reduced to
chloride ions (CI7).

In a preliminary work, high-quality dyeing is
obtained in the first reuse of the decolored dye baths
[24]. These promising results led our considering the
proposal of a cyclical reuse method with continuous
processes of treatment and dyeing with the aim to
study its feasibility in the textile industry. In the fol-
lowing work, dyeing series of ten successive reuses
with three bifunctional monochlorotriazine reactive
dyes Procion H-EXL (Navy Blue, Crimson and Yel-
low) are performed (individually and in trichromie).
Color differences were calculated to study its evolu-
tion with respect to the number of reuses in order to
evaluate the industrial application of the continuous
reuse process. The effect of the number of reuses on
the quality dyeing evolution was studied, because the
organic matter content of water should increase at
each reuse (dye fragments and organic matter coming
from the fiber). A higher presence of organic matter
could interfere in the fixation of the new reactive
dyeing.

2. Materials and methods
2.1. Dyeing procedure

Batch dyeings of cotton knitted fabrics were car-
ried out at a liquor ratio (LR) 1/10 (fibre weight/
water volume) in a Linitest laboratory dyeing
machine (Original Hanau Ltd, Germany) in a stain-
less steel drum of 6.5L in capacity. All dyeings were
carried out in duplicate. The drum was substituted
by a routable support that allowed the use of up to
12 dyeing stations of 250 mL when simultaneous dye-
ings were carried out at different dye concentrations.
Cotton knitted fabric (Pique), scoured and prepared
for dyeing, was kindly supplied by Tipsa S.A.
(Spain).

Three reactive dyes were selected according to the
three primary colors (commercial grade, kindly sup-
plied by DyStar Inc., Spain): Procion Crimson H-EXL
(C.I. Reactive Red 231) Procion Yellow H-EXL (C.L
Reactive Yellow 138: 1) and Procion Navy Blue H-EXL
(C.I. not available). These dyes are bifunctional with
two monochlorotriazine reactive groups.
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Individual dyeings were performed with each dye
at a 3% concentration o.w.f (of weight fabric), the
equivalent of 2/1 SD (Standard Depth) 3gL ™" at a
LR of 1/10). In the case of trichromies (dyeings with
the combination of three dyes which correspond to
primary colors), the concentration of each dye was 1%
ow.f (1gL™" for each dye, LR 1/10). As dyeing elec-
trolyte, 80gL ™" of NaCl was selected. A mixture of
5gL "' NayCO; and 0.5gL " NaOH was used as dye-
ing alkali.

A temperature time profile similar to an “all in”
dyeing method was selected according to the recom-
mendations given by DyStar: the dye and the total
amount of electrolyte were added into the solution at
the beginning of the process, the dyeing started at
50°C for 15 min, then the temperature was raised to
80°C at a gradient of 1.4°C/min. The alkali was added
after 30 min at 80°C and finally, the dyeing lasted for
60 min more.

Once the dyeing was done, the exhausted residual
baths were collected and the cotton fabric samples
were washed to remove the unfixed dye. A standard
washing procedure was followed, as proposed by the
manufacturer [25]. Samples were washed three times
with water at 70°C during 10 min. Later a soaping
bath was performed at 100°C with 2gL™" of a deter-
gent—dispersant with anionic non-ionic character
(Cotemoll TLTR, kindly supplied by Color Center S.
A., Spain). Finally, the samples were rinsed two times
(at 70 and 50°C) to eliminate the soap.

2.2. Electrochemical decolorization

The treatment of the exhausted dyebaths was
conducted in an undivided electrolytic cell. It was
supplied by Elchem Inc. (Germany) with the commer-
cial name of ECO 75 Cell. The cathodes were consti-
tuted by titanium and the anodes were made of
titanium covered by platinum oxides. The total sur-
face area of each electrode was 486cm” and the vol-
ume of the vessel was 1L.

A pump to feed the cell and a tank to store the
treated wastewater completed the experimental plant.
This plant operated continuously at a flow rate of
20Lh™". The treatment was carried out under galva-
nostatic conditions with a power supply (Grelco
GVD310 0-30Vcc/0-10 A). The current density was
fixed at 6mA cm 2 according to our previous studies
focussed on the optimization of the electrical con-
sumption [26]. At this current density, the electrical
consumption was 6.9WhL™'. A color removal higher
than 80% was reached at the exit of the electrolytic
cell for all the samples. Then, the effluents were stored
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for 1 h in a tank exposed to UV light in order to
achieve complete decolourization according to the
optimization of the decolorization treatment carried
out in our previous studies [21,22]. The UV light
source was one 40W fluorescent tube (Philips TL
40W/08) which emitted at a wavelength of 254 nm.
Decoloration was calculated using Eq. (1) by measur-
ing the absorbance of treated and untreated samples
at the wavelength of maximum absorbance of each
dye (605nm for Procion Navy Blue H-EXL, 522 nm for
Procion Crimson H-EXL and 413nm for Procion
Yellow H-EXL). The absorbance measurements were
carried out with a UV-visible spectrophotometer
(Shimadzu UV-240 SP 1750 model, Germany) with
cuvettes of an optical path length of 10 mm.

_ Abs, — Abs;

Decolouration (%) = Abs x 100 (1)

where Abs, and Abs; are the absorbance of the dye
for untreated and treated samples, respectively.

2.3. Water preparation for reuse

The percentage of discolored water recovered from
the initial dyebath was fixed at 70%. The water vol-
ume lost during dyeing by adsorption into the fiber
and by evaporation (30%), which is therefore not
recovered, was restored with decalcified water.

Before the water reuse, the excess oxidant com-
pounds generated during electrochemical treatment,
mainly Cl, and ClO™, had to be eliminated because of
the high sensitivity of reactive dyes to chemical oxida-
tion. Their concentration was determined by a colori-
metric test CHEMets Kit Chlorine K-2505D (range of
analysis: 5-150 ppm of oxidants, expressed as Cl, con-
centration) and they were removed by adding the
stoichiometric amount of sodium bisulphite: NaHSO;
(which produced Na,SO,), followed by aeration.

The dyeing effluents showed an alkaline pH that
was adjusted to pH 7 by adding HCl 0.1M. pH was
measured with a pH-meter Crison GLP21 model. The
final chloride content was analyzed by titration with
AgNOj; [27] and the required amount of NaCl was
added in order to reach a concentration of 80gL ™",
according to the dyeing method. NaCl is needed in
the dyeing process to promote the diffusion and fixa-
tion of the dye from the solution into the fabric. All
dyeings were performed at the same NaCl concentra-
tion. The amount of unrecovered NaCl (lost in the
previous dyeing) must be added to perform a new
dyeing.
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2.4. Parameters studied in the reuse

In order to study the feasibility of reusing the dis-
colored residual dyebath, 10 successive reuses with
each dye and the trichromie were carried out. Each
series of reuse started with a standard dyeing with
decalcified tap water. In each reused bath, the organic
matter content and the percentage of recovered salt
were calculated. Combustion-Infrared Method [28]
measured the organic matter content as total organic
carbon (TOC) with a TOC analyzer (Shimadzu
TOC-5050A, Germany). In the dyed fabrics, color
reproducibility was studied from color differences
(DE*) calculated with respect to the standard dyeing.
DE” of each dyeing was obtained with a Colorimeter
(Elrephomat Carl Zeiss, Inc., Germany) by evaluating
chromatic coordinates. The measurements of DE* with
respect to the standard dyeing were performed in
triplicate, taking three points of the dyed fabric.
Results which caused a coefficient of variation higher
than 5% were discarded.

Chromatic coordinates are defined by three param-
eters: L*, C* and H¥, which represents lightness,
chroma and hue, respectively. DL*, DC* and DH" are
the differences of each parameter versus the reference.
These values allowed the calculation of CMC(2:1)
color differences (DE* cpce:1)) according to UNE-EN
ISO 105-J03: 1997 [29] (Eq. (2)):

DEcycpq) = [(DL"/2S.)* + (DC*/Sc)* + (DH" /Sy )]
(2)

where S;, Sc and Sy are calculated from the chro-
matic coordinates of the standard dyeings (Lg, Cg and
hr) as follows:

Sy = 0.040975Lg /(1 + 0.01765Ly)
If Ly < 165, = 0.511
Sc = [0.0638Cg /(1 + 0.0131Cg)] + 0.638

St =Sc(Tf+1—f)

f = (Co)*/1(Cr)* +1,900)""

T =0.36+[0.4 - cos(35 + Igr)]
if hg > 345 or hg < 164
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T =0.56 + [0.2 - cos(168 + hg)] if 164 < hg< 345

In general, in the textile industry, the acceptance limit
for color differences is one unit (DE* cyvcen < D).
This criterion is widely used in dyeing quality control
to compare the color differences between two fabric
samples.

3. Results and discussion
3.1. Reuse of salt

The percentages of salt reused in the different ser-
ies of dyeing carried out with each individual dye
and the trichromie are shown in Fig. 1. In each dye-
ing, an average of 60% of the initial electrolyte was
saved. As expected, this percentage was from the
order of the recovered water volume (70% of the ini-
tial dyebath). All the percentages of NaCl recovery
were between 55 and 65% because the dyeing was
started with a dry fabric and finished with a wet fab-
ric. For this reason, the percentage of water recovered
was 70%. In the same way, the unrecovered salt
remained also adsorbed on the wet fabric. The reuse
of this electrolyte entails a significant reduction of the
salt discharged into the wastewater. Besides the envi-
ronmental and economical benefits of salt reuse, the
biological treatment plant can also be better operated.

3.2. Evolution of organic matter content in the effluent

The reuse of the discolored residual dyebath
involved performing the operation with water
containing a significant amount of organic matter, in
contrast to the dyeings with decalcified tap water.
This organic matter was in part due to the residual
hydrolyzed dye but it was also extracted from the cot-
ton fabrics. The fixation of dye to the fiber could be
affected by it. Although the hydrolyzed dye is not
able to react with the textile fiber, it can be adsorbed
into it, as well as the organic matter extracted in pre-
vious dyeing, which implies a more difficult reaction
of new dye.

The organic matter content of each bath for the dif-
ferent dyeing series is shown in Fig. 2. This figure
shows the TOC evolution for the exhausted dyebath,
the discolored dyebath and the water prepared to be
reused. It is apparent that the TOC, after an initial
increase, became stable through successive reuses. The
TOC reached a steady state because the organic mat-
ter increase expected in each reuse was compensated
by electrochemical treatment (which reduced the TOC
by an average of 22%), and also by the 30% of fresh
water (free of organic matter) added to each bath.
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Fig. 1. Percentage of salt saved in the four series of reuse.
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Fig. 2. Evolution of TOC in the four series of dyeing.
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Color differences in each reuse with respect to the
standard for the different dyeing series are shown in
Fig. 3. These color differences were calculated as DE*
cMC@:1)-

From the evolution of DE* cpic.1), the influence of
consecutive reuses of discolored dyebaths on the dye-
ing processes can be established in the four dyeing
series. For all dyes, the first reuse produced dyeings
with low color differences (DE* cymceqy < 1) with
respect to standard dyeing. When the reuse process
was repeated, color differences increased in all cases
until the 4th or 5th reuse. At that point, DE* remained
practically constant until the last reuse, that is to say,
DE* became independent of the number of reuses.

With respect to DE* cyvc1y values, in the dyeing
series in blue and in the trichromie, color differences
observed were high except in the first reuse where the
dyeing presented DE* cyc:1y equal to 1. In the red
dyeing, the first three reuses produced dyeings of
high quality and the dyeings obtained in the following
reuses had DE* cpce:) values very close to 1. Finally,
all yellow dyeings were acceptable, as DE* cyce:)
was bellow 1 in all the reuses. The calculations of
color differences DE* cpc2:1) are based on the sensi-
tivity of the human eye to perceive color differences.
This sensitivity is higher for blue shades and it is
lower for red and yellow shades. The human eye dis-
criminates better among different kinds of blue than
among different kinds of red, and has difficulties to
detect different kinds of yellow. For this reason, color
differences DE* cpce:1) are more pronounced for blue
dyeing and trichromies than for red dyeing and yel-
low dyeing,.

Color differences were attributed to the differences
in the three parameters that constitute the chromatic
coordinates: Lightness (DL*), Chroma or saturation
(DC*) and hue (DH®) on the basis of the chromatic
diagram (Fig. 4) [30,31]:

—t— Navy Blue
<<<M-- Crimson

Yellow

DE CMC[2:1)

= <@ = Trichromie

0.0

1streuse
2nd reuse
rdreuse
4th reuse
Sthreuse
6th reuse
Tthreuse
8threuse
9th reuse
10th reuse

Fig. 3. Evolution of color differences for the four series of
reuse with respect to the standard dyeing.
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Yellow White
+b* T
DC* (+)
¢ DH* (+)
Green — - Red + DL*
-a +a
-b* 3
Blue Black

Fig. 4. Chromatic diagram of the CIELab color space.

Table 1 shows the differences in the chromatic
coordinates for each reuse series which are useful to
evaluate the influence of different parameters in the
colour differences.

From these results, it is clear that the evolution in
color difference was directly related to the DL* (light-
ness) evolution as they both increased in the first
reuses until they reached a stable value whereas the
two other parameters (DC* and DH") show a different
tendency (they exhibit a lower variability apparently
not correlated with the reuses). That is, the main color
differences were due to the lower intensity of dyed
samples. This fact implied a lower dyeing exhaustion,
probably caused by the residual organic matter (prod-
ucts of dye degradation and/or other compounds
extracted from the fabric). Some dye by-products
could act as residual direct dye when the water is
reused or it could also react with the new reactive
dye, decreasing the final dye fixation. In this way, the
TOC evolution confirms this hypothesis, as it also fol-
lowed the same tendency as DL".

All studied dyes exhibited a similar behavior with
respect to DE* cymce1), DL* and TOC values along the
reuse series. Moreover, in the case of the blue dye-
stuff, DL* values were higher than in the other dyes
and consequently, DE* cpice:1y differences were found
to be higher.

With respect to the rest of the chromatic parame-
ters, negative DC* values indicate lower color inten-
sity or less saturated color. Thus, with reused dye
baths, the color intensity fall increased according to
the following sequence:

Crimson < Trichromie < Navy Blue < Yellow

Negative DH* values with respect to the reference
color (clean water) indicate a change of hue in the
clockwise direction, that is to say:

For the Navy Blue dye, the color became slightly
more green (or yellowish). For the Crimson, the hue
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Table 1
Differences in chromatic coordinates in the four series of dyeing

Navy Blue Crimson Yellow Trichromie

Sample DL DC DH DL DC DH DL DC DH DL DC DH
1st reuse 1.4 —0.8 -0.2 0.4 0.1 —0.6 0.7 -1.1 0.1 0.7 —-04 -0.9
2nd reuse 2.3 -0.9 0 0.7 -0.1 -1.1 0.9 -1.3 0.6 1.4 -04 -1.0
3rd reuse 2.4 -0.9 -0.3 1.3 -0.4 -1.7 1.5 -0.9 0.7 1.4 -0.6 -1.1
4th reuse 2.7 -1.2 0 1.9 -0.5 —2.7 2 -1.9 0.8 1.9 -0.7 -1.2
5th reuse 3.6 -1.2 —0.4 1.6 -0.9 -1.7 1.6 -0.9 1.1 2.1 -1.1 -1.6
6th reuse 3.8 -1.2 —0.3 1.8 —0.7 —2.7 1.8 -25 0.4 23 -1.1 -1.6
7th reuse 3.4 -14 —-0.4 1.9 -0.5 -2.7 1.3 -1.6 0.7 2.3 -1.1 -1.6
8th reuse 3.8 -14 -0.3 22 -0.1 -2.1 1.2 -1.8 0.5 2.4 -0.7 -1.3
9th reuse 3.8 -1.5 -04 2.3 —0.6 —-29 1.8 -25 0.9 25 -1.0 -1.5
10th reuse 3.8 -14 —0.3 1.8 —0.2 -2.1 12 -23 0.5 24 -1.0 -1.5

was less red or more greenish, and it was more sensi-
tive to the water reuse. For the Yellow, the color was
less reddish and more greenish (more yellowish). For
the trichromie, the hue was more greenish and more
yellowish and it was less reddish and less bluish.
Trichromies and Crimson dyeings were more sensitive
to the reuse. In general, all the hues became more yel-
lowish due to the higher organic matter content
(TOC) in the following order of sensitivity:

Crimson > Trichromie > Yellow > Navy Blue

The total effect on the color differences DE*cpic(2.1y 1S
explained by the following aspects:

* Yellow: lower total differences (always acceptable)
were obtained since the change was to the same
hue and the differences of intensity were less per-
ceptible in yellow and green colors.

¢ Crimson: The level of yellowing did not produce
perceptible and unacceptable differences.

* Trichromie: Due to the variations of hue, intensity
and lightness, the total color differences were
clearly perceptible and they were not acceptable.

¢ Navy blue: Although hue differences were mini-
mal, the loss of intensity and the increase of light-
ness produced clearly perceptible color differences
in such a dark shade, which implied the variation
from Navy Blue to Sky Blue.

In order to consider the possibility of reusing the
maximum amount of water and salt in unlimited dye-
ing cycles, some actions should be carried out to com-
pensate the major content of organic matter of the
reused water and to reduce color differences, mainly
for the blue color and the trichromie. Two solutions

can be proposed to improve the dyeing quality: the
application of a higher intensity in electrochemical
treatment or the addition of a higher concentration of
dye in the initial recipe.

In the first case, the application of a higher current
density in a prolonged electrochemical treatment leads
to organic matter mineralization, obtaining water free
of organic matter. In our previous studies [24], 81% of
TOC was removed after electrochemical treatment
was conducted for 10 h at 24mA/cm?® The required
treatment time and its high electrical consumption
(700 Wh/L) would make industrial application of this
degradation process difficult.

On the other hand, increasing dye concentration in
the reuses to compensate for their lower exhaustion
can be especially interesting in Mediterranean areas
where the hydric resources are scarce and salinity is a
severe problem. For this reason, environmental
regulations are very restrictive to the discharge of
high-salinity effluents [2]. The consequent increase in

= Navy Blue

««<i-+ Crimson

Yellow

DECMC(2:1)

= <@~ = Trichromie

0% 20%

40%
Dye increase

60%

Fig. 5. Influence of the dye increase on color differences.
Dyeing with reused water (10 reuses) versus standard
dyeing.
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Table 2
Differences in chromatic coordinates
standard dyeing

with respect to the dye increase. Dyeing

V. Lopez-Grimau et al. | Desalination and Water Treatment 51 (2013) 4593—4602

with reused water (10 reuses) versus

Navy Blue Crimson Yellow Trichromie

Dye increase (%) DL DC DH DL DC DH DL DC DH DL DC DH

0 3 -0.9 -0.8 25 -2.1 0.3 1.9 -14 0.6 1.5 0.4 -1.2
10 1.9 -0.8 -0.3 1.6 -1.6 0.2 1.5 -0.7 0.6 1.1 0.4 -1.5
20 1.5 —0.6 —0.4 14 -0.9 0.5 0.9 -0.5 0.2 00 04 -1.4
30 0.8 —0.4 -0.2 0.2 0.3 0.6 0.1 0.2 -0.1 -1.0 08 -1.4
50 -0.7 -0.1 0.1 -0.1 0.5 0.5 -13 0.9 0.3 -22 09 -14
60 -1 —-0.1 0.3 -04 12 1 -27 1.1 -13

dyeing costs can be compensated with salt saving,
and with lower wastewater discharge costs [32].

3.4. Dye increase

As indicated, color differences became practically
constant from the fourth/fifth reuse in an apparent
steady state. Thus, for a cyclic process, it can be
assumed that DE* is independent from the number of
reuses. The amount of dye to be added to the initial
dyeing formula was determined with respect to this
point. Dyeing processes were carried out with water
that had already been reused 10 times (11" reuse).
Different amounts of dye were added. Color differ-
ences (DE* cmcea) with respect to the standard
obtained with different dye increases are shown in
Fig. 5.

In this figure, it can be seen that the blue dyeing
requires a 30% increase to provide an acceptable color
difference (DE* cpce.y = 0.6), whereas for the red
color, it was only necessary to add 10% of the dye. In
the case of yellow dyeing, the dye increase was not
necessary, as color differences were lower than 1 in all
reuses. However, an almost null DE* cycp) was
obtained when yellow dye was increased by 30%.
Finally, in the trichromie, it was not possible to obtain
DE* cmce:1) lower than 1, the lowest color differences
were obtained when all the dye concentrations were
increased by 20% (DE* cymce:1y = 1.4), and in this case,
the percentage needed for each dyestuff should be
studied to obtain the new formula to reproduce the
desired color.

The values in the chromatic coordinates are shown
in Table 2. As in the previous experiments, in this
case, DL* also exhibited the same tendency of DE*
cmce and, consequently, color differences with
respect to the standard can be again attributed to this
parameter.

DL* values decreased when increasing the amount
of dye until they reached negative values. At this

point, the dyeing became darker than the standard
which means that too much dye had been added. It
can be concluded that color differences (DE*) were
directly related to the absolute value of DL*.

For the three individual dyes, the other two coor-
dinates, DC* and DH¥, have a lower influence on the
total color differences DE*cpcea). However, they
reached the value zero at the same point that DL*.

In the trichromie an equal increase of the three
dyes did not lead to acceptable color differences
(DE*cmcen<l). Due to the higher DH* values
obtained (almost constant in all the percentage of dye
addition studied) the appropriate colour formula for
the reused baths should be revised, as it is usual in
the textile dyeing industry.

In summary, while it was not necessary to increase
the concentration of yellow dye, the 30% increase in
blue dye and 10% for red dye allowed for acceptable
color differences to be obtained independent of the
number of consecutive reuses carried out. Also, get-
ting a steady state, after 4-5 reuses, meant that with a
usual reuse of dyebaths, the reproducibility and
repeatability of dying colors should not be adversely
affected.

4. Conclusions

Savings of 60% of NaCl on average were achieved
with the reuse of discoloured dyebaths after electro-
chemical treatment.

The first reuse always provided good quality dye-
ings (DE* cmce1y < 1. In the subsequent reuses, the
color differences were not significant for yellow. For
red, three reuses produced color differences lower
than 1 and after the 4™ process, DE* cymcei1) was
always lower than 1.4. Finally, for blue and trichro-
mie, color differences were higher than 1 after the 2"
reuse, showing a different sensitivity to the
residual products in the dyebath than the other two
dyestuffs.
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In all cases, color differences increased in each
reuse until they stabilized from the 4th or 5th reuse.
At this point, DE* became independent of the number
of reuses. The organic matter content (TOC) in the
dyebath showed a similar evolution and the behavior
of DL* exhibited a parallel tendency. Dyeings with
reused water were less intense due to a minor dye
exhaustion, which can be attributed to the presence of
dye treatment by-products or to organic compounds
extracted from the fabric. In any case, a final steady
state was obtained.

An increase of dye was proposed in the dyeing
when water was reused in order to reduce the color
differences with respect to the original standard dye-
ing with fresh water. A 30% increase of blue dye and
10% for red dye provided dyeings with acceptable
color differences independent of the number of con-
secutive reuses. Thus, the reuse became a cyclical pro-
cess where the maximum amount of recoverable
water and salt was used. In the yellow dyeing, the
addition of dye was not necessary. After 10 reuses,
the amount of blue dye to be added was higher than
the red dye and it was not necessary to increase the
amount of yellow. This different behavior is also due
to the different sensitivity of the human eye with
respect to the shade.

For the trichromie, the lowest color differences
were obtained when the dye was increased by 20%.
However, differences of hue with respect to the ref-
erence were observed, independent of the dye
increase. The influence of the reuse process was
more significant in the hue of the trichromie than in
the hue of the individual dyeing, due to higher
visual sensitivity to hue variations in achromatic
colors.
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