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Abstract Electrochemical reduction of the azo dye dis-
perse orange 1 (DO1) was performed by square wave and
cyclic voltammetry using a boron-doped diamond electrode.
The dissolution of DOl was evaluated by monitoring the
UV-Vis spectra of the solutions, and best results were
obtained using aqueous solutions containing 5 % Fongranal
FB dispersant. Three irreversible peaks were obtained for the
electrochemical reduction of DOI, while the dispersant
showed one irreversible peak. The overall electrodic process
was mainly diffusion controlled. A mechanism is proposed
for the reduction of the dye.

Keywords Azo dyes - Dispersants - Diamond electrodes -
Aromatic amines

1 Introduction

Synthetic dyes are widely used in the textile, pharmaceutical,
food, cosmetics, and leather industries, as well as in printing
and color photography [1]. The largest class of these sub-
stances is the azo category, where aromatic moieties are linked
together by azo (-N=N-) chromophores, which includes
reactive, disperse, and acid textile dyes [2]. The compounds
are toxic, highly persistent, and are regarded as environmental
pollutants that threaten aquatic life and human health [2, 3].
The disperse dyes, which include disperse orange 1
(DO1, Fig. 1), are a class of water-insoluble dyes that are
applied to polyester and other fibers by hydrophobic
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suspension [4]. The dyeing process is generally performed
in the presence of long-chain dispersing agents that help to
stabilize the dye suspension and facilitate contact between
the dye and the hydrophobic fiber [4-6]. Approximately
4,500 kg of dye are released into waterways annually, due
to losses that occur during the process of fixing the dye to
the fibers, with the disperse class contributing roughly
35 % of the total [7]. These chemicals are able to accu-
mulate in sediments or soils, and can contaminate drinking
water. Traditional wastewater treatment technologies are
largely ineffective in removing these dyes, due to the
chemical stability of the compounds [8].

Human exposure to azo dyes occurs mainly through
ingestion of contaminated water, dermal absorption from
wearing azo-dyed clothing or footwear, or inhalation in
occupational settings [9]. The human intestinal microbiota
plays a role in the degradation of azo dyes, with azo
reduction being the most important reaction with respect to
their toxicity and mutagenicity [10]. The intestinal micro-
flora metabolizes ingested azo dyes to colorless aromatic
amines, using NAD(P)H-dependent azoreductases [11-14].
Although the dyes can be reduced in the mammalian liver
to form aromatic amines, the intestinal microflora is
probably primarily responsible for the in vivo reduction of
azo dyes [10-14]. Chequer et al. [15] demonstrated the
mutagenicity of DO1 using the micronucleus assay in
human lymphocytes and in the HepG2 human liver cell
line. Ferraz et al. [16] used the comet assay with HepG2
cells derived from human hepatoma, together with the
Ames Salmonella/microsome mutagenicity assay, and
showed that DO1 is able to induce mutations in Salmonella
typhimurium, cause DNA damage in human HepG2 cells,
and provoke cell death by apoptosis.

DOL1 (CAS 2581-69-3) possesses nitro and azo groups that
can be electrochemically reduced. The reduction mechanisms
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Fig. 1 Chemical structure of DO1

of several compounds that possess the same electroactive
groups have been extensively investigated and shown to be
dependent on pH [17-20]. The electrochemical behavior of
DO1 has been studied by oxidation of the compound at a
glassy carbon electrode in a non-aqueous supporting electro-
lyte (0.1 mol L! Bu,NBF/DMF) [21]. However, to the best
of our knowledge, there are no reports in the literature con-
cerning the electroreduction of DOI in aqueous and non-
aqueous supporting electrolytes. Owing to the low solubility of
DO1 in pure water, it is necessary to add solvents or dispersing
agents, and investigate the stability of the stock solutions
before electrochemical investigations.

The aim of this work was to investigate the solubility
and stability of DO1 in aqueous solution, and to propose a
mechanism for the reduction of DOI1 at a boron-doped
diamond (BDD) electrode [22, 23], to suggest possible
compounds that might be produced during dye degradation
by the human intestinal microflora.

2 Experimental
2.1 Reagents and solutions

Monobasic sodium phosphate (NaH,PO,, 98-102 %),
dibasic sodium phosphate (Na,HPOy, 99.5 %), and sulfuric
acid (H,SOy4, 99 %) were provided by Mallinckrodt. DO1
(96 %) was obtained from Sigma-Aldrich. The dispersants
tamol (95 %, Basf), setamol (purity not declared, Basf),
and Fongranal FB (purity not declared, Clariant) were
kindly provided by Lupo Industria S.A. (Araraquara, Sao
Paulo, Brazil). The 0.1 mol L™ sodium phosphate buffer
solutions (pH 7.0) were prepared from the salts Na,HPO,
and NaH,PO,. All solutions were prepared using purified
water (p = 18.2 MQ cm) obtained from a Milli-Q system
(Millipore). Stock solutions of 4.0 x 10™* mol L™' DOI
were prepared using pure water, pure solvents (acetone,
dimethylformamide, acetonitrile, or ethanol), and the dis-
persants tamol (3.0 %, m/v), setamol (0.5 %, v/v), and
Fongranal FB (5.0 %, v/v). Working solutions were prepared
by dilution of the different stock solutions with deionized
water, to give final concentrations of 5.0 x 1075 mol L1,
The stabilities of the dye solutions storage at 4 °C were
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determined by measuring the absorption intensities at
492 nm on different days.

2.2 Apparatus

The electrochemical measurements were carried out using
a PGSTAT 30 Autolab (Eco Chemie, B.V., The Nether-
lands) computer-controlled potentiostat. The voltammetric
experiments were performed using a three-electrode
arrangement fitted into a one-compartment Pyrex glass cell
(20 mL). The BDD films (Adamant Technologies S.A., La
Chaux-de-Fonds, Switzerland) contained 8,000 ppm of
boron (working electrode area = 0.25 crn2). The reference
system was an AglAgCl (KClg,,) electrode, and the counter
electrode was a 1-cm® Pt foil. A Hewlett-Packard Model
8453 UV-Vis spectrophotometer, fitted with quartz cells
(1 cm optical path length), was used to evaluate the solu-
bility and stability of the DO1 stock solutions.

2.3 Electrochemical behavior of DO1 on the BDD
electrode

The BDD electrode surface was previously activated by
applying —3.0 V for 30s in a 0.5 mol L™" solution of
H,SO,. For reactivation (which involved removal of the
adsorbed species after the experiments), the electrode was
first pre-treated at +-3.0 V for 60 s in the H,SO, solution, and
then submitted to the activation procedure [23-25].

The electrochemical response of DO1 (at a concentration of
5.0 x 107> mol L") was analyzed by square wave voltam-
metry (SWYV) using the BDD electrode, with a frequency (f) of
200 Hz, a pulse amplitude (a) of 60 mV, and a scan increment
(AEs) of 2 mV. The supporting electrolyte was a pH 7.0 solu-
tion of phosphate buffer (0.1 mol L™"). The electrochemical
reduction of DO1 by cyclic voltammetry (CV) was conducted
using the BDD electrode in the potential range 0.0 Vto —1.4 V
versus AglAgCl (KClg,). The solutions were previously
degassed by bubbling N, for 2 min. Evaluations were made of
the influences of successive scans (with adsorption of the
reduction products on the electrode surface) and scan rates in
the range 50-500 mV s~ In both techniques (SWV and CV),
the voltammetric response of the Fongranal FB dispersant was
measured using the same supporting electrolyte and dispersant
concentrations as those used in the presence of the dye.

3 Results and discussion

3.1 Evaluation of the solubility and stability of DO1
by UV-Vis spectroscopy

The electronic absorption spectrum of DOI1 exhibits an
intense absorption band in the range 390-570 nm, due to a
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n—n* electronic transition of the amino-4-nitroazobenzene
chromophore [26]. This band region was used during
evaluation of the solubility and stability of the solutions.

The term solubilization refers to the homogeneous
mixing of an otherwise insoluble compound into a liquid
medium by addition of a solubilizing agent. Successful dye
preparation requires wetting of the dye particles by the
liquid phase, deagglomeration of particle aggregates by
mechanical destruction, and stabilization of the dispersed
suspension to prevent reagglomeration [27, 28]. Special
additives are required to lower the high surface tension of
water and enable sufficient wetting of the pigment.

The need for an additive was first confirmed by ana-
lyzing the DOI1 solution obtained by dilution of a stock
solution prepared using H,O alone and heating at 100 °C
for 20 min. Aqueous solutions of DO1 were then obtained
by diluting the stock solutions prepared in pure organic
solvents (ethanol or acetone) or in aqueous solutions con-
taining the dispersants tamol and setamol. These solutions
presented low, or zero, absorption in the visible region,
since in no case was complete dissolution of the compound
observed. Both tamol and setamol are anionic dispersants,
which can be the reason for no dissolution of the nonionic
DOIL. A satisfactory aqueous solution of DO1 was obtained
using the Fongranal FB dispersant, i.e., in the presence of
this dispersant, the DO1 aqueous mixture changed from
dispersion to an apparently clear solution. This dispersant
(the composition of which is protected by a patent) is a pH-
neutral oxyethylation product that is nonionic, colorless,
and water soluble. It is used in the textile industry, at
concentrations of between 0.5 and 2 mL L™ (0.05-0.2 %),
as an equalizing agent to insure uniformity during dyeing
and printing.

Individual aqueous solutions of DOI (4.0 x 10~* mol
L™") were prepared using dispersant concentrations
between 0.2 and 5 %. UV—Vis spectra were obtained for
5.0 x 107> mol L™" DO solutions, prepared by dilution
of the stock solutions in pure water (Fig. 2). The molar
absorptivity (¢) of the compound varies from 7,900 to
16,800 cm™! Mfl, corresponding to the cis and trans
(most stable) forms, respectively [29].

The intensity of the DO1 absorption band at 492 nm
increased in line with the amount of dispersant used, and a
spectrum with good resolution and sensitivity was obtained
for 5 % dispersant (Fig. 2). As a dispersant is added
gradually to water, the surface tension falls until a certain
concentration of dispersant is reached [the critical micelle
concentration (CMC)]. For certain substances, the solu-
bility can increase at dispersant concentrations higher than
the CMC [30]. The increasing of the dispersant concen-
tration caused changes in the aggregation state of dye,
leading to an increase of the absorbance at 492 nm in the
same DO1 concentration. Dispersant concentration has an
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Fig. 2 UV-Vis spectra of aqueous 5 % Fongranal FB solution (7),
and solutions of DO1 (5.0 x 10> mol L™") containing Fongranal FB
at concentrations of 0.2 % (2), 0.5 % (3), 1.0 % (4), 2.5 % (5), and
5.0% (6)

important role in physical and chemical processes, which
may cause modifications in position, intensity, and shape of
absorption bands. This procedure is particularly useful for
studies of the behavior of DO1 since dispersing agents are
commonly used in the textile industry, while systems
employing aqueous micellar media provide simple models
for reactions occurring at biomembrane interfaces. These
systems can provide approximations of the natural envi-
ronments of organisms [31, 32]. Additional experiments
were therefore performed using a Fongranal FB concen-
tration of 5 % (which is higher than the CMC) in the dye
stock solution. No significant variation (2.3 %) of the band
intensity was observed during storage of the DOI stock
solution for 90 days at 4 °C, indicating good stability of the
solution.

3.2 Electrochemical behavior of DO1 at the BDD
electrode

Optimum activity of intestinal microflora azoreductases is
achieved at pH 7.0 [13]. Since these enzymes are found in
the colon region of the intestine, where the pH varies
between 6.6 (transverse colon) and 7.0 (descending colon)
[33], the electrochemical experiments were carried out at
pH 7.0 to mimic natural conditions as best as possible.

3.2.1 SWv
Square wave voltammograms were recorded at 400 m
V s~! using a solution of 5.0 x 107> mol L™! DOI1 in

0.1 mol L™' pH 7.0 phosphate buffer (Fig. 3a, voltam-
mogram 1). Three well-defined peaks were observed, at
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—0.43V (Ic), —0.62 V (2¢), and —0.80 V (3c), which
represented processes involving the dye, while a peak at
—1.02 V (4c) was related to the dispersant since the sep-
arate voltammetric response of this substance showed a
single peak at —0.98 V (Fig. 3a, voltammogram 2). Pre-
vious adsorption of the dye on the electrode affected the
electrochemical response for the dispersant, causing a
displacement of 40 mV in the peak potential.

Total, forward, and backward components of the cur-
rents for the dye solution and for solution containing only
the dispersant response are presented in Fig. 3b, c respec-
tively. Irreversible electrochemical processes can be
observed for peaks 1c and 2c since there were no backward
current contributions. Small contributions of backward
current were observed for peaks 3c and 4c in Fig. 3b.
However, a very similar profile of the backward current
was observed for only Fongranal FB solution in Fig. 3c,
showing that the current contribution can be attributed to
the dispersant process.

322 CV

The reduction behavior of the dye was studied by CV using a
solution of 5.0 x 107> mol L™' DOI1 in 0.1 mol L™
phosphate buffer at pH 7.0. As observed in the SWV
experiments, the dye solution (Fig. 4, full line) presented
peaks at —0.48 V (Ic), —0.67 V (2¢), —0.85 V (3¢), and
—1.16 V (4c). The dispersant (Fig. 4, dashed line) presented
one peak at —1.07 V. Peaks lc, 2c, and 3c represent the
electrodic process involving the dye, and peak 4c represents
the response from the dispersant. Peak 4c presented higher
current intensity and peak potential values in the presence of
DO, compared to the values obtained using the dispersant
alone (dashed line). A possible explanation for this increase
of current could be that in the presence of the dye the dis-
persant molecules were organized around the DO1 mole-
cules, resulting in greater exposure of the reducible groups of
Fongranal FB. It is also possible that effects related to earlier
adsorption of the dye on the BDD surface could have hin-
dered reduction of the dispersant, shifting the potential to
negative values. No anodic peaks were observed during the
upward CV scan, indicating that the DO1 electroreduction
process was irreversible.

Successive scans obtained for the same DOI solution in
0.1 mol L™" phosphate buffer at pH 7.0 (Fig. 5), without
any intermediate cleaning of the electrode surface, showed
a continuously diminishing response (voltammograms 1-5)
due to the adsorption of the dye and dispersant and/or its
reduction products. After reactivation of the BDD surface,
a response (voltammogram 6) similar to that of the first
voltammogram was obtained, indicating that the procedure
used to reactivate the diamond surface was satisfactory.
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Fig. 3 a Square wave voltammograms obtained in 0.1 mol L'
phosphate buffer at pH 7.0 for 5.0 x 107> mol L™' DOl solution
(full line, 1) and Fongranal FB dispersant (dashed line, 2). b Square
wave voltammograms for 5.0 x 107> mol L™' DOI solution, and
¢ for Fongranal FB dispersant: I, total current, /; forward current, and
I;, backward current. SWV conditions: f 200 Hz, a 60 mV, and AE;
2 mV
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Fig. 4 Cyclic voltammograms obtained at a scan rate of 500 mV s™'

for 5.0 x 10~> mol L™ DOI solution (full line) and Fongranal FB
dispersant (dashed line) in 0.1 mol L™" pH 7.0 phosphate buffer

Sequential cyclic voltammograms were recorded using
5.0 x 107> mol L™' DO1 in pH 7.0 phosphate buffer, at
different scan rates in the range 100-500 mV s~' (Fig. 6).
A clean BDD electrode surface was used for each voltam-
mogram. No anodic peaks were observed at any scan rate,
suggesting the irreversibility of the DO1 electroreduction.

The peak currents (lc, 2c, 3c, and 4c, after baseline
correction) increased proportionally to the square root of
the scan rate, which confirms that the processes were
irreversible [34, 35]. The relationships between log I, and
log v for the different peaks could be described by the
following equations:
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Fig. 5 Successive cyclic voltammograms (/-5) obtained for 5.0 x
107> mol L™" DO1 solutions in 0.1 mol L™' pH 7.0 phosphate
buffer, using a scan rate of 500 mV s~!, and response after

reactivation of the BDD surface (6)

E/V vs. AglAgCl

(KClsat)

Fig. 6 Cyclic voltammograms obtained for 5.0 x 107> mol L™!
DO solutions in 0.1 mol L™" pH 7.0 phosphate buffer, using scan
rates from 100 to 500 mV s~

logl,i. = 0.508logy + 0.574
r = 0.994 (linear from 200 to 500 mV s™')

loglye = 0.778logv + 0.685

r = 0.996 (linear from 200 to 500 mV s ')
loglys. = 0.525logv + 1.263

r = 0.996 (linear from 100 to 500 mV s™')
logl,s. = 0.553logv + 1.829

r = 0.999 (linear from 50 to 500 mV s~ ")

The slopes of 0.508, 0.525, and 0.553 for peaks lc, 3c,
and 4c, respectively, were close to the theoretical value of
0.5 for a purely diffusion-controlled current, while the
slope of 0.778 for peak 2c suggest a mixed diffusion—
adsorption peak [36]. These findings suggest that the
overall electrode process was mainly diffusion-controlled.

The peak potentials shifted to more negative values,
confirming the irreversible nature of the reduction process
[34], and linear relationships (E, vs. log v) were observed
in the ranges 100-500 mV s~' (peak Ic) and 50-500
mV s~' (all other peaks). These relationships could be
described by

Epie = —0.100logy — 0.510 r = 0.999
Epe = —0.0711ogy — 0.698 r = 0.991
Ep3e = —0.0451ogy — 0.860 r = 0.998
Epse = —0.1271ogv — 1.19  r = 0.995

For irreversible electrode processes, E, is defined by the
following equation [37]:

E, = E° + (2.303RT/anF)log (RTK" /anF)
+ (2.303RT/onF)logy
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where o is the transfer coefficient, k° is the standard het-
erogeneous rate constant of the reaction, » is the number of
electrons transferred, v is the scan rate, and EY is the formal
redox potential. Other symbols have their usual meanings.
Values of an can be calculated from the slopes of plots of
E, versus log v, and the value of E° can be obtained from
the intercept of E, versus v (Table 1). According to Bard
and Faulkner [34], a plot of In I, against E, — E°, deter-
mined at different scan rates, should have a slope of
—oF/RT. It was therefore possible to obtain the a values
and the number of electrons transferred for each peak
(Table 1).

In order to characterize each peak, successive cyclic
voltammograms were recorded in the cathodic direction,
from 0.0 V (start potential) to —0.60, —0.85, and —1.05 V,
for peaks 1c, 2c, and 3c, respectively (Fig. 7). The anodic
scans were ended at 4+0.2 V for all voltammograms. The
cyclic voltammogram for peak lc (from 0.0 to —0.60 V)
presented a single cathodic peak at —0.48 V in the first
scan, and an anodic peak at —0.01 V (la) in the reverse
sweep. No additional cathodic peak was observed during
the second scan from positive to negative potentials. The
same experiment carried out for peak 2c (scanning from
0.0 to —0.85 V) showed the expected two cathodic peaks,
at —0.48 V (Ic) and —0.67 V (2c), during the first scan. A
decrease of the anodic peak at —0.01 V was observed in
the reverse sweep. An additional cathodic peak was
observed at —0.03 V during the second sweep from posi-
tive to negative potentials. No additional peaks were
observed for the scans performed from positive potentials
to the switching potential at the end of peaks 3c and 4c.

According to the literature [17, 38, 39], the electro-
chemical behavior of nitrobenzene in neutral aqueous
buffer should reflect a four-electron reduction to produce a
hydroxylamine derivative. However, the results presented
here suggest that the presence of a dispersant could pro-
mote the formation of different intermediates. The reduc-
tion of DOI1 generated three peaks when aqueous medium
containing dispersant was used. It is proposed that the first
peak at —0.48 V reflected reduction of the nitro group to
the nitro radical anion (RNO53 "), by transfer of a single
electron. Considering the reactivity of nitro radical anion

Table 1 Main electrochemical parameters for the reduction of DO1
at a BDD electrode

Peak on E° (V) o Number of
electrons (n)

lc 0.590 —-0.42 0.52 1.1 (~1)

2c 0.829 —0.63 0.59 14 (~1)

3c 1.31 —0.81 0.36 3.6 (~4)

4c 0.465 —1.06 0.22 2.1 (~2)
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Fig. 7 Cyclic voltammograms obtained for 5.0 x 107> mol L™'
DOl solutions in 0.1 mol L' pH 7.0 phosphate buffer at
500 mV s~! with different switching potentials (—0.60 V, full line;
—0.85 V, dash line and —1.05 V, dot line)

[40] generated at —0.48 V, it undergoes chemical follow-
ing reactions when the cathodic sweep stopped at —0.60 V.
This process leads to formation of a product responsible by
the anodic peak at —0.01 V showed in the reverse scan.
When the switching potential is more negative, under
anaerobic conditions, the nitro radical anion formed can
undergo further one-electron reduction to a nitroso deriv-
ative, corresponding to the second cathodic peak (2c) at
—0.67 V [41]. This intermediate could be responsible for
decreasing the current of the peak at —0.01 V during the
reverse scan, and could be reduced at —0.03 V during the
second scan in the cathodic direction.

DOL1 also contains an azo group that is liable to reduc-
tion. It is known that reduction of aromatic azo compounds,
involving breakage of the N-N bond, is difficult in neutral
media [42]. The cleavage of the azo group should be a
four-electron process, while a reduction to a hydrazo
compound should involve only two electrons. However, the
presence of dispersant could alter the pathway of electron
transfer, and unusual molecular surroundings could be
associated with chemical steps including protonation [31].
Given these considerations, and the number of electrons
transferred (~4), it is therefore reasonable to assume that
the third peak was related to reduction of the N=N double
bond by 2e” + 2H", which generated the corresponding
hydrazo (NH-NH) intermediate. This was then followed by
cleavage of the N-N bond by 2e~ + 2H*, with formation
of the corresponding aromatic amines. It was not possible
to propose a mechanism for the reduction of the Fongranal
FB dispersant (peak 4c) since its structure was unknown.
The complete proposed mechanism for DO1 reduction in
the presence of the dispersant is shown in Fig. 8.
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It is important to highlight some of the features of the
products generated. Studies have demonstrated the tendency
of the nitro radical anion to interact with certain biologically
relevant species, such as glutathione and cysteamine, as well
as DNA bases (adenine, thymine, and cytosine) and the RNA
base (uracil) [18, 40, 43]. These interactions can induce DNA
lesions and result in carcinogenesis. Nitroso aromatics can
interact with polyunsaturated fatty acids, yielding radical
species that can cause lipid peroxidation and cell damage
[44]. The nitroso group may be mutagenic, as reported by
Haack et al. [45] using Salmonella typhimurium strains TA98
and TA100. The structures of aromatic amines resulting from
DO1 azo reduction contain an aniline group (C¢Hs—NH,) that
is considered to be toxic to aquatic life, as well as possibly
carcinogenic and genotoxic [46]. There is no information
available concerning the toxicity of the dispersant used,
which is an important omission, offering opportunities for
further research. In general, the products formed from DO1
reduction can present potential hazards to human health and
to the environment.
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Fig. 8 Proposed mechanism for reduction of DO1 at pH 7.0

4 Conclusions

DOl is soluble in an aqueous solution containing 5 %
Fongranal FB dispersant, and is stable for at least 90 days.
This aqueous micellar environment could alter the pathway
for electron transfer during the electrochemical reduction
of DOI1. At a BDD electrode, the process showed three
well-defined irreversible peaks that reflected reduction of
the nitro group in two steps to form a nitro radical anion
and a nitroso derivative. The process involved reduction of
the N=N double bond, generating the corresponding
hydrazo (NH-NH) intermediate, followed by cleavage of
the N-N bond to form the corresponding toxic aromatic
amines. The dispersant used in this study provides a simple
microenvironment that is analogous to biological mem-
brane systems. Electrochemical studies of dye behavior can
therefore mimic the action of enzymes of the intestinal
microflora, suggesting that formation of dangerous nitroso
derivatives and aromatic amines might occur in the
organism.
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