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a b s t r a c t

The indirect cathodic reduction of the vat dye indigo (C.I. Vat Blue 1) by cathodically reduced Lawsone (2-
hydroxy-1,4-naphthoquinone; C.I. Natural Orange 6) was studied in aq. solution at different pH values.
Cyclic voltammetry and spectroelectrochemistry were used to investigate the electrochemical behavior
of 2-hydroxy-1,4-naphthoquinone at a hanging mercury drop electrode. The cathodic peak potential
(Ep)d measured at 0.1 mM lawsone solution at a scan rate of 50 mV s�1 changed from �425 mV at pH 7, to
�730 mV at pH 11.5 and �750 mV at pH 13 (vs. Ag/AgCl, 3 M KCl). Particularly at pH values of 8–9 and
11.5–13 voltammograms indicated successful, indirect cathodic reduction of the dye in which the
cathodically reduced 2-hydroxy-1,4-naphthoquinone acted as soluble mediator. The linear relationship
obtained for (Ip)d vs. v1/2 is indicative of a diffusion-controlled electrode reaction mechanism. In the
presence of dispersed indigo, the overall cathode reaction is similar to the Ecat process with continuous
regeneration of the electroactive species. Spectrochemical experiments were used to prove the indirect
cathodic reaction of dispersed vat dyes by 2-hydroxy-1,4-naphthoquinone.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Lawsone, 2-hydroxy-1,4-naphthoquinone (C.I. Natural Orange
6) is the major natural colorant in the leaves of henna (Lawsonia
inermis), which have been used since ancient times for medical
purposes, as a cosmetic colorant for dyeing hair and staining skin as
well as for textile dyeing. The structural formula of lawsone is given
in Fig. 1a [1,2].

A mixture of henna with indigo leaves constitutes the so-called
‘‘Reng’’ or ‘‘Rang’’ natural colorant which has been used for hair
dyeing for many centuries [3,4]. The use of both henna and indigo is
based on empirical knowledge and little information is available
about the chemistry of the combination of indigo and henna [4,5].
Furthermore henna has been added to indigo vats in Morocco and
southern Tunisia to stimulate and maintain the bacterial fermen-
tation, and madder, containing alizarin, has long been used for this
purpose in woad vats [6].
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2-Hydroxy-1,4-napthoquinone present in henna leaves is
formed by oxidation of 1,2,4-trihydroxynaphthalene which is
presumed to be released as aglycone from the hydrolysis of corre-
sponding glycosides (hennoside A, B and C). In dried leaves from
the indigo plant, the dye being present as indigo (C.I. Natural Blue 1;
C.I. Vat Blue 1, Fig. 1b) [7].

Indigo is insoluble in aqueous solution and thus for the dyeing of
protein and cellulose fibres has to be converted into the corre-
sponding water-soluble leuco-form by a reduction stage, that is
normally carried out in alkaline, aqueous solution at a pH of w11–
14 using strong reducing agents such as sodium hydrosulfite
(Na2S2O4) [8,9].

Many attempts have been made to minimize the production of
polluting wastes from the reduction step for example, usage of
sugar type reducing agents and the electrochemical and biological
reduction of indigo [8–12]. 9,10-Anthraquinoides with formal redox
potential more negative than �700 mV (vs. Ag/AgCl, 3 M KCl) were
shown to be suitable to serve as a mediator for the indirect cathodic
reduction of dispersed organic dyestuffs [9,13]. The use of revers-
ible redox couples for indirect cathodic reduction of dispersed vat
dyes and sulfur dyes is currently under research by several groups
[8,9,12–20].
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Table 1
Composition of solutions used for the cyclic voltammetry experiments.

Component C. I. Vat Blue 1 (mM) 2-Hydroxy-1,4-naphthoquinone (mM)

1 1.50
2 0.05
3 0.10
4 0.25
5 1.50 0.05
6 1.50 0.10
7 1.50 0.25

Fig. 1. The structural formulae of lawsone (a), indigo (b), C.I. Vat Yellow 1(c).
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The application of henna and indigo in ‘‘Reng’’ is performed as
a cataplasma (poultice) dyeing in which a soft moist and warm
paste of powdered henna leaves is applied directly on the hair
[4]. Assuming that 1,2,4-trihydroxynaphthalene is released from
the hydrolysis of the hennoside during the preparation of the
paste, this component could act as a reducing agent for indigo
pigment. Both lawsone and reduced indigo then would be reac-
tion products, which then form the active coloration system for
hair dyeing.

In this study the system 2-hydroxy-1,4-naphthoquinone/indigo
has been characterized as a model in order to establish possible
reaction mechanisms occurring in Reng.1,2,4-Trihydroxynaphthalene
was formed by direct cathodic reduction from 2-hydroxy-1,4-naph-
thoquinone (lawsone). The electrochemistry of 2-hydroxy-1,4-naph-
thoquinone (lawsone) in the presence of indigo solution was studied
by cyclic voltammetry (CV). Information about electron transfer from
reduced lawsone to dispersed indigo particles thus will be of interest
for both the improved understanding of the reaction occurring in
Reng and the further development of the electrochemical vat dye
reduction.

When 2-hydroxy-1,4-naphthoquinone is reduced in CV to 1,2,4-
trihydroxynaphthalene, a catalytic current will be observed in the
case of a redox reaction between 1,2,4-trihydroxynaphthalene and
dispersed indigo.

Catalytic processes in electrochemistry occur when a substance
O is reduced to R (equation (1)) and R regenerates O by chemical
reaction with substance X (equation (2)). The reduction of X yields
the product Y [21,22]. In the case of indigo, R reacts with dispersed
indigo particles on their surface to generate O and dissolved leuco-
indigo dianion (equation (3)).

ODneL4R (1)

RDX/ODY (2)

RDsurface of dispersed indigo/ODdissolved leuco

� indigo dianion (3)

Cyclic voltammetry thus permits the evaluation of the electro-
chemical behavior of 2-hydroxy-1,4-naphthoquinone in the pres-
ence of dispersed indigo. In addition spectroelectrochemical
experiments were used to observe possible dyestuff reduction
during a CV scan.
2. Experimental

2-Hydroxy-1,4-naphthoquinone (Sigma–Aldrich Chemie GmbH,
Steinheim, Germany), KH2PO4, Na2HPO4$2H2O, HCl, Na-D-gluco-
nate (Merck, Darmstadt, Germany), NaOH (Carl Roth GmbH,
Karlsruhe, Germany) H3BO3, KCl (Zeller GmbH, Dornbirn, Austria)
were analytical grade chemicals.

FeCl2 (BASF, Ludwigshafen, Germany), Triethanolamine/TEA (K.
Deuring GmbH, Hörbranz, Austria) were technical grade products.

Indigo solution 40% DyStar (hydrogenated C.I .Vat Blue 1), Dystar
Indigo gran (C.I. Vat Blue 1) and indanthrene yellow G (C.I. VAT
Yellow 1) were used as supplied by DyStar Textilfarben GmbH,
Frankfurt a.M., Germany. For experiments employing dispersed
indigo, this was prepared by adding a defined amount of reduced
hydrogenated indigo solution to a buffer of desired pH followed by
air oxidation of the reduced indigo by stirring overnight. The
concentration of indigo in the dispersion was determined by
photometry of the leuco-indigo dianion by reduction with an Fe(II)-
complex salt solution [23]. Dispersed indigo solution (1 mL) was
added to a solution of H2O (14 mL), 0.1437 M FeCl2, 0.825 M NaOH,
1.71 M triethanolamine and 0.0042 M citric acid C6H8O7$H2O. The
absorbance of the added dyestuff then was measured at 405 nm
(1 mm path length cuvette, single beam filter photometer Merck SQ
300). The concentration of indigo dye in the dispersion then can be
obtained from a calibration curve established with indigo
granulate.

The test solutions were prepared by dilution of stock solutions
with buffers. Stock solutions were 0.001 M 2-hydroxy-1,4-naph-
thoquinone solution and a dispersion containing 0.003 M indigo.
Solutions were prepared in the range from pH 7–13. The pH of the
solution was checked with glass electrode and potentiometer
(Hamilton-flush-trode, ORION 720 A, Orion Research Inc., Boston,
USA). The composition of the solutions used in the cyclic voltam-
metry experiments is given Table 1.

Cyclic voltammetric experiments were carried out by employing
a three electrode configuration. The apparatus used for the exper-
iments was an EG&G 264 A potentiostat with a 303A HMDE (small
drop size, drop area 0.96 � 10�2 cm2). A platinum wire served as
counter electrode. The cyclic voltammograms were recorded on
a Rikadenki X–Y recorder. All potentials given were measured vs.
a (Ag/AgCl, 3 M KCl) reference electrode. The test solutions were
purged for 8 min with Ar to eliminate interfering oxygen. All
experiments were performed at room temperature. The scan rates
were varied from 5 to 100 mV s�1.

The spectroelectrochemical experiments were performed using
a plastic cuvette with path length d ¼ 1 cm in which a three elec-
trode arrangement was mounted. A stainless steel fabric (geometric
area of fabric 209 mm2, electrode area 626 mm2, diameter of wire
0.025 mm, width of aperture 0.025 mm, Haver & Boecker, Oelde,
Germany) was used as cathode, strips of Pt foil outside the optical
path served as anodes. A (Ag/AgCl, 3 M KCl) reference electrode was
used. The EG&G 264 A potentiostat was employed for the CV scan
which was recorded on a Rikadenki X–Y recorder. With a diode



Table 2
Composition of solutions used for spectroelectrochemical experiments.

Component 2-Hydroxy-1,4-
naphthoquinone
(mM)

NaOH
(M)

CI Vat Blue 1a

(g L�1)
CI Vat Yellow 1a

(g L�1)

8 0.287 0.1 0.12
9 0.287 0.1 0.03

a Technical products.

S. Komboonchoo et al. / Dyes and Pigments 83 (2009) 21–30 23
array photometer (Zeiss CLH 500/MCS 521 UV–VIS, Carl Zeiss Jena,
Jena, Germany) photometric spectra were recorded during the CV
scan. The direction of the light beam of the photometer was
perpendicular to the plane of the steel fabric cathode. Deoxygen-
ation of the electrolyte was achieved by degassing the prepared
electrolyte and starting the CV scan immediately after filling the
cell.

The concentrations used in the spectroelectrochemical experi-
ments are given in Table 2.

The species distribution of the 2-hydroxy-1,4-napthoquinone
and 1,2,4-trihydroxy-napthoquinone as a function of pH was
calculated with the program SPE using pKs values according to
Petrova et al. [24,25].

3. Results and discussion

3.1. Cyclic voltammograms

Cyclic voltammograms of 2-hydroxy-1,4-naphthoquinone were
recorded in the aqueous buffer solutions from pH 7–13. Then
Fig. 2. CV of 0.1 mM 2-hydroxy-1,4-naphthoquinone at pH of 7.0–7.1 in the potential range
0 mM indigo b) 1.5 mM indigo.
voltammograms with addition of dispersed indigo were measured
under the same conditions.

The voltammograms were recorded as a function of the scan
rate in the potential range of�200 mV to�900 mV (pH 7.0–7.1; and
pH 8.1–8.2) and �300 mV to �900 mV (pH 9.1–9.3; pH 10.0–10.2;
pH 11.5–11.7 and pH 12.9–13.0). Scan rates were varied from 5 to
100 mV s�1. The voltammograms of 2-hydroxy-1,4-naph-
thoquinone at pH 7 and 13 are shown in Figs. 2a and 3a.

The voltammograms of 2-hydroxy-1,4-naphthoquinone in the
aqueous buffer solutions show a single reduction peak and a cor-
responding anodic oxidation peak. However a small shoulder was
observed in some voltammograms, which can be attributed to an
impurity of either lawsone or indigo, the adsorption of lawsone on
the electrode surface, or also to aggregation of the lawsone
molecules.

The diffusion-controlled electrode reaction (Ip)d was analyzed as
function of the square root of the scan rate. In Fig. 4 the cathodic
peak current (Ip)d of 0.01 mM 2-hydroxy-1,4-naphthoquinone
solutions is shown as function of the square root of the scan rate for
different solution pH. For all conditions studied a linear relation
between (Ip)d and v1/2 is observed. This supports the assumption of
a diffusion-controlled electrode reaction mechanism, which is in
accordance with the literature data [21]. Small derivations from
linearity are observed in experiments at pH 9 and 10.

The variation of peak potential separation between the anodic
current peak and the cathodic current peak of 2-hydroxy-1,4-
naphthoquinone in the aqueous buffer solutions, (Ep)a � (Ep)c is
shown in Table 3. The variation of peak potential separation can be
used to study the electrochemical mechanism [26]. It was found
between �200 and �900 mV at scan rate of 5, 10, 20, 50, 100 mV s�1 (solutions 3, 6) a)



Fig. 3. CV of 0.1 mM 2-hydroxy-1,4-naphthoquinone at pH of 12.9–13.0 in the potential range between �300 and �900 mV at scan rate of 5, 10, 20, 50, 100 mV s�1 (solutions 3, 6) a)
0 mM indigo b) 1.5 mM indigo.
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that the peak potential separation of lawsone in the buffer solutions
tends to increase with increasing scan rate and pH of solutions. The
increasing peak potential separation with increasing scan rate
indicates that reversibility of the electron transfer cannot be
assumed. The electron transfer reaction more probably follows
a quasi-reversible mechanism. This assumption is supported by the
diagnostic criteria described for quasi-reversible systems, such as:
jIpj increases with v1/2 but is not proportional to it, j(Ip)a/(Ip)cj ¼ 1
provided aC ¼ aA ¼ 0.5, DEp is greater than 59/n mV and increases
with increasing scan rate and (Ep)c shifts negatively with increasing
scan rate [21]. However the redox pathway is rather complicated
due to coupled protonation steps and the different species of
reduced lawsone formed [24,27–29].
Fig. 4. Diffusion-controlled cathodic peak current, (Ip)c as function of the square root
of scan rate, v1/2 for 0.10 mM lawsone solution at different pH values.
In Table 4 cathodic peak currents (Ip)d, anodic peak currents (Ip)a

of 0.1 mM 2-hydroxy-1,4-naphthoquinone in the buffer solutions
from pH 7 to 13 are summarized for various scan rates. The anodic-
to-cathodic peak current ratio (Ip)a/(Ip)d can be used as a measure
for the overall reversibility of the electrode reaction. Up to pH 9
(Ip)a/(Ip)d values are approximately 1 which indicates chemical
stability of the reduction products, however particularly between
pH 10 and pH 11.5 (Ip)a/(Ip)d values decrease below unity indicating
a more complex reaction pathway following the cathodic electron
transfer reaction. For example consecutive reactions following the
cathodic electron transfer reaction such as protonation of products
and formation of more than one reduced species due to protonation
equilibrium between different forms of 1,2,4-trihydroxynaph-
thalene could form an explanation for this finding [21,30].

Petrova et al. reported that depending on the pH in solution the
redox reaction of 2-hydroxy-1,4-naphthoquinone involves up to
five different species [24]. To determine the pH range in which
a certain species is present in solution, the species distribution of
lawsone and corresponding reduced forms was calculated with the
program SPE [25]. The dissociation reactions and the corresponding
pKs values are shown in equations (4)–(6) [24]. In Fig. 5 the species
distribution of the different reduced and oxidized forms of lawsone
is shown as a function of pH.

AH4ALDHD pKAH [ 4:16 (4)

AH34AHL
2 DHD pKAH3 [ 8:47 (5)

AHL
2 4AHL

2 DHD pKAH2L [ 10:86 (6)

In the oxidized state 2-hydroxy-1,4-naphthoquinone (AH) and
the corresponding naptholate (A�) are present, with A� being the
main species at pH values above pH 6. Thus in the investigated pH
range of 7–13 the cathodic electron transfer at the cathode involves
only the phenolate form of lawsone A�.



Table 3
The variation of peak potential separation, ((Ep)a � (Ep)c) of 2-hydroxy-1,4-naph-
thoquinone in the aqueous buffer solutions at various scan rates and concentrations.

Lawsone/mM Scan rate/mV s�1 DEp/mV

pH 7 pH 8 pH 9 pH 10 pH 11.5 pH 13

0.05 5 35 30 30 45 70 60
10 30 40 40 60 80 70
20 45 25 45 70 85 80
50 50 45 40 100 135 90

100 70 55 55 120 145 115
0.1 5 35 40 40 65 85 55

10 45 40 40 80 95 70
20 30 50 45 95 115 85
50 40 50 40 130 150 110

100 90 65 50 170 185 160
0.25 5 45 35 45 105 105 95

10 45 40 50 125 135 110
20 40 55 60 145 170 140
50 70 75 70 190 200 160

100 85 70 60 235 250 210

Fig. 5. Species distribution diagram for lawsone as a function of �log [Hþ].
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Depending on the pH different reduced forms are present in
solution, which are 1,2,4-trihydroxynaphthalene (AH3) or the
deprotonated forms AH2

� or AH2�. Thus three different redox
reactions are supposed to occur as result of the cathodic electron
transfer (equations (7)–(9)).

ALD3HDD2eL4AH3 (7)

ALD2HDD2eL4AHL
2 (8)

ALDHDD2eL4AH2L (9)

The electrochemical behavior of A� involves the transfer of two
electrons and protonation reactions with 1–3 protons to yield AH3

(below pH 9; equation (7)), AH2
� (pH 8–11.5; equation (8)), AH2�

(above pH 10.5; equation (9)).
The species distribution diagram indicates pH-regions in which

the cathodic reduction of A� yields one major product for example
at pH 7 AH3 will be the major product and AH2

�will be present only
in minor amounts, at pH 13 AH2� will be the major species.

However also for a pH value where the species distribution
indicates the presence of only one oxidized and reduced species e.g.
A� and AH2� the reduction of A� to the final product is expected to
proceed through a complicated series of sequential electron
transfer on protonation steps [27].
Table 4
Peak current of 0.1 mM 2-hydroxy-1,4-naphthoquinone in the aqueous buffer
solutions at various scan rates and ratio of anodic peak current to cathodic peak
current (Ip)a/(Ip)d.

Scan rate/mV s�1 pH 7 pH 8 pH 9 pH 10 pH 11.5 pH 13

(Ip)d 5 0.23 0.23 0.23 0.28 0.22 0.19
10 0.32 0.4 0.3 0.35 0.3 0.26
20 0.47 0.55 0.43 0.48 0.42 0.37
50 0.74 0.93 0.73 0.78 0.68 0.6

100 1.07 1.35 1.13 1.1 0.98 0.84
(Ip)a 5 0.24 0.23 0.23 0.23 0.2 0.17

10 0.35 0.43 0.3 0.3 0.23 0.23
20 0.48 0.6 0.43 0.4 0.3 0.32
50 0.78 0.93 0.68 0.55 0.41 0.47

100 1.14 1.35 0.98 0.73 0.51 0.65
(Ip)a/( Ip)d 5 1.04 1.00 1.00 0.82 0.91 0.89

10 1.09 1.08 1.00 0.86 0.77 0.88
20 1.02 1.09 1.00 0.83 0.71 0.86
50 1.05 1.00 0.93 0.71 0.60 0.78

100 1.07 1.00 0.87 0.66 0.52 0.77
Table 5 shows the midpoint potential which is the half sum of
cathodic and anodic peak potentials measured in the aqueous buffer
solutions. The results indicate that the midpoint potential is inde-
pendent of scan rate but it undergoes a pH dependent shift because
of the various species of reduced lawsone present in solution.

During the anodic scan of the CV the reduced species formed
will be reoxidized. At a pH of 10–11.5 AH2

� and AH2�will equilibrate
in the diffusion layer of the cathode, thus two products will be
reoxidized, which could explain the lowered (Ip)a/(Ip)d ratio in this
range. Particularly at higher scan rates of 50–100 mV (Ip)a are
supposed to decrease because two species with different anodic
current peak potential (Ep)a will be oxidized to form A�.

Therefore the reduction process, which includes follow up
reactions (protonation steps), will yield more than one reduced
species. This complicated reaction pathway makes the analysis of
the cathodic reduction of A� difficult.

In a series of electrochemical experiments, the possibility of 2-
hydroxy-1,4-naphthoquinone as a mediator for indirect cathodic
reduction of indigo was studied by cyclic voltammetry. In the
oxidized state indigo is present in a dispersed form as a blue
pigment which is insoluble in aqueous solution. This dispersion has
been shown to be electrochemically inactive under the conditions
applied in this study [14].

The reduction of indigo into its alkali soluble leuco-form can be
achieved at a potential around �700 mV (vs. Ag/AgCl/3 M KCl). For
2-hydroxy-1,4-naphthoquinone, the reduction potential of 2-
hydroxy-1,4-naphthoquinone in alkaline solution was described to
be more negative than �700 mV, thus lawsone could serve as
a soluble mediator system for indirect cathodic reduction of
dispersed indigo [14,15,31].

Bond et al. studied the electrochemical reduction of indigo in
solid state and reported a reversible reduction of microcrystalline
indigo mechanically attached to a basal plane pyrolytic graphite
electrode. This process showed a pH dependent cathodic peak
potential between�700 mV at pH 13 and�500 mV at pH 7 (vs. SCE
reference electrode) [32].

The midpoint potential of lawsone in aqueous buffer solutions
undergoes pH dependent shift in the negative direction with
increasing pH. For example, at pH 7, the midpoint potential of
lawsone is in the range of �400 to �410 mV while at pH 13 it is in
the range of �700 to �715 mV. Thus the reduction potential of
lawsone is sufficiently negative to reduce dispersed indigo to the
leuco-indigo dianion.



Table 5
The midpoint potential, ((Ep)c þ (Ep)a)/2, of 2-hydroxy-1,4-naphthoquinone in the
aqueous buffer solutions at different concentrations and various scan rates.

Lawsone/
mM

Scan
rate/mV s�1

Midpoint potential/mV

pH 7 pH 8 pH 9 pH 10 pH 11.5 pH 13

0.05 5 �402.5 �445 �505 �587.5 655 �705
10 �405 �440 �505 �590 655 �705
20 �402.5 �442.5 �507.5 �595 662.5 �705
50 �405 �437.5 �505 �590 667.5 �705

100 �405 �432.5 �507.5 �600 677.5 �712.5
0.1 5 �407.5 �450 �510 �592.5 657.5 �702.5

10 �402.5 �450 �510 �590 662.5 �705
20 �405 �445 �502.5 �592.5 662.5 �702.5
50 �405 �445 �505 �595 675 �705

100 �410 �437.5 �505 �595 682.5 �710
0.25 5 �407.5 �452.5 �507.5 �592.5 667.5 �707.5

10 �407.5 �450 �505 �592.5 667.5 �705
20 �410 �447.5 �510 �587.5 665 �710
50 �405 �447.5 �505 �595 670 �710

100 �407.5 �445 �510 �597.5 685 �715

Table 6
Enhancement factors (e.f.), (Ip)c/( Ip)d observed with solutions 5, 6, 7 containing 2-
hydroxy-1,4-naphthoquinone in buffer solutions in the presence of dispersed indigo.

Molar ratio of
lawsone(A) to
indigo(B) A:B

Scan
rate/mV s�1

pH 7 pH 8 pH 9 pH 10 pH 11.5 pH 13

1:30 5 1.56 0.87 1.00 0.67 1.36 1.56
10 1.62 0.76 0.75 0.65 1.05 1.62
20 1.26 0.77 0.66 0.81 0.83 1.26
50 0.91 0.67 0.65 0.63 0.67 0.91

100 0.73 0.59 0.55 0.58 0.57 0.73
2:30 5 1.04 1.09 0.87 0.71 1.23 1.74

10 1.06 0.95 1.00 0.80 1.07 1.38
20 0.96 0.96 1.00 0.83 0.93 1.16
50 1.05 0.86 0.89 0.77 0.81 0.90

100 0.86 0.84 0.82 0.71 0.72 0.81
5:30 5 1.09 0.93 0.91 0.86 1.10 1.23

10 1.04 1.02 1.00 0.83 1.03 1.12
20 1.00 1.00 1.05 0.79 0.98 1.00
50 0.99 0.98 0.99 0.86 0.84 0.95

100 0.92 0.96 0.95 0.75 0.88 0.84
corrected e.f.
1:30 5 2.14 1.47 1.82 1.16 2.39 2.14

10 2.22 1.29 1.36 1.12 1.84 2.22
20 1.73 1.31 1.20 1.40 1.46 1.73
50 1.25 1.14 1.18 1.09 1.18 1.25

100 1.00 1.00 1.00 1.00 1.00 1.00
2:30 5 1.21 1.30 1.06 1.00 1.71 2.15

10 1.23 1.13 1.22 1.13 1.49 1.70
20 1.12 1.14 1.22 1.17 1.29 1.43
50 1.22 1.02 1.09 1.08 1.13 1.11

100 1.00 1.00 1.00 1.00 1.00 1.00
5:30 5 1.18 0.97 0.96 1.15 1.25 1.46

10 1.13 1.06 1.05 1.11 1.17 1.33
20 1.09 1.04 1.11 1.05 1.11 1.19
50 1.08 1.02 1.04 1.15 0.95 1.13

100 1.00 1.00 1.00 1.00 1.00 1.00
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Depending on the solution pH cathodically formed AH3, AH2
� or

AH2� diffuses to the electrochemically inactive organic pigment,
where electron transfer to the surface of the dispersed indigo can
take place.

In alkaline solution the reduced dyestuff dissolves as leuco-
indigo dianion and diffuses into the bulk solution. At lower pH the
leuco-indigo mono-anion or the insoluble leuco-indigo acids are
formed.

The regeneration of the oxidized form A� leads to an increase in
the cathodic current peak of lawsone and the shape of the CV
curves change. The overall electrode reaction thus is similar to the
Ecat mechanism, which describes a cathodic electron transfer
reaction with catalytic regeneration of the electroactive species
(equations (1) and (2)) [21]. In case of dispersed indigo a hetero-
geneous system is present and equation (2) is replaced by equation
(3). The surface of the dispersed indigo then substitutes for the
concentration of reactant X. Furthermore the anodic current peak
decreases due to lowered concentrations of AH3, AH2

�, AH2� present
in the diffusion layer of the electrode.

In CV-experiments the electrochemical activity of a redox
couple to undergo Ecat reactions with dispersed reducible compo-
nents can be described in a more quantitative way by a calculation
of so-called enhancement factors e.f.. The enhancement factors e.f.
are calculated as (Ip)c/( Ip)d, with (Ip)c being the catalytic cathodic
current peak in the presence of dispersed reducible dyestuff
(indigo) and (Ip)d being the cathodic current peak of A� alone [16].

To study these reactions, the experimental conditions have to be
chosen in such a way that the amount of dispersed indigo present in
the diffusion layer of the electrode is in sufficient depth to result in
a detectable impact on the cathodic electron transfer reaction to A�

according to Table 6
CV-experiments of lawsone in the presence of dispersed indigo

were performed in the pH range 7–13 at three different molar ratios
of lawsone to indigo. The respective CV graphs at pH 7 and 13 are
given in Figs. 2b and 3b. In Table 6 the calculated enhancement
factors (Ip)c/( Ip)d are given.

The enhancement factors decrease with higher scan rate as the
influence of the catalytic reaction regenerating A� decreases.
Similar behavior was found with other redox couples for the indi-
rect reduction of dispersed dyes [16].

At low scan rates of 5 and 10 mV s�1 e.f. above 1 are observed in
the pH ranges of pH 7–8 and pH 11.5–13. This demonstrates the
presence of an Ecat reaction between cathodically reduced A� and
dispersed indigo.

However independent on molar ratio of lawsone to indigo at
high scan rates enhancement factors were found to be below unity
e.g. at 100 mV s�1 and a molar ratio lawsone:indigo 1:30 e.f. were
only 0.5–0.7.

Values of e.f. below unity could be due to sorption of lawsone
molecules on the surface of the dispersed indigo, thereby lowering
the electrochemically active concentration of A� present in the
diffusion layer of the cathode. In experiments, not given in detail in
this paper, the cathodic current peak of an alkaline lawsone solu-
tion was compared to a lawsone/dispersed indigo containing
solution and the same solution after removal of the dispersed
indigo by filtration through a 0.2 mm membrane filter. The filtered
solution showed a decreased cathodic current peak current which
proves sorption of lawsone on the dispersed indigo.

The partial removal of electroactive lawsone molecules by
sorption on indigo particles also can be observed from the data
presented in Table 4 at the e.f. measured at high scan rates. At
a molar ratio of 1:30 and scan rate of 100 mV s�1 e.f. values range
from 0.55 to 0.73. e.f. increase with higher relative concentration of
lawsone as the influence of sorption decreases. Thus e.f. at
100 mV s�1 increase to values of 0.75–0.96 at molar ratio law-
sone:indigo of 5:30.

Taking into account the removal of electroactive species A� by
sorption on dispersed indigo and that the catalytic reaction
(equation (3)) is almost decoupled at rapid scan rates of 100 mV s�1

a correction of the e.f. values can be done (Ip)c at scan rate of
100 mV s�1 to replace the corresponding value for (Ip)d.

The corrected e.f. clearly demonstrate the Ecat reaction of
reduced forms of 2-hydroxy-1,4-naphthoquinone with dispersed
indigo, particularly in the pH range of 7–8 and 11.5–13. In this range
of pH reduced forms of 2-hydroxy-1,4-naphthoquinone are AH3,
and AH2� which can reduce dispersed indigo are thereby are
reoxidized to A�. At pH 9–10 low catalytic reaction between



S. Komboonchoo et al. / Dyes and Pigments 83 (2009) 21–30 27
reduced lawsone presented as AH2
� and dispersed indigo is

observed. From the species distribution curves given in Fig. 5 it can
be seen that in this region mainly AH2

� is present, thus under these
experimental conditions AH2

� does not exhibit significant reduction
of dispersed indigo.

Another effect which has to be considered when discussing the
mechanism of indirect cathodic reduction of dispersed indigo is the
pH dependent deprotonation and solubility of leuco-indigo.

As investigated by Etters, depending on the pH value of the
solution, leuco-indigo is present as fully dissociated dianion (IV),
mono-anion (III) or insoluble leuco-acid form (II) [17]. The leuco-
indigo dianion which is present at pH values above 12 and the mono-
anion which exists in the pH range of 9–13 both are water-soluble
molecules. The leuco-acid form (II) which begins to form at pH values
below 10 tends to precipitate from the aqueous solution (Scheme 1).

The experimental results thus can be combined to the overall
reaction scheme given in Scheme 1.

In alkaline solution of pH 11.5–13 cathodic reduction of lawsone
yields AH2� which reduces dispersed indigo to the soluble ionic
leuco-indigo forms (III) and (IV). In solutions near to the neutral pH
such as pH 7–8 cathodic reduction yields AH3 which reduces indigo
to the insoluble leuco-acid form. The formation of an insoluble
reaction product at the surface of the dispersed indigo particles
disturbs further reduction and lower e.f. is observed.
3.2. Spectroelectrochemical experiments

The spectroelectrochemical experiments were used to monitor
the electrochemical activity of 2-hydroxy-1,4-naphthoquinone
during a CV scan.

Besides indigo (C.I. Vat Blue 1), C.I. Vat Yellow 1 (Fig. 1c) was
taken as probe because this dye shows a distinct change in color
from yellow in its oxidized form to blue in reduced state. The
indirect cathodic reduction of C.I. Vat Yellow 1 can be followed by
two distinct absorption maxima near 600 nm and 640 nm [14]
Scheme 1. Reduction mechanism o
The composition of solutions used for the experiments is given
in Table 2.

The CV scans and simultaneously recorded absorbance spectra
are given in Figs. 6–9. Figs. 6 and 7 show the reduction of
0.12 g L�1 C.I. Vat Blue 1 with 0.287 mM 2-hydroxy-1,4-naph-
thoquinone in 0.1 M NaOH. Figs. 8 and 9 show the reduction of
0.03 g L�1 C.I. Vat Yellow 1 with 0.287 mM 2-hydroxy-1,4-naph-
thoquinone in 0.1 M NaOH. The CV scans were recorded in the
potential interval from �500 to �900 mV at a scan rate of 10 and
20 mV s�1. While with C.I. Vat Yellow 1 successful indirect cathodic
reduction of the dye was observed at scan rate of 20 mV s�1, for
indigo the scan rate was lowered to 10 mV s�1 to offer more time for
possible indirect dyestuff reduction.

In presence of C.I. Vat Yellow 1, the spectra confirm the successful
indirect reduction. The shape of the CV curves changes with the
addition of the dyestuff and the cathodic current peak increases
(Fig. 8). The reduction of C.I. Vat Yellow 1 also can be monitored by
the increase in absorbance measured at 600 nm and 640 nm as
shown in Fig. 9. Even during the reverse scan of the CV the reduction
of the disperse dyestuff proceeds, as long as the concentrations of
reduced 2-hydroxy-1,4-naphthoquinone remain sufficiently high to
establish the negative redox potential required for dyestuff reduc-
tion. In the case of C.I. Vat Yellow 1 this potential is given in the
literature with �520 to �550 mV (vs. Ag/AgCl, 3 M KCl) [18].

In the case of spectroelectrochemical experiments with addition
of dispersed indigo the interpretation is more difficult. The cathodic
peak current (Ip)c in the cell reaches the same magnitude as in absence
of dispersed dye as can be seen in Fig. 6. However considering the
already discussed decrease in (Ip)c due to lawsone adsorption on the
dispersed dye the registered current already represents an increase in
cathodic peak current. Interpretation of the photometric spectra is
difficult because the yellow color of lawsone both oxidized and
reduced form interferes with the yellow color of reduced indigo,
which would be expected to be at 405 nm (Fig. 7). Thus in the case of
indigo the spectroelectrochemical experiments do not yield further
information with regard to the indirect cathodic dyestuff reduction.
f lawsone and indigo [17,24].



Fig. 6. CV Scan of 0.287 mM 2-hydroxy-1,4-naphthoquinone in aqueous 0.1 M NaOH
and of 0.287 mM 2-hydroxy-1,4-naphthoquinone in aqueous 0.1 M NaOH in the
presence of 0.12 g L�1 C.I. Vat Blue 1 in the potential interval from �500 mV to
�900 mV (scan rate 10 mV s�1). Absorption spectra see Fig. 7. (solution 8).

Fig. 8. CV Scan of 0.287 mM 2-hydroxy-1,4-naphthoquinone in aqueous 0.1 M NaOH
and of 0.287 mM 2-hydroxy-1,4-naphthoquinone in aqueous 0.1 M NaOH in the
presence of 0.03 g L�1 C.I. Vat Yellow 1 in the potential interval from �500 mV to
�900 mV (scan rate 20 mV s�1). Absorption spectra see Fig. 9. (solution 9).
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4. Conclusions

In the dried leaves of the indigo plant part of the indigo is known
to be present in oxidized form. Lawsone is assumed to be released
Fig. 7. Absorption spectra of 0.287 mM 2-hydroxy-1,4-naphthoquinone in aqueous 0.1 M N
presence of 0.12 g L�1 C.I. Vat Blue 1 in the potential interval from �500 mV to �900 mV(
from the glycoside as aglycone 1,2,4-trihydroxynaphthalene. This
reduced form of lawsone is able to reduce indigo. Depending on the
conditions applied redox reactions between reduced lawsone
(1,2,4-trihydroxynaphthalene) and indigo are expected.
aOH and of 0.287 mM 2-hydroxy-1,4-naphthoquinone in aqueous 0.1 M NaOH in the
scan rate 10 mV s�1). CV see Fig. 6. (solution 8).



Fig. 9. Absorption spectra of 0.287 mM 2-hydroxy-1,4-naphthoquinone in aqueous 0.1 M NaOH and of 0.287 mM 2-hydroxy-1,4-naphthoquinone in aqueous 0.1 M NaOH in the
presence of 0.03 g L�1 C.I. Vat Yellow 1 in the potential interval from �500 mV to �900 mV (scan rate 20 mV s�1). CV see Fig. 8. (solution 9).
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Cyclic Voltammetry can be applied to study the electrochemical
behavior of 2-hydroxy-1,4-naphthoquinone in the presence of
dispersed indigo. Under the investigated experimental conditions
for 2-hydroxy-1,4-naphthoquinone a linear relation of (Ip)d vs. v1/2

was observed which indicates a diffusion-controlled electrode
reaction mechanism in the pH range of pH 7–13.

In the presence of dispersed indigo, the shape of CV curves
changes as expected for a cathode reaction with catalytic regener-
ation of the electrochemically active species. The electrochemical
activity was described by enhancement factors, e.f. which were
calculated as (Ip)c/(Ip)d with (Ip)c being the cathodic current peak in
the presence of a dyestuff and (Ip)d the current peak of 2-hydroxy-
1,4-naphthoquinone. Due to adsorption of lawsone on the
dispersed indigo the cathodic current of lawsone was reduced in
presence of dispersed indigo.

From the enhancement factors indirect cathodic dyestuff
reduction was found to occur particularly at the pH range of 7–8
and 11.5–13. The calculated species distribution curves of the
different deprotonated forms of 1,2,4-trihydroxynaphthalene
showed that AH3 and AH2� are the main forms that act as mediator
compounds. AH3 is responsible for indirect dyestuff reduction in
the pH range of 7–8 which then yields the insoluble leuco-acid form
of indigo, while in more alkaline solution of pH 11.5–13 AH2�

reduces indigo to soluble ionic forms.
During application of Reng in the traditional hair dyeing 1,2,4-

trihydroxynaphthalene is supposed to be released as aglycone from
the corresponding glycoside. The results presented demonstrate
that 1,2,4-trihydroxynaphthalene is able to reduce dispersed indigo
at pH 7–8. The pathway presented for this pH range is shown in
Scheme 1 and can be understood as a chemical model describing
the reactions which occur during preparation of henna/indigo
pastes. Thus a synergistic action between henna containing leaves
and indigo containing plant material exists. At the end of the
proposed redox reaction between AH3 and oxidized indigo, henna
(AH, A�) and indigo in leuco-acid form will be formed in the paste
as fibre attracting colorants.

Spectroelectrochemical experiments with C.I. Vat Yellow 1
proved the indirect cathodic dyestuff reduction, however in the
case of dispersed indigo, the absorption spectra of lawsone
hindered the successful monitoring of the dyestuff reduction.
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