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Abstract A laboratory cell equipped with multiple por-

ous electrodes connected electrically in parallel and

hydrostatically in series was used to reduce dispersed

Colour Index (C.I.) Sulphur Black 1 to synthesise C.I.

Leuco Sulphur Black 1. At higher cell current bipolar

effects limit the maximum thickness of a porous cathode

element. A mathematical model has been established to

estimate the maximum thickness of a cathode element. The

cell voltage can be calculated using a simple resistor net-

work. The presented model calculations permit optimisa-

tion of a cell with multiple porous electrodes with regard to

dimensions, cell costs and energy consumption. A multi-

cathode cell, equipped with 10 cathodes for a total cell

current of 10 A, was used to study production of highly

concentrated C.I. Leuco Sulphur Black 1 solutions. Com-

pared to chemical reduction, dyeing behaviour was found

to be independent of reduction method used.
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List of symbols

DUi Potential difference in catholyte between front

and back side of a cathode unit (V)

DUmax Maximum permitted difference in cathode

potential between front and back side of a

three-dimensional cathode unit (V)

di Thickness of the three-dimensional cathode unit

(cm)

A Front area of the cathode (cm2)

x Open part of cathode area A (%)

j Conductivity of the catholyte (mS cm-1)

id Diffusion limited current density (mA cm-2)

Ic Total cell current (A)

i Position of electrode (i = 1 first and i = n last

cathode)

n Number of cathode units in multi-cathode cell

Ii Current transported through porous cathode i (A)

I�1 Current fed into cathode unit 1

I�i Current fed into cathode unit i

I�n Current fed into cathode unit n

Li Number of layers forming one cathode unit

C1 Coefficient transferring the geometric area of an

electrode layer into surface area

C2 Thickness of a single layer of electrode material

(steel fabric) (cm)

U1 Cell voltage of cathode unit 1 (V)

Ui Cell voltage of cathode unit i (V)

Un Cell voltage of cathode unit n (V)

R0 Resistance of catholyte/membrane and anolyte,

anode reaction and anode (X)

Ri Resistance of catholyte between two

neighbouring cathode units (X)

Rz Resistance of a cathode unit including cathodic

reaction and contribution of cathodic overvoltage

(X)

Rcell Contribution of cathode, anode and cation-

exchange membrane to cell resistance (X)
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1 Introduction

The annual production of C.I. Sulphur Black 1 (SB1)

worldwide exceeds 80.000 tons. SB1 is believed to con-

tain polymeric phenothiazine groups as shown in Scheme 1

[1].

Sulphur Black 1 is a so-called bake-pot sulphur dye,

which is synthesised by baking 2,4-dinitro-chloro-benzene

with Na2S and Sx. The final step in the dyestuff synthesis is

the oxidation of the reduced dye by air oxygen to precip-

itate SB1 in its oxidised form. The crude dyestuff then is

filtered off and by-products are removed by rinsing with

water.

Highly concentrated solutions of Leuco Sulphur Black 1

are the preferred commercial form in the industry, thus the

oxidised filter cake has to be reduced in alkaline solution,

mainly by means of sodium sulphide or glucose [2–6].

Chemical reducing agents used at present, cannot be

regenerated, thus besides costs for chemicals, environmental

problems, e.g. due to toxicity or high chemical oxygen

demand in the waste water, become more and more impor-

tant [5, 7]. A promising strategy to replace the reducing

agents is direct cathodic reduction of SB1 [8, 9].

Sulphur Black 1 can undergo several reduction/oxida-

tion steps in solution (Scheme 1). A dyestuff molecule in

its reduced state is able to carry a reduction capacity of up

to six equivalents from the cathode into the dyebath, and

thus, can take over the function of a redox mediator [1].

In the literature, direct cathodic reduction of crude SB1

has been reported. Diluted solutions of the reduced dye

successfully were used for continuous pad-steam dyeing,

exhaust dyeing and denim yarn dyeing [10–14]. For pro-

duction of a commercial liquid dyestuff formulation, the

dye has to be reduced cathodically at very high concen-

tration. In the dyehouse, the concentrated product then is

added in required amount to the dyebath.

Due to limited concentration of cathodically active

species and rather high molecular weight, the cathodic

reduction of SB1 proceeds only at rather low current

density. Thus, electrolysers with high electrode surface-to-

volume ratio have to be used. Since the reduced dyestuff is

soluble in alkaline solution, cell designs with three-

dimensional flow through cathodes can be applied without

fear of filtration.

Different designs for three-dimensional electrodes have

been described in the literature, such as porous electrodes,

packed bed electrodes and fluidized bed electrodes [15–20].

A wide range of materials have been tested for possible

application in three-dimensional electrodes, for example,

foamed nickel structures for cathodic electrohydrogenation

reaction, electrodeposited PbO2 for the anodic oxidation of

cyanide, or activated carbon fibres for ground water purifi-

cation [21–23].

For an efficient application of three-dimensional elec-

trodes, the mass transfer and current distribution have to be

optimised [24–26]. Current density distribution in packed

bed electrodes is not uniform and depends on a number of

factors, for example, conductivity of both electrolyte and

porous electrode material. Electrode thickness and porosity

of the electrode, conductivity of the electrode material and

applied current density have to be optimised for a certain

electrolyte conductivity and electro-active system concen-

tration. In a three-dimensional electrode, a limited depth of

a three-dimensional structure is involved into the electro-

chemical process, which restricts the maximum surface-to-

volume ratio of a cell concept [27]. A detailed analysis of a

three-dimensional packed bed cell for metal recovery has

been presented in literature [28–31]. Modelling of current

density and current efficiency of a packed bed electro-

chemical reactor for organic synthesis of glyoxylic acid has

been reported in the literature to be in good agreement with

experimental data [32].

Use of additional equipotential current feeders into por-

ous electrodes to achieve more even current distribution in a

three-dimensional electrode also has been proposed in the

literature [33]. A strategy to achieve equal current distri-

bution in a three-dimensional electrode is the use of multiple

porous electrodes connected electrically in parallel and
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Scheme 1 Representative structure of C.I. Sulphur Black 1 (SB1)

and reduction reaction to Leuco Sulphur Black 1
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hydrostatically in series [10, 12, 13, 34–37]. For low cell

currents, an individual adjustment of electrode potential can

be achieved by external resistors [38]. In a variation, the

electrode is built up from several layers of expanded metal,

the layers being connected internally by appropriate resis-

tors [39].

Due to the advantage of multiple electrode cells to

operate at low current density, such cells have been pro-

posed for use in water treatment processes [40].

In corrosion studies, the concept of using two poten-

tiostats sharing a common auxiliary electrode has been

used to adjust different potentials to specimen electrodes

[41]. The high potential drop in the electrolyte makes

potential measurement difficult at higher cell current and

special techniques have to be applied to control the elec-

trode potential [42]. Thus, galvanostatic electrolysis is

preferable. Such cells have been tested in full scale appli-

cation for dyeing with indigo for cell current up to 1,000 A

[43]. Above a critical cell current the individual cathodes in

such electrolysers begin to exhibit bipolar reaction, which

lowers efficiency and performance of the system [34].

In literature, only little information is available on about

the proper design and performance of a multi-cathode

electrolyser equipped with flow through electrodes [34, 35].

Thus, cell design is based mainly on empirical work and

experimental optimisation. Electrolyte composition and

cathode materials are defined by the process conditions, thus

optimisation activities concentrate on the geometry of the

three-dimensional electrode stack.

A mathematical formulation to estimate the maximum

cathode thickness in a multi-cathode electrolyser as a

function of process parameters is presented in this study.

Such model calculations are of particular importance, when

a higher number of three-dimensional electrodes, e.g. 10

cathode units are combined to a multi-cathode stack and

the current transported in the electrolyte through a porous

electrode exceeds by far the current of an individual three-

dimensional electrode. A resistor network model to cal-

culate the cell voltage of the individual electrodes in the

cathode stack also is presented in this article.

The application of a pilot scale multi-cathode electro-

lyser to prepare reduced C.I. Sulphur Black 1 by direct

cathodic reduction is used as representative example. In the

multi-cathode electrolyser, a number of steel fabric elec-

trodes were combined to a three-dimensional cathode

stack, each cathode being connected to a separately

adjustable power supply and a common anode.

The cell was used to produce concentrated solutions of

Leuco Sulphur Black 1 starting with the oxidised crude

filter cake. The reduced catholyte then was tested in

exhaust dyeing experiments. For comparison, reference

dyeings with use of sulphide based reducing agents were

also prepared.

2 Experimental

2.1 Chemicals

Crude filter cake C.I. Sulphur Black 1 (SB1) was used as

delivered (water containing solid, 63.7% solids in experi-

ment nos. V1, V2, V3 and V5, and 60% solids in experiment

no. V4, DyStar, Frankfurt a.M., Germany). Primasol�NF

(Alkylphosphate, BASF AG, Ludwigshafen a.R. Germany)

was used as wetting agent. Technical grade NaOH was used

as ground electrolyte. Analytical grade K3[Fe(CN6)] was

used for determination of the reducing equivalents in the

catholyte. All chemicals used in dyeing experiments were

technical grade: wetting agent (Leonil� KS, Clariant, Basel,

Switzerland), sodium polysulphide (Stabilisal�S fl) and

sodium sulphide (Sulfhydrate� F 150) (DyStar Frankfurt

a.M., Germany), NaCl, NaOH (50% w/w aqueous solution),

H2O2 (35% w/w) and acetic acid (80% w/w).

2.2 Laboratory scale multi-cathode electrolyser

A multi-cathode flow through electrolyser equipped with

10 three-dimensional cathodes was used for the reduction

experiments. The cathode stack was built up from 10

isolated cathode units attached to separately adjustable

power supplies and connected to a common anode. Before

the electrolyte flow entered into the three-dimensional

electrode stack, the solution had to pass through two

additional cathode units that were not connected electri-

cally and served as pre-filter. Anolyte and catholyte were

separated by a cation-exchange membrane (Thomapor

MC-3470). Relevant data of cell and electrodes are given

in Table 1. The individual three-dimensional cathodes

were manufactured form two layers of stainless steel

fabric (Haver & Boecker, Oelde, Germany). The catholyte

flow was parallel to the current flow through the porous

cathode stack. A general scheme of the electrolyser is

given in Fig. 1.

The redox potential in the catholyte was measured with

a Pt electrode versus a Ag/AgCl, 3 M KCl reference

(potentiometer Metrohm 654 pH-meter, Herisau, Switzer-

land). The pH in the catholyte was measured with a glass

electrode and a potentiometer (Hamilton-flush-trode, Orion

720A, Orion Research Inc. Boston, MA).

At the beginning of an electrolysis experiment, the

anolyte compartment was filled with 1.5 dm3 of 1 M NaOH.

Dependent on the total charge flow concentrated NaOH

(19.2 M) was added to the anolyte to maintain alkali con-

centration at 1 M NaOH.

The catholyte compartment was filled with an initial

volume of 0.075 M NaOH (Table 2) and 1 g dm-3 wetting

agent was added. Electrolysis was performed as galvano-

static process with a total cell current between 5 and 20 A.
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During electrolysis solid SB1 was added to the catholyte in

portions.

Dyestuff reduction was monitored by redox titration of

the reducing equivalents in the catholyte. A defined vol-

ume, e.g. 1.25 ml catholyte was added to a 50–60 �C warm

mixture of 30 ml distilled water and 6 ml 1 M NaOH.

Redox titration with 0.1 M K3[Fe(CN)6] then was per-

formed at 50–60 �C under an inert gas atmosphere using a

titroprocessor equipped with a Pt redox electrode and

Ag/AgCl, 3 M KCl reference (Orion 960 autochemistry

system, Boston MA).

Relevant experimental conditions of the electrolysis

experiments are shown in Table 2.

2.3 Dyeing procedure and reference dyeings

In prolongation of experiment V4, a concentrated solution

of SB1 was prepared and tested in dyeing experiments.

Dyeings were performed with two repetitions in a laboratory

dyeing apparatus (Mathis Labomat BFA-8/16, Werner

Mathis AG Niederhasli, Zürich, Switzerland). A 10 g sam-

ple of bleached knitted cotton fabric was dyed in 100 ml

dyebath containing 2 g dm-3 wetting agent (Leonil� KS),

5 ml dm-3 polysulphide (Stabilisal�S fl), 20 ml dm-3

sodium sulphide (Sulfhydrate� F 150), 30 g dm-3 NaCl and

2 ml dm-3 NaOH (solution 50% w/w).

An amount of 10–25 g dm-3 cathodically reduced

dyestuff was used in the dyebath. In case of reference

dyeings, 10–15 g dm-3 Cassulfon Carbon� CMR (DyStar

Frankfurt a.M., Germany) was used.

The textile sample was put into the dyebath at room

temperature. The dyeing vessels were closed and heated

to 50 �C with a heating rate of 2.5 �C min-1, and from

50 �C to 95 �C with 1.8 �C min-1. After 45 min dyeing

time at 95 �C, the bath was cooled to 70 �C and the

samples were rinsed in cold soft water. Oxidation of the

dyeings was performed in 15 min at 70 �C in a bath

containing 1% of sample weight H2O2 (35% w/w) and

2% of sample weight acetic acid (80% w/w). Following

rinses in cold water, 80 �C water and cold water, the

samples were line-dried.

CIE-Lab values of the dyeings were measured with a

tristimulus colorimeter (Minolta Chroma-Meter CR 210,

geometry d/0�, sample diameter 50 mm, illuminant D65).

L* corresponds to the brightness (100 = white, 0 = black),

a* to the red–green coordinate (positive sign = red, nega-

tive sign = green) and b* to the yellow–blue coordinate

(positive sign = yellow, negative sign = blue).

Table 1 Technical data of the

laboratory scale electrolyser and

general experimental conditions

a Factor to transform geometric

area of steel wires in fabric into

surface area

Experimental parameter Symbol Dimension

Cathode Geometric area of a cathode unit A 400 cm2 (20 9 20 cm2)

Surface area of cathode unit 0.19 m2 (20 9 20 9 2 9 2.4a cm2)

Number of layers fabric Li 2

Thickness of two layered cathode unit di 0.08 cm

Number of cathodes n 10

Total surface area of 10 cathode units 1.9 m2

Material Fabric, plain weave Steel 1.4404

Wire diameter 0.02 cm

Open distance between wires 0.0315 cm

Open area x 37%

Factor surface/geometric area C1 2.4*

Thickness per layer fabric C2 0.04 cm

Mass per area 0.99 kg m-2

Insulation Fabric, plain weave Polyethylene

Wire diameter 0.03 cm

Open distance between wires 0.15 cm

Catholyte Volume Max. 12 dm3

Composition Alkaline dyestuff solution

Catholyte flow through electrode stack Max. 20 dm3 min-1

Anode Material Pt-mixed oxide coated titanium

Geometric area 0.04 m2

Anolyte Total volume 1.5–2.0 dm3

Composition 1 M NaOH

Cell current Total current Ic 1–10 A

Cathodic current density 0.5–5 A m-2
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3 Results and discussion

3.1 Calculation of critical thickness of cathodes

in a multi-cathode electrolyser

Cells equipped with multiple three-dimensional electrodes

connected parallel electrically and in series hydrostatically

offer high surface-to-volume ratio with regard to the active

electrode area [34–36]. In the presented application, a

multi-cathode electrolyser with porous steel fabric cath-

odes was used. The cathode stack was built up as combi-

nation of 10 isolated three-dimensional cathode units

supplied by individual current sources, connected to a

common counter electrode (Fig. 1).

The current density distribution in single three-dimen-

sional electrodes can be calculated using mathematical

models given in literature [24–31]. In a simplified

approach, the ohmic drop in the electrolyte solution inside

the porous matrix will cause lowering of current density

with increasing electrode depth, which limits the active

depth of a porous electrode.

In the tested multi-cathode electrode, 10 cathodes were

combined to one electrode stack. In the three-dimensional

cathode nearest to the anode, an ohmic drop DUi of con-

siderable magnitude is caused by the current flow in the

electrolyte due to charge transport from other cathodes to

the rear of the first cathode. A schematic presentation of the

ohmic potential difference is shown in Fig. 2.

In Fig. 2, the voltage drop DUi through a three-dimen-

sional cathode, occurring in the catholyte is shown sche-

matically. The voltammogram of SB1 recorded in a flow

cell also is shown in Fig. 2 and side reactions are indicated,

which occur, when DUi exceeds the potential difference of

the diffusion limited current plateau DUmax. With

increasing cell current Ic, the potential difference in a

cathode DUi exceeds the potential difference of the diffu-

sion limited current plateau DUmax. With DUi [ DUmax,

the three-dimensional electrode begins to work in bipolar

mode and side reactions will occur. In the case of cathodic

SB1 reduction part of the three-dimensional electrode will

produce hydrogen from water reduction, while to the rear

of the cathode the reduced dyestuff will be reoxidised. In

this case, insoluble reoxidised SB1 will filter into the

porous electrode and the risk of electrode plugging by fil-

tration of dispersed dyestuff appears. The ohmic DUi

exceeds the effects due to the current I�i of the electrode

itself by far. This potential difference DUi in the electrolyte

limits the thickness of a three-dimensional electrode. When

a1a5 b

c

ed

g

f

a10

Fig. 1 Scheme of the multi-cathode cell including catholyte circu-

lation and current supply. a1 cathode 1, a5 cathode 5, a10 cathode 10,

b current supply, c anode, d catholyte, e anolyte, f cation-exchange

membrane and g catholyte circulation

Table 2 Conditions of electrolysis experiments: catholyte volume at

begin of electrolysis, NaOH concentration at begin and end of

electrolysis, concentration of SB1 in catholyte (crude product, dry

dyestuff), cell current I, full charge flow Q, redox potential in

catholyte E, temperature T and pH of catholyte

No. Catholyte vol. NaOH Conc. SB1 Ic (A) Q E T (�C) pH

Begin

(dm3)

Begin

(mol dm-3)

End

(mol dm-3)

Crude

(g kg-1)

Dry

(g kg-1)

End (Ah) End (mV)

V1 10 0.075 0.466 80 51 10 105 -618 21–36 12.3–12.5

V2 10 0.105 0.444 160 102 10 90.8 -599 21–32 12.1–12.5

V3 3.4 0.075 0.706 252 161 5 57.5 -521 24–32 12.4–12.6

V4 4 0.075 1.148 190 114 5/10 115 -607 28–35 –
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all electrodes are built with the same thickness, DUi will be

most critical for the cathode positioned next to the anode,

because this cathode will exhibit bipolar reactions first.

In case of SB1 reduction, the value of DUmax depends on

catholyte pH and cathode material used. For stainless steel

cathodes and a catholyte containing 0.5 mol dm-3 NaOH

the value for DUmax is 0.6 V [10]. At a cathode potential

below -1,200 mV hydrogen evolution will occur, while at

a cathode potential more positive than -600 mV reoxida-

tion of the dyestuff and deposition of solid SB1 on the

surface of the electrode will occur [10]. In case of SB1

reduction, DUmax of 0.6 V defines the maximum value of

DUi that must not be exceeded between front and rear of a

porous three-dimensional electrode. In Ref. [34], DUi has

been related to geometric parameters of the cathode

according Eq. 1.

DUi ¼ Ii

di

jAx
� 105 ð1Þ

The potential drop DUi depends on di the electrode thick-

ness, Ii/A the charge density in the catholyte, j the con-

ductivity of the electrolyte and x the porosity of the

electrode. For a multi-cathode electrolyser built up of

identical cathode units as shown in Fig. 1, the critical value

DUmax will be reached first at the cathode nearest to the

anode (i = 1). This electrode will define the maximum

thickness of a three-dimensional cathode.

In the experimental example, a three-dimensional cath-

ode was built up from Li layers of stainless steel fabric with

the geometric area A. The factor C1 transfers the geometric

area of the electrode into an electrode surface. For the

fabric used the factor of 2.4 considers the surface of the

wires used to weave an area A. With a given current density

id, the current fed into a single three-dimensional electrode

is calculated as the product idAC1Li 9 10-3. For an elec-

trolyser with n cathodes, the current Ii transported in the

electrolyte through the cathode in position i can be calcu-

lated according to (2).

Ii ¼ idAC1Li n� ið Þ � 10�3 ð2Þ

Using woven steel fabric for electrode materials, the

thickness di of a three-dimensional cathode can be trans-

ferred into a number of layers Li according to (3). The factor

C2 corresponds to the thickness of the steel fabric used to

build up the three-dimensional cathode stack. In plain weave

fabric, the thickness of one layer fabric equals twice the

diameter of the wires used, thus in the present case

C2 = 0.04 cm.

di ¼ LiC2 ð3Þ

Combination of (1), (2) and (3) results in Eq. 4. When

DUmax is used instead of DUi and Eq. 4 is solved for Li, the

number of fabric layers Li can be calculated as function

material and process parameters.

LiC2 ¼
DUijx

idC1Li n� ið Þ100
ð4Þ

Li ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DUmaxjx
id n� ið Þ100 C1C2

s

ð5Þ

Equation 5 defines the maximum number of layers that can

be combined to a cathode unit before bipolar behaviour

will occur. Li will be influenced by process conditions

current density id, maximum permitted voltage difference

DUmax, conductivity j, cell parameters area A, electrode

porosity x and material properties C1, C2.

Theoretically each cathode unit of a multi-cathode

electrolyser could be optimised individually, with the result
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Fig. 2 Schematic

representation of the voltage
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that cathodes nearer to the anode would require lower

number of fabric layers than cathodes, which are positioned

at higher distance from the anode. The maximum thickness

of a cathode unit di and the number of layers Li (for

C2 = 0.04 cm) can be calculated as a function of the

electrode position i. Figure 3 presents values of di and Li

for the cathodes in a 10-cathode stack for different current

densities id, as a function of electrode position.

In order to achieve the same current density id, this

would also require a rather complicated current supply,

because the cathode would have to be supplied with dif-

ferent currents I�i , dependent on the position of the cathode.

Thus, from technical point of view, production of a

standardised electrode design is favourable.

When the same current is fed into each cathode unit,

operating at current density id, the cell current Ic can be

calculated from the area of a cathode unit A L1 C1 and the

number of cathode units n. Equation 6 gives Ic as a function

of current density and electrode geometry.

Ic ¼ idAL1C1n ð6Þ

When the cathode stack is built up form identical units, the

first electrode defines the critical limit for the thickness. In

the example given, electrode thickness for a current density

id of 0.2 mA cm-2 should be below 0.23 cm, with

L1 = 5.7. This means that the first three-dimensional

cathode unit must be built up with a maximum of five

layers of steel fabric. With increasing current density, the

cathode thickness has to be decreased to 0.11 cm at

id = 0.9 mA cm-2, L1 the number of fabric layers then has

to be kept below a value of 2.7.

Increase in current density id permits to increase cell

current, however, in addition, the thickness of electrodes

also has to be reduced. For a cell operating near the current

limit for bipolar behaviour, total cell current Ic cannot be

increased in proportion with current density id, because Li

has to be decreased at the same time.

Equation 6 can be used to calculate the cell current Ic for

the examples given in Fig. 3. For a current density of

0.2 mA cm-2, the cell current Ic is 9.6 A, which increases

to 17.3 A at id 0.9 mA cm-2. An increase in current den-

sity id from 0.2 mA cm-2 to 0.9 mA cm-2 corresponds to

a factor of 4.5; however, Ic can be increased only by a

factor of 1.8.

For a given current density id, Ic can be increased

with higher number of cathodes, however, Ic cannot be

increased linearly with electrode number, because at the

same time thickness di has to be reduced to hold DUi below

the critical limit.

In the given example for cathode in position i = 10,

Eq. 9 does not define a limiting thickness di, because the

current transported through the porous electrode I10 is zero.

Increase in cathode thickness, however, does not imply that

every point of the three-dimensional cathode will work

with the same current density id. For this electrode, model

designs for current density distribution in three-dimen-

sional electrodes can be applied following to the literature

[15–20, 24–32].

Electrolyte conductivity also determines the maximum

electrode thickness di, and thus, the cell current Ic (Eq. 5).

The influence of electrolyte conductivity j on the design of

the electrolyser is shown in Fig. 4. Increasing electrolyte

conductivity j results in decreased voltage drop in the

cathode unit DUi, thus thicker cathode units can be used.

As a result, for a given current density id, an increase in
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conductivity permits higher cell currents Ic. For example, at

a conductivity of j = 10 mS cm-1 and current density

id = 0.45 mA cm-2 a two layered cathode can be used

(L1 = 2, Ic = 8.6 A). With j = 100 mS cm-1, the elec-

trode thickness can be increased to seven layers and Ic

increases to 30.2 A.

3.2 Model calculations of cell voltage

The variation of cell voltage U1 - Un of a multi-cathode

electrolyser is of relevance for the design of a cost effective

power supply and for estimation of energy consumption.

Thus, a model to estimate the cell voltage from a set of

experimental data would be a useful tool. For the calcu-

lation of Ui, the cell voltage of an individual electrode in a

multi-cathode electrolyser, we can use the model of a

network of resistors, representing the different elements of

the cell (Fig. 5).

R0 includes the electric resistance of catholyte between

cathode and separator, cation-exchange membrane, anolyte

and also includes contributions of anode reaction and

anodic overvoltage. Rz represents the ohmic resistance of

the cathode material and includes the contribution of

cathode reaction and cathodic overvoltage. Ri stands for the

electrical resistance between two neighbouring cathode

units, which depends on the geometric distance between

the cathode units, the porosity of the insulation material

separating the electrodes, and the conductivity of the

catholyte. Ri also includes the electrolyte resistance for

charge transport through the porous three-dimensional

cathode to the front of a given cathode.

In the example shown, the total cell current Ic is dis-

tributed equally to the n cathode units each supplied with

current I�n (Eq. 7). The cell voltage of cathode unit 2 can be

calculated according to Eq. 8 and the cell voltage of

electrode i is calculated according to Eq. 9. Equation 9 can

be transformed into a general description of the cell voltage

Ui of a cathode unit in position i (Eq. 10).

Ic ¼ nI�n I�1 ¼ I�2 ¼ I�n ð7Þ

U2 ¼ IcR0 þ RzI�n þ R1 Ic � I�n
� �

ð8Þ

Ui ¼ IcR0 þ RzI�n þ Ri

X

i

j¼1

Ic � j� 1ð ÞI�n
� �

ð9Þ

Ui ¼ IcR0 þ RzI�n þ i� 1ð ÞRiIc � RiI
�
n i� 1ð Þi=2 ð10Þ

Un ¼ IcR0 þ RzI�n þ n� 1ð ÞRiIc � RiI
�
n n� 1ð Þn=2 ð11Þ

Un ¼ RcellIc þ n� 1ð ÞRiIc � RiI
�
n n� 1ð Þn=2 ð12Þ

The cell voltage of electrode n is given by Eq. 11. The

contribution of cell resistance R0 and cathode resistance Rz

both are independent of the electrode position. Replacing

I�n by Ic/n, the term IcR0 ? RzI
�
n can be combined to the

term Rcell Ic (Eq. 12). Equations 10 and 12 permit the

calculation of the cell voltage of a multi-cathode electro-

lyser for different cell current. Rcell and Ri can be deter-

mined from fitting of theoretical curves to experimental

values.

In Fig. 6, the experimental cell voltages Ui measured

during cathodic reduction in experiment nos. V1, V3, V4

and V5 and calculated data using Eq. 12 are shown.

Deviation in individual experimental points from the the-

oretical graphs are due to the manual adjustment of the

power supplies. In Table 3, relevant values for Rcell and Ri

used in the model calculations are given. Experimental

conditions given were determined at the time of cell

voltage measurements.

I*2
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R1

I*n
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R0

I*1I*i

Ri R2Rn-1

U2

U1

adjustable power supply

UiUn

Fig. 5 Resistor network used to calculate individual cell voltages of

cathode units Ui
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Fig. 6 Experimental cell voltage and calculated data for electrolysis

experiments: (filled circle) V1 Ic = 10 A, n = 10, Rfix = 0.55 X,

Ri = 0.040 X; (open circle) calculated data for 10 A; (filled triangle)

V3 Ic = 5 A, n = 10, Rfix = 1.24 X, Ri = 0.063 X; (open triangle)

calculated data for 5 A; (filled diamond) V4 Ic = 10 A, n = 10,

Rfix = 0.57 X, Ri = 0.020 X; (open diamond) calculated data for

10 A; (filled square) V5 Ic = 10, n = 10, Rfix = 0.50 X, Ri =

0.015 X, (open square) calculated data for 10 A
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The values for Rcell depend on both the conductivity of

catholyte and anolyte. For V1, V4 and V5, the value for

Rcell was calculated with approximately 0.5 X, while for

V3 the value for Rcell was determined with 1.2 X.

Values for Ri range from 0.015 X to 0.05 X. Experiment

V3 was run with a reduced catholyte volume. Thus, the

higher values for Rcell and Ri both are due to the lower

electrolyte level in the cell (Table 2).

For a given cell construction, variation of Ri mainly

depends on the catholyte conductivity. The variation of Ri

cannot be explained by the differences in dyestuff con-

centration or catholyte temperature, but clearly depends on

Qspez the charge flow applied per kg of catholyte. Depen-

dent on Qspez, the electrolyte concentration in the catholyte

increases and Ri decreases.

3.3 Cathodic dyestuff reduction

Electrolysis was started with a catholyte volume given in

Table 2. Insoluble SB1 then was added in small portions to

avoid plugging of the three-dimensional cathode by high

concentration of dispersed dyestuff.

With start of current flow, the redox potential in the

catholyte lowers from initially -205 mV to more negative

values. During the initial phase of electrolysis, a small

amount of dispersed SB1 has to be reduced by direct

cathodic reduction [1, 12, 13].

When reduced SB1 has been formed in the catholyte these

dissolved molecules can take over the function of a soluble

mediator. The main cathode reaction then is indirect

cathodic reduction of dispersed SB1 using the Leuco form of

SB1 as reversible redox mediator. Experimental conditions

of the electrolysis experiments are given in Table 2. The

NaOH concentration in the catholyte at the end of the

electrolysis has been calculated from the total charge flow

and has been related to the initial volume of catholyte.

The increase of reducing equivalents in the catholyte as

a function of charge flow is shown in Fig. 7.

In experiment V1 51 g kg-1 SB1 were used, while in

experiment V2 the final concentration of SB1 reached

102 g kg-1. As expected, in V2 the concentration of

reducing equivalents in the catholyte reached almost dou-

ble the value of experiment V1 (Fig. 7).

In V3, an amount of 252 g kg-1 crude SB1 was added

to the catholyte during the first 7 h of electrolysis at 5 A

cell current, then electrolysis was continued for 4 h at 5 A.

Due to the low total charge flow and the high concentration

of dyestuff, dyestuff reduction was not complete in V3

after an electrolysis time of 11 h. This explanation is also

supported by the less negative redox potential measured in

the catholyte at the end of experiment V3. While in V1, V2

and V4, the final redox potential in the catholyte was

between -599 mV and -618 mV, in V3 a potential of

only -521 mV was registered at the end of the electrolysis.

In Fig. 7, dashed lines indicate the theoretical build

up of reducing equivalents in the catholyte according to

Faraday’s law. For all experiments shown, the analytical

results exceed the theoretical lines with progress of time.

From the synthesis, SB1 is released in reduced form, which

is then oxidised and filtered off. During oxidation and

precipitation of the dyestuff partly oxidised dyestuff is

enclosed in the precipitate. As a result of the electro-

chemical reduction these partly reduced molecules are

released into the catholyte, which explains the unexpect-

edly high concentration of reducing equivalents found in

the catholyte [12, 13].

3.4 Formation of a highly concentrated product

In order to achieve a product with commercial value, the

reduction of SB1 should yield a highly concentrated solu-

tion. In prolongation of V4, a further amount of crude SB1

Table 3 Ri and Rcell used for

cell voltage calculations shown

in Fig. 6 and relevant

experimental conditions when

experimental cell voltage values

were measured

No. Ic (A) Rcell (X) Ri (X) SB1 crude

(g kg-1 )

SB1 dry

(g kg-1 )

Q (A min) Qspez

(A min kg-1)

T (�C)

V1 10 0.550 0.040 80 51.0 3600 360 34

V3 5 1.242 0.063 141 90 875 250 29

V4 10 0.565 0.02 118 70.7 3450 761 32

V5 10 0.494 0.015 459 292 8425 1520 28
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Fig. 7 Concentration of reducing equivalents as a function of charge

flow for experiments (filled square) V1 (filled circle) V2 and (filled
triangle) calculated value for V1 and V2; (open square) V3 and (open
triangle) calculated value for V3

J Appl Electrochem (2009) 39:1963–1973 1971

123



was added and reduced cathodically. Finally, a mass of

4,789 g crude SB1 had been added to the initial volume of

4 kg water. The liquid product released at the end of the

electrolysis contained 61.45% w/w crude SB1 and 36.9%

w/w dry SB1.

The total mass of electrolyte and added SB1 was

8,789 g. At the end of the experiment, the total mass of

product was weighed at 9,629 g. Thus, a mass of 840 g had

been transported through the cation-exchange membrane

because the Na?-ion transport and accompanied hydration

water.

A charge flow of 298.5 Ah had been used to reduce

4,789 g crude SB1 (2,873 g dry dyestuff), which corre-

sponds to 11.1 moles Na?-ions, which had passed through

the membrane into the catholyte. When an associated

transport of 3–4 water molecules is considered for each

Na?-ion, 11.1 moles of Na?-ions will correspond to a total

mass of 256 g Na?-ions and 599–799 g hydrate water.

The results show that for the technical scale production

of concentrated SB1 solutions indirect dilution by hydrate

water coupled to the Na?-transport has to be considered.

3.5 Savings

An estimation of chemical savings can be made on basis of

the charge flow required to reduce a certain amount of SB1.

In experiment V3, 0.644 kg dry SB1 was reduced by a

charge flow of 57.5 Ah at a voltage of maximum 7.5 V.

This corresponds to an amount of 3.33 mol reducing

equivalents per 1 kg dry SB1 and to an energy consump-

tion of 0.67 kWh/kg dry SB1 filter cake. When sulphide

reducing agents are used instead of cathodic reduction the

amount of Na2S can be calculated from Eq. 13.

Na2S � 2 Naþ þ 1=xSx þ 2e� ð13Þ

According to Faraday’s law 3.33 moles equal an amount of

129 g Na2S, which will be required to reduce 1 kg of dry

SB1 filter cake.

3.6 Dyeing experiments

In order to study the dyeing behaviour of cathodically

reduced SB1, exhaust dyeing experiments on cotton fabric

were compared to reference dyeings with commercial C.I.

Sulphur Black 1 (Cassulfon� Carbon CMR). Due to the

rather undefined chemical composition of C.I. Sulphur

Black 1, an analytical determination of dyestuff concen-

tration in a concentrated product is difficult. The usual

procedure for an assessment of a product quality is to

compare shade and colour depth of dyeings. A series of

dyeing experiments with cathodically reduced SB1 and a

commercial quality SB1 was performed. The CIELab

coordinates of the dyeings are shown in Table 4.

Colour depth and shade given as L*, a* and b*-coor-

dinates, of reference dyeings with use of 15 g dm-3 Cas-

sulfon Carbon� CMR (sample 2) are similar to dyeings

with 10 and 15 g dm-3 cathodically reduced SB1 (samples

3 and 4). The total colour difference DE was calculated

according to Eq. 14.

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DL�ð Þ2þ Da�ð Þ2þ Db�ð Þ2
q

ð14Þ

Total colour difference between samples 2 and 3 was

determined at DE = 0.864 and between samples 2 and 4, a

value of DE = 0.422 was obtained. In practice of colour

measurement, a value for the total colour difference DE

below 1 is acceptable. Sample 3, dyed with 10 g dm-3

dyestuff solution was found to be slightly lighter (higher L*

value), and the dyeing 4 obtained with 15 g dm-3 dyestuff

solution appeared darker (lower L* value) than the refer-

ence dyeing with 15 g dm-3 commercial product (sample

2). For both cases, the value for DE is below 1, which

confirms that under the conditions used in this study,

dyeing behaviour of the SB1 is independent of the reduc-

tion method.

4 Conclusions

Multi-cathode electrolysers represent a promising cell

concept for electrolysers designed to operate at low current

densities.

At high cell current the first electrodes of multi-cathode

electrolysers are at risk to show bipolar reactions. The rear

face of a cathode then exhibits anodic dyestuff oxidation,

while cathodic water reduction is observed at the front side.

For a given electrode thickness di, a critical limit with

regard to the maximum cell current Ii transported in the

electrolyte through the porous three-dimensional cathode

exists. Existing concepts for three-dimensional electrodes

are useful for the estimation of the thickness of a single

three-dimensional electrode. The model calculations

given in this article help to identify critical limits when

Table 4 CIELab coordinates of dyeings with cathodically reduced

dye and reference dyeings (ref = dyeing used as reference sample)

Sample

No

Dyestuff Concentration

(g dm-3 )

Average DE

L* a* b*

1 CMR 10 13.24 -3.82 -3.39

2 CMR 15 12.31 -3.62 -2.95 Ref

3 V4 10 12.75 -3.58 -3.69 0.864

4 V4 15 11.95 -3.44 -2.63 0.422

5 V4 20 11.51 -3.29 -2.63 –

6 V4 25 11.34 -3.12 -2.57 –

DE = CIELab total colour difference
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three-dimensional electrodes are combined to a multi-

cathode electrolyser and where the charge flow transported

in the electrolyte through a porous electrode exceeds by far

the current of the respective electrode.

Using a simple mathematical model for the cell permits

estimation of the maximum thickness of a three-dimen-

sional cathode element, for given experimental conditions

and electrode construction, e.g. type of steel fabric used as

cathode material.

The results demonstrate limitations for an increase in

cell current of a multi-cathode electrolyser by increasing

the number of cathodes used. For example, doubling the

number of isolated cathode units in a multi-cathode stack

does not permit the same increase in cell current, because

cathode thickness has to be reduced to avoid bipolar

behaviour.

However, the calculations also demonstrate the signifi-

cant potential of multi-cathode electrolysers to reach high

cell currents Ic with electrolytes, that allow only low cur-

rent densities.

The cell voltage of individual cathodes in a multi-

cathode electrolyser can be described by a resistor network.

Once Rcell and Ri have been determined for a certain

application, an optimisation of a cell construction with

regard to cell design and energy consumption can be done.

The presented mathematical models permit an optimi-

sation of electrode number, electrode thickness and cell

voltage for a certain technical application.

The cathodic reduction of C.I. Sulphur Black 1 can be

performed in multi-cathode cells equipped with three-

dimensional electrodes. Obtained solutions with high

dyestuff content can be used as commercial product. The

dyeing behaviour of the cathodically reduced product SB1

was found to be comparable to dyeing results with com-

mercial samples of SB1.

In order to obtain dyestuff formulations with high con-

centration, the water brought into the catholyte by the wet

filter cake and by hydrate water transport through the cat-

ion-exchange membrane has to be reduced to a minimum.
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