The reduction of vat dyes by indirect electrolysis
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The reduction of vat dyes by an indirect electrolytic process is described. The dyeing procedure and
the relevant dyeing parameters for this new reduction technique are discussed. The dyeing results
are comparable with those obtained by standard experiments using sodium dithionite. After removal
by filtration techniques of the remaining dye from the exhausted dyebath, regeneration of the
reducing agent by cathodic reduction is possible. The results demonstrate the applicability of this

reduction method for larger-scale vat dyeing procedures.

INTRODUCTION

In the coloration of cellulosic fibres vat dyes (including
indigo) and sulphur dyes hold a large part of the dyestuff
market [1]. Vat dyes yield coloured fibres with excellent
colour fastness, and the position of indigo in the
production of denim is almost unique, partly for this
reason [2]. Sulphur dyes are economical and show good
fastness for most purposes [3].

Nevertheless, both vat and sulphur dyes have some-
what complicated application procedures, involving a
reduction step to attain a water-soluble form of the dye
molecule that has high substantivity to the cellulosic fibre
[4]. In the modern dyehouses the reduction process is
carried out by applying reducing agents such as sodium
dithionite, salts of organic sulphinic acids, sodium
borohydride, organic polyhydroxo compounds (glucose,
hydroxyacetone}, sulphides and polysulphides [5-8].
Despite numerous attempts to optimise the use of
reducing agents, the main disadvantage remains that it
has as yet not been possible to regenerate these con-
ventional agents, except in the ‘standing dyebath’
procedure.

The used dye liquors have to be discharged because
recycling is not feasible. The exhausted dyebaths contain
the oxidation products of the reducing agents and the
surplus of reducing chemicals necessary to ensure that the
vat dyes remain in their reduced form during the whole
dyeing procedure. It is usually necessary to undertake
further treatment of the used dye liquors before they can
be discarded.

Different attempts to minimise the concentrations of
the dyebath chemicals or to recycle them have been
described in the literature, but as yet no commercial-scale
dyebath reuse system has been proposed [9-12].

In recent investigations an electrolytic process was used
to achieve dye reduction by [13]. The direct cathodic
reduction of the dye in an electrochemical cell under
dyebath conditions is not technically feasible [14], but the
indirect electrolytic process does permit dye reduction in
aqueous alkaline medium [15]. In contrast to direct
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electrolysis, where the dye itself must be reduced at the
surface of the cathode, in indirect electrolysis the reducing
power of the cathode is transferred to the solution by a
soluble reversible redox system (mediator). This reversible
redox system is continuously regenerated at the cathode
so that a renewal of the reducing agent is achieved. This
technique offers the possibility of full dyebath recycling,
including the reuse of the reducing agents. A further
advantage of indirect dye reduction is that the reducing
conditions of the dyebath can be controlled by
electrochemical methods.

Several theoretical aspects of the use of a mediator (e.g.
complex of an iron salt with triethanolamine as ligand) for
the reduction of suspended organic dyes have already
been described [16]. A mediator system has to fulfil several
requirements in order to be useful under dyebath
conditions:

{a) Sufficient negative reduction potential

(b) Stable reducing conditions in the dyebath

{(¢) Reproducible dyeing results

(d) Similar dyeing results compared with methods
already used

(e) Low concentrations of chemicals employed

(f) Simple waste water treatment

(g) Recycling of chemicals and waste water.

The purpose of this study was to investigate the behaviour
of different vat dyes in the presence of iron triethanol-
amine complexes as electrochemically renewable reducing
agents. In this work the first results relating to depth of
colous, differences in shade, dyebath exhaustion, side- and
over-reduction reactions are described. In addition, the
possibility of a dye removal by means of membrane
filtration, necessary for complete dyebath recycling, is
discussed.

The experimental conditions of the dyeing procedures
have not yet been optimised to achieve maximum dye
liquor exhaustion or minimal chemical concentrations, but
were selected to ensure stable dyebath conditions at
different potentials.



EXPERIMENTAL

Electrolytic cell and analytical equipment

Electrolysis was carried out in a cylindrical cell (catholyte
volume 950 ml, anolyte volume 50 ml) with a ceramic
diaphragm. The cathode was made from copper and had
an area of 500 cm?, the anode was a stainless steel rod with
a surface area of 6 cm?. The electrical energy was supplied
by an adjustable laboratory power supply unit. The
dyebath was agitated by a magnetic stirrer.

Dyeing procedure and process control

The experiments were made under potentiostatic
conditions. To avoid liberation of hydrogen, the potential
of the cathode was kept below the level required for the
decomposition of water.

The material for the dyeing experiments was positioned
in the cathodic chamber of the cell. During the whole
experiment the dye liquor was pumped through a flow-
through photometer to control the dye reduction and the
dyebath exhaustion. As the electrolysis cell was not
optimised with regard to short liquor ratios, the
experiments were carried out at a relatively long liquor
ratio, e.g. 120:1.

The potential of the working cathode and that of the
dyebath were measured against an Ag/AgCl, 3 mol/l KCl
reference electrode, in terms of which all the potential
values are quoted. For the experiments both parts of the
cell were filled with the same iron triethanolamine
complex in caustic soda solution. The vat dye was added
to the cathode half cell. In all the experiments 2% o.w.f.
dye was used in the dyeing recipe.

Chemicals and dyes

The dyes were commercial (BASF) samples (colloisol
type): Indanthren Blue GC (CI Vat Blue 14), Indanthren
Blue BC (CI Vat Blue 6), Indanthren Brilliant Green FFB
(CI Vat Green 1) and Indanthren Red FBB (CI Vat Red 10).
Iron(m) sulphate (Fe,(50,);.xH,0 (x = 5-6)) and caustic
soda were of analytical grade, the triethanolamine (TEA)
used was a commercial product.

The dyebath solutions were prepared by dissolving the
caustic soda in a small amount of water and adding the
TEA. The iron(m) sulphate was separately dissolved in a
small amount of water and then added to the TEA/caustic
soda mixture. After complete dissolution of the preci-
pitated iron hydroxide, the solution was diluted to the full
volume (caustic soda 20 g/, 0.5 moV/]; TEA 60 g/, 0.45 mol/l;
Fex(SO4);.xH,0 14 g/, 0.027 mol/).

The test material (knitted cotton fabric) for the dyeing
experiments was scoured and peroxide bleached. After
filling the cathodic and the anodic compartments with the
mediator solution, electrolysis was started by increasing
the potential of the working cathode.

At the end of the dyeing experiment the dye on the
fabric was oxidised by rinsing with cold water and soaped
to obtain the final shade. The results of the dyeing
experiments were controlled by measuring the CIELAB

coordinates of the dyed goods with a Minolta Chroma-
Meter CR 210 (50 mm diameter measuring area).

Filtration experiments
After the experiment the remaining dye and the reduced
mediator were oxidised by bubbling air through the
solution to form the insoluble form of the dye.

Recycling of the dyeing liquor was achieved by
pressure filtration through a PTFE membrane with a pore
size of 0.45 or 1.2 um at a pressure of 1-2 MPa (10--20 bar).

RESULTS AND DISCUSSION

Dyeing procedure

A relatively high concentration of the iron-TEA complex
was used to achieve a high level of stability of the different
potentials under dyebath conditions. The optimum
concentrations for use in any commercial operation would
have to be investigated further. High mediator concen-
trations favour relatively stable potential conditions in the
dyebath, while the use of adjustable dyebath potentials
permits investigations of dye behaviour under different
potentials. Reproducible and easily measurable potential
conditions in the dyebath yield much information about
the minimum potentials necessary for a successful dyeing
process and enable the determination of those conditions
that influence shade, exhaustion, reproducibility and the
destruction of the dye molecule due to over-reduction, etc.
Figure 1 shows the temperature-time diagram for the
dyeing experiments. To obtain comparable test results, all
experiments were performed in a similar manner at
constant temperature. The textile sample was placed in
the laboratory unit, which was filled with the dye liquor.
The dyebath was heated to the dyeing temperature and
then the electrolytic process was started.

Figure 2 shows a potential-time diagram for typical
dyeing experiments, including a curve with sodium
dithionite as reducing agent. At the beginning the build-
up of the reducing species in the dyebath can be observed.
After the desired potential in the dyebath was reached, the
dye was added. Only a small change in the dyebath
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Figure 1 Temperature—time diagram for dyeing procedure (exhaust
method) with the electrochermical laboratery dyeing unit at 40°C
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Figure 2 Potential-time curve tor typical dyeing experiment; 2%
o.w.f. dye, arrows indicate point of dye addition, potential of working
electrode between —1000 and -850 mV

potential at the point of dye addition was noticeable.
When the dye was added at a relatively low reduction
potential (e.g. potential curve with Indanthren Blue BC) a
small down-turn in the potential was observed.

The experiments with sodium dithionite as reducing
agent also showed a slow build-up of the reduction
potential, although an excess of the reducing agent was
added in one portion. This behaviour can be explained in
terms of a significantly lower reactivity of sodium
dithionite at temperatures below 60°C.

In the classical reduction processes with conventional
reducing agents the dyebath potentials depend on the
type and concentration of the reducing agent used, and
the dyebath temperature. The new technique using
mediators permits direct control of the dyebath potential
without the undesirable connection between temperature
and reduction potential.

Dyeing results

In order to obtain further information about the behaviour
of the dye when using this new technique, a series of
dyeing experiments was performed at various potentials
and temperatures. The CIELAB coordinates of the dyed
samples were compared with the coordinates of a sample
dyed with sodium dithionite as reducing agent under the
same experimental conditions. The exhaustion of the
dyebath was controlled photometrically.

The extinction of the fully reduced dye was measured
during an electrochemical reduction experiment in the
absence of test material. In these experiments no
significant change in extinction attributable to destruction
of the dye was registered.

Table 1 shows the main results of the dyeing experi-
ments carried out with the four dyes at different
temperatures and potentials. The results obtained by
electrochemical reduction correspond well with the
behaviour of the Indanthren dyes in dyeing processes
using conventional reducing agents. At low potential
values the dye was only partially reduced, which led to a
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low exhaustion of the dyebath and to a diminished colour
yield. In contrast to reduction with sodium dithionite,
indirect electrolysis permitted high reduction potentials,
even at low temperatures. Thus dyeing experiments could
be performed under similar reducing conditions at
different temperatures.

Comparing conventionally dyed test materials with
electrochemically dyed goods, the minimum difference of
the CIELAB coordinates and the maximum bath
exhaustion was reached at bath temperatures of about
60°C and at reduction potential values of -900 mV or more
negative. The standard dyeing experiments with sodium
dithionite as reducing agent showed a more complete
bath exhaustion and a somewhat higher colour yield. The
distances in colour space between the CIELAB values of
products dyed by the different techniques were relatively
small. Therefore electrochemical reduction compares well
with conventional methods, even without further
optimisafion.

Table 1 CIELAB coordinates and dyebath potentials of the dyeing
experiments (2% o.w.f.) under different conditions including tests with
sodium dithionite (hydros)

Potential in
solution Temp.
Dye® (mV) (°C) L a b*
1 ~910/-930 20 36.39 7.82 -34.86
-900 20 37.41 7.94 -35.12
-800 20 36.45 7.83 -34.60
=700 20 50.01 4.34 -31.68
-850 55 34.66 9.33 -36.04
—930/-940 55 31.54 10.16 -36.51
—900/-950 45 33.03 9.41 -36.43
—960 75 37.87 6.23 -32.06
with hydros  —820/-870 60 2046  10.57 —36.49
2 -900 20 44.72 2N -30.42
-900 20 45.51 1.60 —27.99
-900 20 45.88 1.39 -28.47
—930/-950 20 45.01 214  -28.72
—870/-3900 20 45.55 3.05 —-30.54
—-800/-875 20 46.21 4.02 -31.40
=800 45 37.21 6.23 -34.66
—870/-930 50 37.65 4.65 -34.27
—920/-940 60 37.00 522 -33.73
—870/-925 70 37.27 4.00 -31.97
-930 80 38.17 ~7.58 —11.64
with hydros  —-830/-860 55 35.84 6.80 -35.56
3 -900 20 44,51 -25.09 -8.22
—-900 20 46.20 -28.10 -9.54
—900 20 4338 -26.55 -8.60
—900 20 4453 -27.81 -9.03
—890/-950 45 4568 -29.05 -10.15
—890/-950 55 42.26 -25.37 -8.30
-900 65 4755 -27.51 -9.75
—900 75 51.88 -26.40 -9.70
-890/-900 85 50.89 -25.23 -0.74
with hydros  —850/-870 60 38.91 -~27.21 -10.88

a 1 Indanthren Blue GC
2 Indanthren Blue BC
3 indanthren Brilliant Green FFB



Reproducibility and dye stability

The small differences between the CIELAB values of the
coloured test materials dyed under the same conditions
demonstrate the good reproducibility of the electro-
chemical dyeing procedure. At higher temperatures the
colour yield increased somewhat, with a maximum at
60°C. At temperatures above 80°C a larger amount of the
dye decomposed owing to over-reduction. This fact can be
explained by the reaction kinetics of the iron(n)-amine
complex, which acts as a one-electron transfer reagent,
producing a radical anion of the dye molecule. This radical
anion has to stabilise itself by disproportionation or by
reaction with another reduced iron(n)-amine complex. At
higher temperatures the dye radical anion is cleaved be-
fore the stabilisation reaction proceeds. A general reaction
for such an electrochemical process is given in Scheme 1.

Fedl + e == Fe? L 1 cathodic process
Fe**L+dye === Fe¥L+dye- 2 one-electron transfer
2 dye— —= dye? +dye 3 disproportionation
dye—+ Fe?*L === dye? +Fe®*L 4 secondary reduction
dye2- —= dye +2e" 5  oxidation

Scheme 1

It can be assumed that the same mechanism occurs
with sodium dithionite. At lower temperatures the sodium
dithionite acts as a two-electron transfer reagent, while at
higher temperatures a side reaction with dye radicals
causes the over-reduction (cleavage) of the dye. The
assumption that over-reduction is strongly dependent on
the reduction process conditions was shown by
electrochemical reduction experiments without test
material and the photometric investigations, in which no
cleavage or irreversible damage of the dye at 40°C was
observed.

Reaction velocity of the dye reduction

A great advantage of reduction with iron(i)-amine
complexes is the high rate of dye reduction achievable,
much faster than vatting with sodium dithionite. The
iron(o)-amine complexes thus allow a better control and
measurement of the reduction conditions in the dyeing
liquor.

Figure 3 shows a reduction experiment in which a dye
suspension (Indanthren Red FBB) was injected into an
electrochemically reduced iron(u)-amine complex solution
at room temperature. The solution was agitated and
pumped through a flow-through cell of a photometer. The
curve shows the increase in absorbance measured at 460
nm caused by the vatting of the dye. It can easily be seen
that full reduction of the dye can be reached within a few
seconds.

The advantages of a system that is able to ensure fast
and complete dye reduction can be appreciated by
considering the simplified kinetic scheme shown in Figure
4, which highlights the main steps of a vat dyeing process.
The quotient of a pair of k values (velocity constants) for a
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Figure 3 Photometric control at 460 nm of the reduction of Indan-
thren Red FBB, vatted at room temperature by an electrochemically
produced iron{n)-TEA complex
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Figure 4 Reaction scheme of the steps cccurring in a vat dye
reduction process {for explanation see text)

reaction in the forward and reverse directions is a measure
of the equilibrium constant of the reaction step. The
reduction of the suspended dye is characterised by the
pair of velocity constants, k; for the reduction and k, for
the reoxidation. When stable vatting of the dye is to be
achieved, k; should be higher than k,. The affinity of the
reduced dye is given by the quotient of k; and ky; a high
value of kyk, is characteristic of dyes with good affinity for
cellulosic fibres in their reduced form, leading to a high
degree of dye fixation. This also causes problems in the
dyehouse, resuiting from the fast exhaustion of the
dyebath.

The quotient kg/k; describes the stability of the reduced
form of the dye adsorbed on the fibre. A high ky/k,
quotient indicates that the dye remains stable in its
reduced form, which is an important precondition in
achieving equilibrium during exhaustion of the dyebath.
When the quotients ki/k; or kg/k, are small, the dyeing
process is disrupted by all oxidising agents, leading to
unevenness in the dyeing results.

It is evident that the rates of dye reduction (k; and kg)
are of great importance in ensuring reproducibilty of
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dyeing. The rate of reduction of the iron(m)-TEA complex
is some orders of magnitude greater than that of the
sodium dithionite; therefore the reduced dye is more
stable and the resultant dyeings are more reproducible in
the case of electrochemical reduction.

A further benefit of the new process can be seen by
analysing the decomposition of the reducing agent, rate
constants ks and k. The former is the rate constant for the
reaction with atmospheric oxygen, and a high value of ks
guarantees the fast removal of oxygen from the dye liquor,
before more vatted dye can be oxidised. On the other
hand, oxygen diffused into the dyebath causes increased
consumption of reducing agent.

A stable iron(u)-triethanolamine system in alkaline
solutions is indicated by a small k, value. Sodium
dithionite is thermodynamically unstable under dyeing
conditions but its decomposition is kinetically hindered,
which permits its use as reducing agent for vat dyes. This
instability is the reason that stock solutions of sodium
dithionite cannot be stored for any length of time.

Dyebath recycling

The possibility of restoring the reducing power of a used
dyebath is an attractive one in these days of heightened
concern over dyehouse effluents. Naturally if reuse of the
mediator system with different dyes is intended, the
residual dye has to be removed from the dye liquor. This is
a more straightforward proposition with vat dyes, because
of the insolubility of their oxidised form in aqueous
solutions, and their ability to form suspensions, which can
be removed by a filtration process from the oxidised dye
liquor.

In the laboratory dyeing experiments the exhausted
dyebath was oxidised by bubbling air through the liquor.
The removal of the suspended dye particles was achieved
by pressure filtration through a PTFE filter with a pore
width of 0.45 or 1.2 um. Table 2 shows the absorbances of
the oxidised dyebaths before and after filtration.

Comparing the absorbances of the filtered dyebath and
of a freshly prepared one shows a high degree of dye
removal. The filtered solutions were used for further
dyeing experiments. The CIELAB coordinates listed in
Table 3 describe the positions in colour space for five
dyeing experiments performed under similar experi-
mental conditions, including successive dyebath recycling
steps.

The loss of dye liquor throughout the process was
about 10~15%, which was replenished with fresh solution.
In the laboratory experiments the recycling loop was
repeated up to nine times. The dyeing experiments
showed good reproducibility in the colour of the dyed
goods, confirming that electrochemical regeneration of
the reducing agent can be achieved for many cycles
without a measurable loss in electrochemical activity.

CONCLUSIONS

Iron-amine complexes, e.g. iron(i/m)-triethanolamine
complexes, show a sufficiently negative redox potential in
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Table 2 Absorbance of exhausted dyebaths at
620 nm before and after pressure filtration
through a PTFE membrane filter {Indanthren
Brilliant Green FFB)

Absorbance before Absorbance after

filtration filtration
0.204 0.026
0.198 0.064
0.124 0.009
0.083 0.012
Table 3 CIELAB coordinates of dyed material

(Indanthren Blue GC} from a series of dyebath recycling
experiments at 20°C

Recycling Potential

step (mV) L a b

1 -900 4472 2.3 -30.42
2 —900 4551 1.60 —27.99
3 -900/~-920  45.88 1.39 -28.47
4 —870/-900 45.01 214 -28.72
5 —800/-875  45.55 3.05 -30.54

alkaline solutions and are therefore suitable as reducing
agents for the indirect electrochemical reduction of vat
dyes. The electrochemical behaviour of these compounds
permits the continuous regeneration of the reducing
agents by cathodic reduction. The electrochemical
experiments show good reproducibility and the dyeing
results are similar to those of conventional vatting
techniques using reducing agents such as sodium
dithionite.

The high reaction rate of the mediator system and the
readily measurable dyebath potential make it relatively
easy to control relevant dyebath conditions even at low
temperatures. At elevated temperatures the dye molecules
are altered because of cleavage or over-reduction, similar
to the processes known to operate with sodium dithionite.
Control experiments performed with sodium dithionite as
reducing agent show that the CIELAB colour coordinates
are separated by only a small distance in colour space from
those measured after electrochemical experiments, even
though the dyebath conditions differed somewhat (e.g.
concentrations of caustic soda and triethanolamine).

The use of such reversible systems for the vatting of
dyes allows the dyebath to be recycled after the removal of
the oxidised dyes by filtration. The filtration experiments
described show that recycling the dye liquor, including the
reversible redox system, is possible.

Further work is necessary to optimise the mediator
system before this reduction technique can be employed
on a commercial scale. Suitable dyebath conditions and
the design of the electrolytic cell are also currently under
investigation.
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