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The electrochemical synthesis of a polypyrrole membrane doped with sodium dodecyl sulphate on the
surface of a carbon paste electrode (CPE/Ppy-SDS) useful for the anionic surfactants’ potentiometric
quantification either as monomers or micelles, is presented. The synthesis parameters to optimize the
sensitivity of this membrane towards SDS determination were also found. The best membrane
displayed the following analytical features for SDS quantification: a sensitivity of 50.10 mV per
decade, a linear range of 33 to 7943 uM and a detection limit of 33.9 uM. From EIS measurements the
diffusion coefficient of DS ions throughout the polymeric membrane was estimated to be 3.53 and
5.30 x 10 "' cm?s™* for the membranes with the lowest and the highest sensitivity, respectively. From a
comparison of the respective resistance and capacitance values it is possible to conclude that as the
DS ions residence time is larger, the best sensitivity is achieved. Moreover, it was demonstrated that
with this electrode both surfactants, SDS and sodium dodecylbenzene sulfonate, SDBS, can be
measured without interferences from each other. SPR measurements spectra indicated that deposition
of the pyrrole molecules occurs in a uniform fashion.
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1. INTRODUCTION

It is reasonable to state that practically the whole range of analytical measurement instruments
have been used to analyze surfactants; naturally, the amount of analytical success accrued has been
related to the kind of surfactant or problem to solve [1-17].
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To mention but one among the most common techniques, there is the automatic titration
supported by ion selective electrodes (ISE) [18-23], giving as one of its main advantages the
elimination of reactants, although the results only render the overall amount of surfactants, anionic,
cationic or non-ionic according to the ISE used.

Many authoritative recent papers have shown that the electrochemical modification of electrode
surfaces with conductive polymers [24-30] is a powerful means for the development of ISEs for the
quantification of different analytes [25, 31]. Nevertheless, the quantification of analytes, in particular
surfactants, bearing a very similar structure is a continued challenge. In this work we aboard the
problem of electrochemical synthesis and characterization of an ISE for the simultaneous
determination of two anionic surfactants.

2. EXPERIMENTAL

2.1. Reagents

All reagents used in this work have analytical grade; the SDS (Aldrich) was used as supporting
electrolyte and source of DS ions. Pyrrole (Py) (Aldrich) was distilled in a N, atmosphere. Ultrapure
monocrystalline graphite powder 99,999% was used to construct the working carbon paste electrode.
All solutions were prepared with deionised water obtained

from a Milli Q (Millipore) system with 18.2 MQcm resistivity. The Py solutions containing
SDS were bubbled with high purity N, before each experiment.

2.2. Instrumentation

2.2.1. Electrochemical experiments

A typical three-electrode cell was used, where a platinum wire was used as counter electrode,
an Ag/AgCl (900200 Orion) was the reference electrode and a CPE was the working electrode.

The latter was prepared as described by Alvarez-Romero et al. [24,25] Subsequently, the
exposed surface was polished before the electrochemical growth of the polypyrrole films (Ppy) that
were obtained potentiodinamically using an electrochemical workstation (Ecochemie) PGSTAT 30
AUTOLAB.

This potentiostat was also used for the electrochemical impedance, EIS, measurements, which
were carried out in the frequency range of 10°-102 Hz with 10 points/decade at the AC voltage signal
of 10 mV; Nyquist plots resulted from this experiment. The best semicircle was analyzed and fitted
using the Zview software, which fits the experimental EIS data to an appropriate equivalent electrical
circuit (EEC). All potentiometric measurements were referred to the Ag/AgCl saturated electrode
potential.
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2.2.2. Surface plasmon resonance (SPR) experiments

An electrochemical cell was used for the combined electrochemistry and SPR measurements,
also using an Autolab SPRINGLE system in combination with a PGSTAT 30 AUTOLAB potentiostat
to conduct them. Where a solid Ag/AgCl electrode [32] was used as a reference, a Pt rod as a counter
electrode and the gold surface of the sensor disk (gold covered glass) functioned as the working
electrode.

2.2.3. Scanning electron microscopy (SEM) characterization

The scanning electron microscopy (SEM) secondary electron images of the Ppy films were
obtained with the aid of a JEO L JSM 6300 microscope.

2.3. Synthesis of Ppy-SDS films

Ppy-SDS films were electropolymerized by the cycle voltammetry technique, CV, onto the
bare surface of the CPE, the controlled synthesis variables were: the potential scan rate, the number of
CV cycles, the pyrrole [Py] and sodium dodecyl sulphate [SDS] concentrations. A series of
experiments were proposed in order to find out the sensitivity of the CPE-Ppy-SDS modified electrode
towards the [SDS] in aqueous solution.

The potentiometric response was evaluated by constructing the corresponding calibration plots
using different SDS concentrations. The potentiometric data were then analyzed by statistical fitting of
the linear “C” zone, see below.

3. RESULTS AND DISCUSSION

3.1. Electrochemical synthesis of the Ppy-SDS membrane

Figure 1 shows a family of potentiodynamic plots recorded in the system: CPE / 100 mM Py,
50 mM SDS. It becomes plain that as the number of voltammetry cycles increases, both the anodic
and cathodic current peaks increase.

Moreover, the charge associated to these peaks also increase. This behavior is typically found
during the electrodeposition of conducting polymers [26-29].

3.2. SEM characterization of the electrochemical synthized Ppy-SDS membrane

Figure 2 depicts the SEI-SEM images of the CPE surface before and after application of 20
voltammetry cycles as described in Figure 1, where it is possible to note that the CPE is completely
covered by the electrodeposited Ppy-SDS membrane.
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Figure 1. Family of 20 cyclic voltammograms, recorded in the system CPE / 100 mM Py, 50 mM
SDS. The potential scan started at -100 mV toward the positive direction at 200 mVs™ scan
rate. The variation of both: the cathodic, Qc, and anodic, Qa charge as a function of the
voltammetry cycles is also shown in the figure.

3.3. Optimization of the Ppy-SDS membrane referred to its potentiometric response to SDS

The potentiometric response of the electro-synthesized Ppy-SDS membranes onto the CPE
surfaces was obtained by immersion into a SDS aqueous solution, and by recording the potential at
various SDS concentration increments, see Figure 3. From Figure 3, there are three different zones that
can be clearly noted: in zone “A” the CPE/Ppy-SDS electrode potential increases as the [SDS]
increases, this is then followed by a small zone named “B” where the potential practically remains
independent of the [SDS]; after, there is zone “C” where the electrode’s potential linearly diminish as
the [SDS] was raised. This behavior may be associated with the amphiphilic nature of the SDS
molecules, which in aqueous solutions can form aggregates termed micelles. The critical micellar
concentration, CMC, determines the concentration, C, value at which the surfactant molecules present
in solution tend to form micelles (C > CMC) or where they are mainly present as monomers (C <
CMC) [33,34].
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Figure 2. Secondary electron images, 2000 X, of the carbon paste electrode surface (a) before and
after (b) 20 voltammperometric polymerization cycles, see Figure 1.
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Figure 3. Potentiometric response of the a CPE/ Ppy-SDS electrode as a function of [SDS]. The Ppy-
SDS membrane was polymerized onto the CPE using 10 mM pyrrol and 50 mM SDS at 100
mVs™ applying 40 voltammetry cycles.
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At first look one may conclude that this CPE/ Ppy-SDS electrode may be useful to determine
[SDS] concentration either in the presence of monomers, zone “A”, or of micelles, zone “C”.
However, in this work we decided to only use zone “C” in order to optimize the electrochemical
synthesis of the Ppy-SDS membrane, because as can be noted from Figure 4, zone’s “A” behavior is
highly dependent on the [SDS] used during the membrane’s electrosynthesis processing.
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Figure 4. Potentiometric response of the Ppy-SDS membranes as a function of [SDS]. The membranes
were polymerized using 1mM pyrrol and different SDS concentrations: (X) 0.1 DS, (m) 1, (0)
10 and (A) 50 mM at 100 mVs ™ applying 20 voltammetric cycles.

3.3.1. Influence of the synthesis parameters of the Ppy-SDS membrane on its sensitivity towards [SDS]

Figure 5 depicts how the synthesis parameters, namely: number of voltammetric cycles (see
inset in Figure 5A), [Py] and [SDS] (see Figure 5B) used during the Ppy-SDS membrane formation,
affect its sensitivity (value of the slope of E vs. log [SDS] plots) to [SDS], see Figure 5A.

From Figure 5 it is possible to state that the polymeric membrane with the highest sensitivity
(PMHS) was obtained when the following parameters were used: 20 polymerization cycles, [Py] = 10
mM and [SDS] = 50 mM, while the polymeric membrane with the lowest sensitivity (PMLS) was
obtained with the following parameters: 20 polymerization cycles, [Py] = 50 mM and [SDS] = 0.1
mM. Figure 6 shows the calibration plots for SDS quantification recorded with these two membranes.
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Figure 5. Influence of the synthesis parameters on the sensitivity of the Ppy-SDS membranes towards
the potentiometric determination of [SDS]. A) Experimental potentiometric response (points)
of the a CPE/ Ppy-SDS electrode as function of [SDS] in zone “C”, see Figure 3, the line is the
linear fitting to the experimental data (E (mV) = -46.30 log([SDS]/M) - 169.65 mV). The inset
shows the variation of the sensitivity as a function of the number of polymerization cycles used
to form the membrane. B) Variation of the sensitivity as a function of the [Py], for different
[SDS])/ mM indicated in the figures, used to form the membrane, in all cases the number of
polymerization cycles was 20.
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The analytical features displayed by the polymeric membrane with the highest (PMHS) and
lowest sensitivity (PMLS) are summarized in Table 1. From the data of the table one could notice that
the PMHS possess ca. twice the sensitivity of the PMLS, a larger linearity range and it can detect a
lower [SDS].
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Figure 6. Experimental potentiometric response (points) of the a CPE/ Ppy-SDS electrode as function
of [SDS] in zone “C”, see Figure 3, for the polymeric membrane with the (A) highest (PMHS)
and (B) lowest sensitivity (PMLS) the line corresponds to the linear fitting of the experimental
data.
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Table 1. Analytical parameters obtained from the calibration plots shown in Figure 6 corresponding to
the polymeric membrane with the greatest (PMHS) and (B) smallest sensitivity (PMLS).

Membrane - Sensitivity /1 mV*log  Linearity range /uM  Detection limit / pM
[MI'
PMHS 50.10 33 to 7943 33.88
PMLS 29.02 213to 5011 213.80

3.4. EIS evaluation of the electrode coated with the Ppy-SDS membranes displaying different
sensitivity towards SDS quantification.

In order to evaluate the electrochemical properties of two Ppy-SDS membranes, that display
different sensitivity towards quantification of SDS molecules in aqueous solution, electrochemical
impedance measurements were recorded in the graphite — epoxy resin composite electrode, coated with
these Ppy-SDS membranes, immersed in an aqueous solution containing SDS molecules. Figure 7
shows the Nyquist impedance plots recorded.

Based on the shape of the Nyquist plots, it was suitable to use the equivalent circuit presented
in Figure 8 to fit into the impedance experimental measurements. This is a mathematical fitting of
basic functions related with classical electrical components (resistors, capacitors, inductors) plus a few
specialized electrochemical elements (such as Warbug diffusion elements), see Table 2. In this circuit
constant phase elements (CPE) were considered, rather than pure capacitors, in order to take into
account the electrode surface roughness [35].

Mathematically, a CPE’s admittance is given by (1)
1/Z=Y = Q°jw)" 1)

where Q° has the numerical value of the admittance. When n = 1, this is the same equation as
that for the impedance of a capacitor, where Q°= C.

1/Z=Y = joQ° = joC ()

When n is close to 1, the CPE resembles a capacitor, the phase angle not being 90°, but it is
constant and somewhat less than 90° at all frequencies. In some cases, the true capacitance (C) can be
calculated from Q° and n.

For the case of a CPE in parallel with a resistance, Hsu and Mansfeld [36] proposed equation
(3) for calculating the true capacitance, C, as:

C = Q°(omax)"" ©)
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In this equation, mumax represents the frequency at which the imaginary component reaches a
maximum. It is the frequency at the top of the depressed semicircle, and it is also the frequency at
which the real part (Zreal) is midway between the low and high frequency x-axis intercepts.

The equivalent circuit in Figure 8 includes the solution resistance (Rs), a CPE associated to the
polymer film (Q), the polymer resistance (Rppy) and the Warburg impedance of the polymer (Zw).
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Figure 7. Nyquist impedance plots recorded for the graphite — epoxy resin composite electrode, coated
with Ppy-SDS membranes that display different sensitivity towards quantification of SDS
molecules as is indicated in the figure, immersed in a aqueous solution, containing 0.05M SDS.
The solid lines in the Nyquist plots were obtained by nonlinear fitting to the experimental data,
with the equivalent circuit shown in Figure 8.
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Figure 8. Electrical equivalent circuit used to emulate the experimental impedance plots shown in

Figure 7.
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Figure 7 compares the experimental impedance measurements with those obtained by nonlinear
fitting to the experimental data with the equivalent circuit shown in Figure 8. The best fitting
parameters obtained are shown in Table 2.

Table 2. Impedance parameters of the CPE / Ppy-SDS membranes that display different sensitivity
towards quantification of SDS molecules namely high (PMHS) and low (PMLS), immersed in
an aqueous solution containing SDS using the equivalent circuit shown in Figure 8.

Membrane | [SDS]/ | 10°Cpn/ | Rop/ 10w/ Zwl 10MD/
M Fem? | Qem? | n | Ssec®™ | Qem?s™ cm? st
PMHS 0.05 60.7 365 | 1 4.8 1034 5.30
PMLS 0.05 83.0 285 | 1 3.9 1267 3.53

*The capacitance of the polymeric films (Cy,y) Were obtained from the values of Q using equation (3).

From Table 2, it becomes clear that PMHS resistance (Rppy) value is greater than that of
PMLS, however its capacitance values (Cppy) are smaller. Since the geometries of the polymeric film,
namely the surface areas A, were the same in both cases and considering that the local dielectric
constant should be practically equal, hence, as can be noted from the well known Helmholtz model (4),
the thickness of the PMHS layer must be greater than that of the PMLS.

(4)

where ¢ is the dielectric constant of the polymer, gy is the vacuum permittivity, A is the
electrode surface area and § is the thickness of the layer.

Moreover, the diffusion coefficient for the ionic transport (DS") in the polymeric matrix can be
obtained from the impedance measurements using the Warburg impedance coefficient Z,, in equation

() [37].

RT

D=|——5—
J2AF z,C

(5)

where D is the diffusion coefficient of DS, cm? s, A is the area of electrode, cm?, Z, is the
Warburg impedance coefficient, Q cm?s™; C is the concentration of SDS in mol cm®, R is the gas
constant, J K™* mol™?, T is the absolute temperature, K, and F is the Faraday constant, C mol™. The
results of the calculation were 5.30 x 10 cm?s™ for PMHS and 3.53 x 10™ cm?s™ for the PMLS. Is
important to emphasize that Valente et al. [38], using conductivity measurements reported similar
values (D = 12-16 x 10™ cm?s™) for permeation of SDS through polyaniline-modified cellulose
acetate membranes.
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The previous observation regarding the values of the Rppy and Cp,y of the Ppy-SDS
membranes and the diffusivity of DS ions in these polymeric matrixes suggests that the time of
residence of the DS’ ions in the PMHS would be larger than PMLS since PMHS exhibits a greater
resistance for DS™ movement and a thicker layer, thus provoking its greater sensitivity towards the
potentiometric quantification of SDS.

3.5. Simultaneous quantification of surfactants

Figure 9 shows the experimental potentiometric response (points) of the CPE/PMHS electrode
immersed in two aqueous solutions: (light points) containing 10 mM of the surfactant Sodium
dodecylbenzene sulfonate, SDBS and different [SDS] and other (dark points) containing 10 mM SDS
and different [SDBS]. From Figure 9 it is possible to conclude that with this electrode both surfactants
can be measured depending on the [surfactant]; for log[surfactant]< -3 it is possible to quantify SDBS
and for log[surfactant] > -3 SDS without interference from each other.
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Figure 9. Experimental potentiometric response of the CPE/ Ppy-SDS electrode as a function of the
[surfactant] in aqueous solution (open circles) SDS and (solid circles) SDBS using the
polymeric membrane with the greatest (PMHS) sensitivity; the lines depict the linear fittings to
the experimental data.

3.6. SPR characterization

Figure 10A shows the change in SPR angle as recorded in the SPRINGLE software as a
function of time for the following interfaces: Au/air, Figure 10A(1), Au/10 mM Py, 50 mM SDS,
Figure 10A(2) and Au/Ppy-SDS, Figure 10(5); after 10 polymerization cycles, one could clearly note
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Figure 11. Experimental angular SPR reflectivity curve (dotted), see plot 5 in Figure 10B and the
calculated curve (solid) obtained as result of the Fresnel calculation
(http://unicorn.ps.uci.edu/calculations/fresnel/fcform.html).
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the Kkinetics of the angle variation as the polymerization process is conducted, Figure 10A(3-5). The
SPR dips (see Figure 10B) stay at an acceptable shape during the whole build up of the layer. This may
indicate that the deposition of the pyrrole molecules occurs uniformly.

Analysis of the SPR angular scan curves using the Fresnel equations, see Figure 11, is a
powerful tool to estimate both the thickness of the deposited layer and its respective permittivity,
however, this is out of the scope of the present work and will be reported elsewhere [39]

4. CONCLUSIONS

It was demonstrated the usefulness of a polypirrole membrane doped with sodium dodecyl for
the potentiometric quantification of anionic surfactants namely SDS and SDBS either in the form of
monomers or micelles. The EIS technique resulted to be an effective tool for surface characterization
of the pyrrole film formed onto the graphite rod, where the EIS spectra showed mainly a diffusion-
controlled charge transfer process, which allowed to estimate the diffusion coefficient of the
membranes.

It was also shown that the sensitivity of the CPE/Ppy-SDS depends on the synthesis parameters
and that as the residence time of the DS— ions is larger, the best sensitivity is achieved. SPR
measurements indicated that deposition of the pyrrole molecules occurred uniformly.
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