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Abstract: The present work describes the development of a voltammetric sensor for the
selective determination of Acid Green 25 (AG25) hair dye, widely used in commercial
temporary hair dyes. The method is based on a glassy carbon electrode modified with
multiwalled carbon nanotubes activated in the presence of sulfuric acid, where the
anthragquinone group present as a chromophore in the dye molecule is reduced at —0.44 V vs.
Ag/AgCI in a reversible process involving two electrons in Britton-Robinson (B-R) buffer
solution at pH 4.0. Analytical curves were obtained using square wave voltammetry in the
range from 1.0 <10~ t0 7.0 <10 ® mol L%, achieving a detection limit of 2.7 x10~° mol L. 1.
The voltammograms recorded for the Acid Black 1 (AB1) dye showed that the azo groups
of the dye were reduced on the carbon nanotube-modified electrode (CNTME), presenting a
pair of redox peaks at —0.27 V and —0.24 V in the reverse scan. Under these experimental
conditions, both dyes could be detected in the water sample, since the AG25 dye is reduced
at —0.47 V. The presence of other hair dyes bearing other chromophore groups, such as Acid
Black 1, Acid Red 33 and basic blue 99, did not interfere with the method, which showed an
average recovery of 96.7 £3.5% (n = 5) for AG25 dye determination in the presence of all
of these dyes. The method was successfully applied to tap water and wastewater samples
collected from a water treatment plant.
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1. Introduction

The extensive use of dyes and oxidizing agents for hair dye in the modern world is responsible for an
endless variety of products on the market, which, in turn, seek to fulfill the quest for a diversity of colors,
application processes and dye durability, while affording protection against damaged hair and
safeguarding the health of human beings [1-3]. For this reason, available hair dyes are classified into three
groups: temporary, semi-permanent and permanent, based on their fixation to hair using either
non-oxidative processes or oxidative reactions [4] that interfere directly with the fixation time to the fibers.

Among them, permanent dyes have received the greatest attention, since the composition of these
hair dyes includes ingredients of significant health concern, such as aromatic amines and other
coupling compounds that are applied to the hair via chemical reaction in the presence of oxidative
compounds [3,5]. On the other hand, semi-permanent dyes and temporary dyes represent less well studied
synthetic hair dyes, bearing in their structures mainly azo groups, anthraquinone and nitro groups as
chromophores [4,6]. These agents are deposited in the structure of the hair by ionic interactions or van
der Waal’s forces [7] and have short fixation time to hair. They can be easily washed out and mixed with
sewage, which, if not treated appropriately, can reach water reservoirs and drinking water pipelines.

Although the need for suitable analytical methods for hair dye determination is apparent, there have
been few reports toward this end. The main studies have included applications of chromatographic
methods for detecting oxidative dye intermediates in permanent hair colorants [8-21]. Despite the
importance of temporary hair dyes as water contaminants, few analytical methods are available for their
determination [22-27]. In addition, the procedure is usually quite cumbersome, with multiple stages of
separation and extraction and detection limits higher than those required for their determination in
environmental matrices.

The great versatility of multiwalled carbon nanotubes as electrode modifiers has attracted
attention [28-36]. They are fulfilling the growing demand for highly sensitive, reliable and inexpensive
sensors for the measurement of hazardous compounds in environmental samples, usually in highly
diluted forms. The main advantages of this kind of electrode system are associated with their modest
cost and wide possibilities for surface modifications. The ability to determine low levels of multiple
kinds of analytes has been attributed mainly to electrocatalytic or adsorption effects due to their unique
tubular nanostructure, large specific surface area, excellent conductivity, modifiable sidewalls, high
conductivity and good biocompatibility [28,29,32,36].

The goal of the present paper is to investigate the voltammetric behavior of Acid Green 25 (AG25)
dye (Figure 1), widely used in temporary hair dyes, on a glassy carbon electrode modified by multiwalled
carbon nanotubes, with the aim of proposing a new methodology for its determination at low levels in
acidic media. The proposed method is based on the reduction of anthraquinone groups present as a
chromophore in the hair dye. The methodology is tested for the determination of hair dye content in tap water
and wastewater collected from a water treatment station using the square wave voltammetric technique.
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Figure 1. Chemical structure of Acid Green 25 hair dye (A), Acid Black 1 (B),
Basic Blue 99 (C) and Acid Red 33 (D).

2. Experimental Section
2.1. Chemicals

Ultra-pure reagents were purchased from Merck, and purified water derived from a Millipore Milli-Q
system (resistivity 18.2 mQ-cm, pH 6.9) was used in the preparation of all solutions. Zero-point-zero
four moles per liter of Britton-Robinson buffer (B-R) were used as the supporting electrolyte, prepared
by mixing of 0.04 mol L.7* of phosphoric acid (Merck, Darmstadt, Germany), 0.04 mol L. of boric acid
(Merck) and 0.04 mol L.7* of acetic acid (Merck), adjusting the pH with a solution of 0.1 mol-L™ of
NaOH (Synth). A solution (1 mol L) of sodium hydroxide (Merck) was used for pH adjustment.
Multi-walled carbon nanotubes, purity 95%, basis, d = (10 nm), | = (1-2 um) (Dropsens, Asturias, Spain),
were used in the electrode modification. Individual samples of hair dyes—AG25, Basic Blue 99 (BB99),
Acid Red 33 (AR33) and Acid Black 1 (AB1)—were purchased from the Arianor Company and used to
prepare standard solutions (1.0 <102 mol 1.7%) by dissolving each solid product in water. The solutions
were kept in the refrigerator at 4 <C in the dark. More dilute solutions were prepared by serial dilution
with water. The recovery studies of the analyte were performed using a sample of tap water with reagents
added to form a of B-R buffer with a concentration of 0.04 mol L.%. This water sample was then spiked
with known amounts of the target analyte. All chemicals used in the HPLC-DAD measurements—formic
acid, methanol and ammonium formate—were purchased from Sigma Aldrich.
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2.2. Apparatus

Cyclic voltammetry (CV) and square wave voltammetry (SWV) were performed in an Autolab
PGSTAT-30 (Eco Chemie) potentiostat/galvanostat system with an electrochemical software system
(GPES 4.9) connected to a three-electrode cell, Metrohm Model 663 VA standard.

For the impedance measurements, a potentiostat/galvanostat connected to a frequency response
analyzer (FRA) was employed in the frequency band from 100 kHz to 10 MHz. An open circuit potential
(Eoc) with 10-min stabilization, an amplitude of 10 mV (root mean square—rms) and 50 points/decade was
set. Measurements were performed in B-R buffer (0.04 mol L. pH 4.0) containing Acid Green 25 (AG25,
1.0 <107° mol-L™"). All of the electrochemical measurements were conducted at room temperature using
a Faraday cage. A conventional three-electrode cell assembly consisting of a platinum wire as an
auxiliary electrode and an Ag/AgClI (KClsat) electrode as a reference electrode was used. The working
electrode was a glassy carbon electrode modified by multiwall carbon nanotubes (MWNTS).

The pH measurements were carried out on a pH meter (Corning, Model 140) with a double-junction
glass electrode.

Analysis by high performance liquid chromatography with a detection diode array (HPLC-DAD) was
performed on a Shimatzu chromatograph, model LC-10AT, equipped with two pumps, an automatic
injector (injection volume 20 uL) and a diode array detector (Model SPD-M10AVP).

2.3. Preparation of the Electrode

A glassy carbon electrode was polished with alumina (0.3 um, Buehler) dispersed on velour, then
washed in an ultrasonic bath with deionized water for 10 min. The modification by MWNTs was
conducted using the casting technique. First, a dispersed solution of 1.0 mg MWNTs in 1 mL of
dimethylformamide (DMF) was prepared, and the mixture was submitted to sonication for 30 min at
room temperature. An aliquot of 10 uL of this suspension was then added to the electrode surface, which
was dried at 55 <C for 20 min [37].

The modified electrode (CNTME) was then submitted to a previous electrochemical treatment,
transferring it to a solution from 0.1 mol L H2S0s, deoxygenating for 15 min with N2 flow and
performing successive scans (10 cycles) in the potential range of —0.15t0 1.3 V.

2.4. Analysis of Dyes in Tap Water and Wastewater

A wastewater sample was collected from a water treatment plant (WTP) in Araraquara/S&
Paulo/Brazil. Aliquots of 25 mL of the sample were spiked with 0.047 g of AG25 dye. The sample was
then filtered before analysis through a 0.45-um PTFE filter. For analysis using SWV, 4 mL of the
respective sample were added to the electrochemical cell containing 6 mL of 0.04 mol L.7* of B-R buffer
(pH 4.0). The sample was then submitted to deaerating for 15 min with nitrogen and the voltammogram
recorded. The AG25 dye content in these samples was determined by the four successive standard
addition method of AG25 dye.

HPLC-DAD detection was used to validate the proposed method [38]. All solutions were filtered
before analysis through a 0.45-um PTFE filter. Measurements were made under the following
chromatographic conditions: a mobile phase constituted of 0.1% formic acid and 4 mmol . ammonium
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formate in water (A) and methanol with 0.1% formic acid and 4 mmol L.* ammonium formate (B) in a
gradient (0—6 min 95% A, 6-13 min 5% A, 13-13.5 min 5% A, 13.5-15 min 95% A). The flow rate was
1.5 mL min~tin a C 18 column (Phenomenex) with a sample injection volume of 20 pL.

3. Results and Discussion
3.1. Voltammetric Behavior

The cyclic voltammograms obtained for the reduction of 1.0 <10~° mol £.* AG25 in of 0.04 mol L.
of B-R buffer, pH 6.0, at the glassy carbon electrode, before and after modification with MWNTS, are
represented in Figure 2I. On the bare electrode, the AG25 dye was voltammetrically reduced on the
glassy carbon electrode in a single-step process at around —0.47 V (Peak 1), attributed to the reduction
of the anthraquinone/hydroquinone group, as described in the literature [39—41]. A small voltammetric
peak was seen on the reverse scan, where the anode-to-cathode peak height ratio (Ipa/lpc = 0.18) and
Epa — Epc = 105 mV clearly indicated that the process was not completely reversible under the surface of
the glassy carbon electrode without modification [42]. In the cyclic voltammogram recorded at the
CNTME, a well-resolved cathodic peak was detected at —0.44 V, to which an anodic peak at —0.39 V
was associated in the backward scan (Figure 211). The peak current ratio Ipa/lpc was 0.96, and the peak to
peak separation, AEp = Epa — Epc, was 30 mV. The results indicated that CNTMEs are an excellent
platform for constructing an electrochemical sensor for dyes bearing anthraquinone groups and improve
the reversibility of the electron transfer process due to their electrocatalytic activities [29] toward these
species, enhancing the current yielded and reducing peak-to-peak separations in comparison with the
bare electrode.
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Figure 2. Cyclic voltammograms of the behavior of Acid Green 25 (AG25) upon its
reduction on glassy carbon electrode (GCE) (1) and on carbon nanotube-modified electrode
(CNTME) (1) in Britton-Robinson buffer (B-R) solution (a) and in 1 107> mol L. ! of
AG25 (b), pH 4.0, B-R buffer (0.04 mol L"), scan rate of 60 mV s 2.

In order to improve the response of the CNTME, the same electrode was subjected to scans in acid
medium in order to remove material from the organic solvent (DMF) on its surface, thus increasing its
area. The electrode was subjected to electrochemical cycling in the potential range between —0.15 and
—1.3 V (10 cycles), v = 50 mV s1, in deoxygenated H2S04 solution (0.1 mol L.7!) with N2 for 15 min.
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Figure 3 compares the performance obtained for the activated and inactivated electrodes submitted to
scanning in a 1.0 x10~* mol L. ! solution of AG25. A slight increase in the peak current was observed
for the activated CNTME, suggesting that reduction of the dye is favored on the activated surface. In
order to confirm this effect on the charge-transfer resistance (Rct) and the double-layer capacitance (Cai),
measurements of electrochemical impedance spectroscopy (EIS) were carried out [39].

-16 -

24
08 -0

6 -04 -02 0.0

E (V) vs. Ag|AgCI

Figure 3. Cyclic voltammograms corresponding to the reduction of 1.0 10> mol L' AG25
in 0.04 mol L.7! of B-R buffer, pH 4.0 on: (a) activated CNTME; (b) inactivated CNTME;

(c) CNTME activated only in the supporting electrolyte; and (d) inactivated CNTME in the
presence of the electrolyte. Scan rate: 60 mV s 1.

The EIS measurements were performed in B-R buffer solution at pH 4.0 with 1.0 % 107° mol L
AG25 using the activated and inactivated CNTME (Figure 4). The activated CNTME showed a decrease
in charge-transfer resistance (CNTME activated = 67.5 kQ and CNTME inactivated = 96.8 kQ),
confirming that the lowest charge-transfer resistance was on the activated electrode. For this reason, the
activation process was adopted.
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Figure 4. Nyquist plot registered for the CNTME (activated and inactivated) in
1.0 x107% mol L.7! of AG25, 0.04 mol L.7! B-R buffer solution, pH = 4.0.
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The effect of the potential scan rate on the voltammetric response was investigated
from 10 to 100 mV s at CNTME for 1.0 % 107> mol L. ! of AG25 dye reduced in 0.04 mol L' of
B-R buffer, pH 4.0. Both the cathodic peak current and anodic peak current varied linearly with
the square root of the scan rate (Ipc (A) = —9.737 x 10°° + 8.187 x 10°® A (mV s )2 and
lpa (A) = —9.891 x< 10°° + 7.541 x 107 A (mV s 1)¥2), suggesting that AG25 reduction follows a
diffusion-controlled mechanism [43]. The dependence of the Ipa/lpc ratio on the scan rate was equal to
unity, showing that a reversible electron transfer reaction took place. From these results, a scan rate of
60 mV s! was chosen for further studies.

The effects of pH on the peak potential (Epc) and cathodic peak current (l,c) were also investigated,
and the results obtained at a scan rate of 60 mV s~! are shown in Figure 5.
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Figure 5. Effect of pH on the peak current (+) and peak potential () obtained from linear
scan voltammograms of 1.0 <1073 mol .! Ag25 dye in 0.04 mol 1! B-R buffer (pH 4.0).

The peak potential shifted linearly to a more negative potential as the pH was increased. The slope of
—65 mV pH! obtained from AE/ApH suggests that a two electron-two proton transfer mechanism occurs
in this pH range (Scheme 1).

Scheme 1. Mechanism of AG25 reduction at the CNTME.
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Taking into account that the process involves a transfer of two electrons (n = 2), according to the
equation AE/ApH = (59.1 mV Nu*/n)* and using the slope obtained, we can suggest that the number of
protons (NH") transferred may be two [39,43]. These results indicated that the anthraquinone reduction
occurred in a similar way to that obtained on a glassy carbon electrode, except for the faster electron
transfer and partial protonation, which changed the reversibility of the cyclic voltammograms obtained
on the CNTME.

In addition, the Ipc values increased from pH 2.0 to 4.0 and decreased at higher pH values. This
behavior can be explained by the fact that CNTME can present two pKa values (pKa1 = 3.5 to 4.1 and
pKa2 = 5.8 to 7.1), depending on the number of carboxylic groups attached to its surface [44]. An
electrostatic interaction can occur with the analyte, since the AG25 dye (pKa = 6.5) exhibits a positive
charge in acidic media. At a pH above 4.0, there is a predominance of negative charges, and a negligible
interaction is expected.

3.2. Interference

The interference of other dyes in the voltammetric process was studied by evaluating three typical
dyes belonging to the family of acidic and basic hair dyes; these were taken as models of other dyes:
Basic Blue 99 (BB99), Acid Red 33 (AR33) and Acid Black 1 (AB1), whose chemical structures are
shown in Figure 1.

Cyclic voltammograms obtained for the reduction of 1 x< 10> mol L ! AG25 dye in B-R buffer
pH 4.0 at the CNTME were compared with voltammograms for the reduction of BB9, AR33 and AB1
under the same experimental conditions. The respective voltammograms are shown in Figure 6. The
voltammograms recorded for the AB1 dye (Curve B) showed that the azo groups in the dye were reduced
on the CNTME and present a pair of redox peaks at —0.27 V and —0.24 V in the reverse scan. Under
these experimental conditions, both dyes could be detected in the water sample, since the AG25 dye is
reduced at —0.47 V. On the other hand, the voltammetric curves obtained for AR33 (Curve C) and BB99
did not show any defined peak under the adopted experimental conditions (Figure 6), clearly indicating
that neither dye interferes with measurements using this voltammetric sensor. The results indicate that
use of the CNTME could be a good strategy to selectively monitor AG25 dye.
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Figure 6. Cyclic voltammograms obtained for the reduction of 1.0 x 10 mol 1!
AG25 dye (b), AB1 (c), AR33 (d), BB99 (e) and blank (a) in 0.04 mol L' B-R buffer
pH =4.0. Scan rate: 60 mV s 2,



Chemosensors 2015, 3 30

3.3. Dye Determination

SWV was used to improve the voltammetric detection of AG25 at the CNTME. The peak current
obtained was dependent on various instrumental parameters, such as square-wave amplitude,
square-wave frequency and step height. The experimental parameters evaluated by the SWV technique
were frequency, f (from 10 to 60 Hz), scan increment, AEs (from 5 to 15 mV), and pulse amplitude, Esw
(from 10 to 100 mV). The optimum voltammetric signal was obtained at a frequency of 10 Hz, a pulse
amplitude of 60 mV and AEs of 5 mV, where a combination of higher resolution was associated with
higher peak currents.

Using these optimized conditions, a well-defined reduction peak at about —0.43 V was detected, and
the current increases while increasing the AG25 concentration from 1.0 <1077 to 7.0 <10 7% mol-L™!
AG25 dye in 0.04 mol-L ™! B-R buffer pH = 4, as shown in Figure 7. An analytical curve (insert of
Figure 7) was fitted by the equation: lpc (uA) = 6.02 x 107% x [AG25] + 5.1 x 107 (R? = 0.99).
The limit of detection (LOD) and limit of quantification (LOQ) obtained were 2.7 % 10~° mol-L!' and
8.9 <107 mol-L™!, respectively.
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Figure 7. Square wave voltammetry (SWV) obtained under optimized conditions in a
0.04 mol-L™! B-R buffer solution with increasing concentrations of AG25: (a) blank;
() 1.0 x1077; () 5 x1077; (d) 1 x107%; (€) 3 x10°%; (f) 5 x107%; and (g) to 7.0 <10 ¢ mol-L"".
Inset: relation between Ipc vs. concentration of AG25. Parameters: pH 4.0, f = 10 Hz and
AE =60 mV.

3.4. Analytical Application

The method was applied to determine AG25 in a sample of tap water deliberately contaminated with
4.0 107" mol L' of AG25 and 1.0 x10°° mol L' of the BB99, AR33 and AB1 dyes. The AG25 dye
was analyzed using the standard addition method with the addition of 4.0 <107 mol L.! AG25 dye. The
respective voltammograms are shown in Figure 8. Analysis of the peak current showed an average
recovery (n =5) of 96.7% =%3.5%.



Chemosensors 2015, 3 31

07 %0 07 14 21
Concentration (umol L™)

06 -04 02 0.0
E (V) vs. Ag|AgClI

Figure 8. SWV in 0.04 mol-L ™! B-R buffer spiked with increasing amounts of AG25. Insert:
relation between Ipc vs. concentration AG25. Parameters: pH 4.0, f = 10 Hz and AE = 60 mV.

The applicability of the CNTME was also tested in a sample collected from a water treatment station.
According to the procedure described in the Experimental Section, an aliquot of the sample was used to
determine AG25 without any pretreatment. The determinations were made in triplicate by applying the
method of standard addition, where the voltammograms showed well-defined peaks and an excellent
linear relationship for standard additions in the concentration range between 1.07 and 5.40 pmol 1.2, as
shown in Figure 9.
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Figure 9. SWV for the CNTME in 0.04 mol L ! B-R buffer (pH 4.0) (I), plus 40 uL of added
sample (I1) and successive standard additions of AG25 between 1.07 and 5.40 pmol L'

To validate the method, the sample was analyzed by HPLC-DAD. The results for the two methods
are shown in Table 1. The Student’s t-test indicated a value of 0.05, which was less than the critical
value (4.30). This result shows that there is no significant difference (at a 95% confidence level) between
the two methods.

Table 1. Determination of AG25 in a sample collected at a water treatment station using the
proposed method and the HPLC-DAD technique.

Method CNTME  HPLC-DAD N
Found values (10* mol-L™")  2.98+0.038  2.96 +0.321 3
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4. Conclusions

A voltammetric sensor based on multiwalled carbon nanotubes (CNTME) prepared and pretreated
with sulfuric acid can be a promising tool for direct AG25 hair dye determination. The sensor can be
used for direct applications in tap and wastewater samples without complex prior treatment. Good
analytical performance was demonstrated. The proposed CNTME is characterized by a low detection
limit, good sensitivity and excellent stability. This sensor allows the determination of acid dye
anthragquinone groups even in the presence of other hair dyes bearing azo and amine groups, which do
not interfere with the voltammetric response.
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