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f anionic surfactants in real
samples using a low-cost and high sensitive solid
contact surfactant sensor with MWCNTs as the ion-
to-electron transducer

Nikola Sakač, *ab Maja Karnaš,a Marija Jozanović,a Martina Medvidović-Kosanović,a

Sanja Martinez,c Jelena Macanc and Milan Sak-Bosnara

Multi-walled carbon nanotubes (MWCNTs) were used as a conducting substrate for construction of an all

solid contact anionic surfactant sensor, which used the 1,3-didecyl-2-methylimidazolium–

tetraphenylborate (DMI–TPB) ion pair as the sensing element implemented in PVC membranes. Scanning

electron microscopy (SEM) and electrochemical impedance spectroscopy (EIS) were used for

morphological and electrochemical characterisation of the sensor. The investigated sensor showed

a Nernstian response for lauryl sulfate (LS), 57.1 mV per decade of activity between 2.0 � 10�7 and 1.1 �
10�3 M; and a sub-Nernstian response for dodecylbenzenesulfonate (DBS), 51.1 mV per decade of

activity between 3.6 � 10�7 and 6.6 � 10�4 M. For each ten-fold concentration change, the response

time was 7 s (in the range from 1 � 10�6 M to 5 � 10�4 M). The detection limits for LS and DBS in water

were 1.2 � 10�7 and 2.6 � 10�7 M, respectively. The sensor revealed a stable potentiometric response at

pH 3–13 with a signal drift of 1.9 mV h�1 and exhibited outstanding selectivity performances for LS

toward the majority of organic and inorganic anions that are most frequently employed in commercial

formulations based on surfactants. The new sensor was applied for end-point location at potentiometric

anionic surfactant titrations. Cetyltrimethylammonium bromide (CTAB) was used as a standard cationic

titrant in all titrations. Ethoxylated non-ionic surfactants (EONSs) with a higher content of ethoxylated

groups in the molecule and higher concentrations of EONSs reduce the magnitude of inflexion of

titration curves and may cause a remarkable distortion during anionic surfactant (AS) determination. The

sensor was tested by determination of ASs in commercial detergent products. The standard two-phase

titration method and a conventional PVC liquid membrane surfactant sensor (PVCSS) showed satisfactory

mutual agreement. The low-cost surfactant sensor developed had an operational lifetime of ca. six months.
1. Introduction

Surfactants lower the tension of surfaces. The use of surfactants
in the global market is growing constantly by 2.5% p.a. and is
forecast to reach around US$ 40.4 billion in 2022.1 From the
four types of surfactants, anionic, cationic, non-ionic and
amphiphilic, anionic surfactants make up 70% of the total
surfactant market.2 They are used in many aspects of everyday
life: in personal care products, detergents, cleaning agents, and
disinfectants; and also in industries: for cleaning, in the
pharma, biotechnology and food industries. In contrast to the
positive attributes of the mass consumption of surfactants, they
trossmayer University of Osijek, Cara
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have some negative aspects: since they are similar to bioactive
molecules and phospholipid membranes, they cause protein
denaturation and membrane disintegration3 and they lower the
surface tension on the water surface endangering water organ-
isms, and massive use of detergents also surpasses the capacity
of microorganisms to clean up natural waters. This is the reason
why their concentration in drinking waters, industrial effluents
and water treatment plant effluents should be monitored.

Generally, two classical methods are used to measure AS
concentration: the Methylene Blue Active Substances method
(MBAS) for low surfactant concentrations and two-phase titra-
tion for higher surfactant concentrations.4,5 Both methods are
time-consuming, are highly dependent on analyst skills and use
toxic solvents.

Ion-selective electrodes are another solution for AS
measurements.6–8 The most oen and widely used are PVC-
based liquid membrane electrodes with ion pair (a low solu-
bility complex of cationic and anionic surfactants) sensing
Anal. Methods
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materials.9–12 Leaching, short lifetime, and miniaturisation
problems are their limitations. Solid state electrodes have
overcome these limitations, since they are easy to fabricate and
affordably priced.13,14

The use of nanomaterials, especially carbon nanotubes
(CNTs), is valuable in enhancing ISE electrode properties. CNTs
possess a high surface-to-volume ratio, high charge transfer and
promote electron transfer between heterogeneous phases,
which enables lower limits of detection, low resistance, and
enhanced selectivity and signal stability.15–19 The implementa-
tion of CNTs in potentiometric sensors20–23 offers a new possi-
bility to measure surfactants. A group of authors24 have
described the use of a PVC liquid-type membrane based on the
use of modied single-walled carbon nanotubes (SWCNTs) for
surfactant detection. The detection limits for lauryl sulfate (LS)
and hexadecyltrimethylammonium (CTA) ions were 1.9 � 10�6

and 5.2 � 10�6 M, respectively. Another paper25 described the
use of a graphene-based potentiometric surfactant sensor,
a screen-printed electrode, for the determination of ASs in real
samples. The ionophore used was dimethyldioctadecylammo-
nium–tetraphenylborate (DDA–TPB). The detection limits for LS
and DBS were 1.5 � 10�7 and 2.5 � 10�7 M, respectively.

The use of graphite lead and pencil graphite as a sensor26

and a sensing layer carrier has become a popular way to fabri-
cate low-cost but effective sensors, offering an alternative to
commercially available electrodes, such as glassy carbon
electrodes.

The aim of this work was to develop a low-cost, high sensi-
tivity solid contact surfactant sensor with MWCNTs as the ion-
to-electron transducer and the highly lipophilic 1,3-didecyl-2-
methylimidazolium–tetraphenylborate (DMI–TPB) ion-pair as
the sensing material. The MWCNT nanomaterial was used for
immobilisation of the sensing material, to increase the active
surface, to reduce the membrane resistance and to increase the
signal-to-noise ratio. As a sensor layers carrier, low-cost graphite
pencil lead was employed. The sensor was characterised by
direct potentiometry, electrochemical impedance spectroscopy
(EIS) and scanning electron microscopy (SEM) and tested as an
end-point detector in potentiometric titration of ASs in eight
commercial detergents with different complexities. The results
were compared with those obtained by using the standard two-
phase titration method and a conventional PVC liquid
membrane surfactant sensor (PVCSS).

2. Experimental
2.1. Reagents and materials (including liquid detergents)

2.1.1. MWCNT-surfactant sensor (NTSS). The NTSS
membrane was fabricated on graphite pencil leads of HB scale
and 2 mm diameter (Faber-Castell, Germany). Two component
epoxy (Pattex, Germany) was used as an insulator for the pencil
graphite sample. Chemicals used for sensing layer (Layer 1 and
Layer 2) preparation were low-ohm carbon ink (CI) with an
electrical resistance <10 U (ECM, USA), and multi walled carbon
nanotubes (MWCNTs) with a diameter of 10–20 nm and
a length of 2 mm (IoLiTec Nanomaterials, Germany). 1,3-
Didecyl-2-methylimidazolium chloride (DMIC) and sodium
Anal. Methods
tetraphenylborate (TPB) were used for the 1,3-didecyl-2-meth-
ylimidazolium–tetraphenylborate (DMI–TPB) ionophore
synthesis (all from Sigma Aldrich, Germany). Dimethylforma-
mide (DMF), tetrahydrofuran (THF), ortho-nitrophenyl octyl
ether (o-NPOE), high molecular weight PVC (all from Fluka,
Switzerland), and dichloromethane (Kemika, Croatia) were
used. All solutions were prepared in high purity water obtained
from a TKA GenPure Ultra Pure Water System (TKA, Nieder-
elbert, Germany) with resistivity $18 MU cm.

The response characteristics of the NTSS were investigated
using sodium lauryl sulfate (NaLS) and sodium dodecylbenze-
nesulphonate (NaDBS) in deionised water (all from Fluka,
Switzerland). LS was used for potentiometric titrations with 1,3-
didecyl-2-methylimidazolium chloride (DMIC), hexadecyl-
trimethylammonium bromide (CTAB), (diisobutyl phenoxy
ethoxy ethyl)dimethyl benzyl ammonium chloride (Hyamine)
and hexadecylpyridinium chloride monohydrate (HDPC) (all
from Sigma Aldrich, Germany).

The interference inuences on the NTSS response were
studied using sodium salts of acetate, ethylenediaminetetraac-
etate, citrate, benzoate, toluensulfonate, xylensulfonate, hydro-
genphosphate, hydrogencarbonate, nitrate, borate, sulfate, DBS,
hydrogensulfate, carbonate, and dihydrogenphosphate (all from
Fisher Scientic, UK).

The ethoxylated nonionic surfactants (EONSs) Genapol T
080, Genapol T 110, Genapol T 250, Genapol T 500 and Genapol
T 800 (all obtained from Clariant (Germany) with declared
purity higher than 99% and used without further purication)
were used to study the inuence of non-ionic surfactants on the
potentiometric titrations of LS.

All chemicals used were of analytical grade.
To test the NTSS for determination of ASs in real samples, four

commercially available liquid hand-dishwashing detergents, two
heavy duty powder detergents, and two gel detergents were used.
2.2. Preparation of the NTSS membrane

2.2.1. Preparation of the sensing layers
Layer 1 cocktail. The MWCNT dispersion was prepared by

ultrasonication in DMF (3 mg mL�1) for 10 min. The dispersion
was added to CI and mixed to the nal concentration of 0.1%.
Freshly prepared layer 1 cocktail was ready for use.

Layer 2 cocktail. The DMI–TPB ion pair was prepared by dis-
solving equimolar amounts of DMIC and TPB in dichloro-
methane, forming a sparingly soluble precipitate. The
precipitate was extracted, recrystallised and puried according
to the literature.8 The newly synthesised ion pair was used as
a sensing material for the preparation of the Layer 2-PVC-based
membranes plasticised with o-NPOE.

2.2.2. Preparation of the NTSS. A pencil graphite electrode
was insulated using epoxy. Aer drying, the top surface of the
electrode was polished with emery paper and was then ready for
sensor preparation.

For the preparation of the NTSS, the Layer 1 cocktail con-
taining MWCNTs was drop cast onto the polished top surface of
the electrode. Aer drying for 12 h at room temperature, the
Layer 2 cocktail containing surfactant sensitive ion pair DMI–
This journal is © The Royal Society of Chemistry 2017
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TPB was drop cast onto the Layer 1 surface and dried for
another 12 h at room temperature before use.

The design of the NTSS is shown in Fig. 1.
The sensor was stored dry in air; before and aer each

measurement, it was rinsed with deionized water. When used in
aqueous solutions containing no critical matrix components, it
was observed that the NTSS sensor's lifetime was more than six
months with daily use.
2.3. Apparatus

The potentiometric titrations were carried out using 808
Titrando and Tiamo soware (both from Metrohm, Switzer-
land). For the measurements of the sensor response, dynamic
response and interference inuence, a Metrohm 780 pH meter,
a Metrohm 794 Basic Titrino (Metrohm, Switzerland) and
bespoke soware were used. A silver/silver(I) chloride (inner
solution 3 M KCl) electrode (Metrohm, Switzerland) was used as
a reference electrode.

A Sonoplus Ultrasonic homogeniser with a horn sonicator
HD 3100 (both from Bandelin, Germany) was used for cocktail
preparation.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed using a CH Instruments Electrochemical
Analyser (model 600E series, CH Instruments, Austin, USA)
connected to a three-electrode electrochemical cell. The
working electrode was the electrode under study (MWCNT-
surfactant sensor), platinum wire was used as the auxiliary
electrode with a silver/silver(I) chloride reference electrode (ALS,
Tokyo, Japan) with a 3 M sodium chloride electrolyte solution as
the reference.
2.4. Procedure

A NTSS, made from two layers (MWCNT/CI/ionophore – Layer 1
and ionophore-PVC – Layer 2), was used for all potentiometric
measurements. A silver/silver chloride electrode was used as the
reference. The volume of the solution used for the titrations was
25mL and that used for the responsemeasurements was 20mL.
Fig. 1 A design of the two layer NTSS.

This journal is © The Royal Society of Chemistry 2017
2.4.1. Response measurements. The investigation of the
NTSS response to LS and DBS was accomplished by incremental
addition of a solution of the corresponding AS to deionised
water and to 0.01 M Na2SO4 solution. The investigated
concentrations of LS and DBS were 5 � 10�4 M and 5 � 10�5 M,
respectively.

The signal dri of the sensor wasmeasured in the solution of
LS (c ¼ 4 � 10�3 M).

2.4.2. Interference measurements. The potentiometric
selectivity coefficients for the interfering anion (c ¼ 1 � 10�2 M)
were determined by the xed interference method, as proposed
by IUPAC.27

2.4.3. The inuence of pH. The inuence of pH was
examined over a pH range of 2 to 14 in the LS solution, at two
concentrations: 4 � 10�3 M and 4 � 10�4 M. The pH was
adjusted using 0.1 M NaOH and HCl solutions.

2.4.4. Potentiometric titration. The solution of CTAB (c ¼ 4
� 10�3 M) was used as the titrant, while LS was used as the
analyte during the potentiometric titrations.

AS concentrations were determined in samples of four
commercially available liquid hand-dishwashing detergents,
two heavy duty powder detergents, and two gel detergents.
Before measurements, the detergents were diluted, and the
dilution factor was used for nal AS calculations. The ionic
strength was not adjusted, and the pH was lowered to 3 for all
measurements. To determine the accuracy and precision of the
measurements, the standard addition method was used.

The titration parameters were DET mode (Dynamic Equiva-
lence point Titration), the signal driwas set to 5mVmin�1 and
time between increments was 30 s. All the experiments were
performed at room temperature, and pH was adjusted to 3. The
two-phase titration, as an official method,5 and a conventional
PVCSS sensor,28 were used as a reference.

Five EONSs (Genapols) were added separately in the same
molar ratios to the titrated LS solutions for investigation of the
inuence of EONSs on the AS titration curve.

And then, Genapol T 080 was chosen and used at four
different molar ratios to observe the inuence of concentration
of the ethoxylated alcohol on the ASs' titration curve.

2.4.5. EIS characterisation. Electrochemical impedance
spectroscopy (EIS) measurements were performed in LS solu-
tions (concentration range varied from c ¼ 2.3 � 10�4 M to 4.0
� 10�3 M) with sodium sulfate (Ic ¼ 1.0 � 10�2 M). The
impedance spectra were recorded at the open-circuit potential
on the MWCNT-surfactant sensor. In these measurements,
a sinusoidal excitation signal with an excitation amplitude of
10 mV was used in the frequency range from 100 kHz to 1 MHz.
All the measurements were performed at room temperature (24
� 2 �C). The impedance spectra were tted to an equivalent
electrical circuit by using ZWiev soware.
3. Results and discussion
3.1. Response characteristics

The response of the AS potentiometric sensor follows the Nernst
equation:
Anal. Methods
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E ¼ E0 � S log aAN�, (1)

where E ¼ electrode potential measured, E0 ¼ constant poten-
tial term, S ¼ sensor slope (59.2 mV per decade of activity) and
aAN� ¼ activity of the surfactant anion.

The ionophore incorporated into the sensor membrane is
usually an ion associate between a large organic or inorganic
cation (usually a surfactant cation) and a large organic or
inorganic anion (usually a surfactant anion) that was obtained
in the precipitation reaction according to the following
reaction:

CAT+ + AN� % CATAN (2)

CATAN is a sparingly water soluble precipitate with a solu-
bility product constant usually less than 10�12.

Its dissociation can be described as follows:

CATAN % CAT+ + AN� (3)

where the solubility product constant can be dened as follows:

Ksp ¼ aCAT+ � aAN�, (4)
Fig. 2 Response characteristics of the NTSS toward LS (-) and DBS
(:) in H2O; and toward LS (,) and DBS (O) in 0.01 M Na2SO4. Here,
and in other figures, some curves are displaced laterally and/or verti-
cally for clarity.

Table 1 Statistics of the response characteristics of the NTSS sensor to

Parameters

LS

In H2O In Na2SO

Slope/(mV per decade of activity) 57.1 � 1.1 �57.4 �
Intercept (mV) �41.4 � 4.9 �79.2 �
Standard error 2.9 1.8
Correlation coefficient (R2) 0.9980 0.9991
Detection limit (M) 1.2 � 10�7 1.6 � 10�

Useful concentration range (M) 2.0 � 10�7 to 1.1 � 10�3 2.6 � 10�

a Average of 5 determinations.

Anal. Methods
where aCAT+ and aAN� denote the activities of the respective
surfactant ions.

Eqn (3) suggests that the CATAN ionophore embedded in the
membrane reveals a potentiometric response to both CAT+ and
AN�.

The response of the sensor to the surfactant anion dened in
eqn (1) can be employed for quantication of ionic surfactants
in real systems by using direct potentiometry or potentiometric
titration. Direct potentiometry is rarely used for real systems
due to the many interfering compounds oen found in real
samples. The principal application of the sensor is for the
detection of the end-point in the titration of ionic surfactants.

It follows from eqn (4) that aAN� ¼ Ksp/aCAT+, which aer its
replacement into eqn (1) gives the following equation:

E ¼ E0 � S log Ksp/aCAT+, (5)

that aer transformation gives the following equation:

E ¼ C + S log aCAT+, (6)

where

C ¼ E0 � S log Ksp. (7)

It should be noted that E0, S and Ksp are constants for the
system investigated.

Eqn (6) indicates that E strongly depends on the value of Ksp

that directly inuences the sensitivity of determination. The
lower the value of Ksp, the higher is the potential change at the
titration end-point. Thus, the search for ion-associates of an as-
low-as-possible value of Ksp is of great importance.

The response of the new NTSS was investigated in solutions
of sodium dodecyl sulfate (NaLS) and sodium dodecylbenze-
nesulfonate (NaDBS) in a concentration range between 2.5 �
10�8 and 1.9 � 10�3 M in pure aqueous solution. The responses
are presented in Fig. 2.

In the higher concentration region (above 1 � 10�3 M), the
responses deviate from linearity due to micelle formation close
to the critical micellar concentration value (CMC).

The Davies equation was used for calculation of the activity
coefficients. The response characteristics of the sensor were
estimated by using linear regression analysis (Table 1).
the LS and DBS, given together with �95% confidence limitsa

DBS

4 In H2O In Na2SO4

0.8 51.1 � 1.1 �51.1 � 0.5
2.2 �87.2 � 4.8 �145 � 3.1

1.5 1.7
0.9983 0.9991

7 2.6 � 10�7 1.6 � 10�7

7 to 1.1 � 10�3 3.6 � 10�7 to 6.6 � 10�4 2.6 � 10�7 to 6.6 � 10�4

This journal is © The Royal Society of Chemistry 2017
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The detection limits were estimated according to IUPAC
recommendations.26

In water, the investigated sensor exhibited a Nernstian
response for LS (57.1 mV per decade of activity) and a sub-
Nernstian response for DBS (51.1 mV per decade of activity) in
a range between 2.0 � 10�7 M and 1.1 � 10�3 M; and a sub-
Nernstian response for DBS (51.1 mV per decade of activity) in
a range between 3.6 � 10�7 M and 6.6 � 10�3 M. In 0.01 M
Na2SO4, the investigated sensor exhibited a Nernstian response
for LS (57.4 mV per decade of activity) in a range between 2.6 �
10�7 M and 1.1 � 10�3 M; and a sub-Nernstian response for
DBS (51.1 mV per decade of activity) in a range between 2.6 �
10�7 M and 6.6 � 10�3 M.

3.2. Dynamic response measurements

The dynamic response time is one of the most important factors
that dene the analytical performance of the sensor, especially
by its use as an end-point indicator in potentiometric titrations.
The sensor should rapidly follow the changes of the analyte or
titrant concentrations, particularly in the vicinity of the end-
point. The response time of the sensor was determined by
measuring the time needed for the sensor to attain a stable
potential value aer an abrupt change (increase) in surfactant
concentration (Fig. 3).

The NTSS responded in less than 5 s for changes at higher
concentration levels (above 1 � 10�4 M) and 6 to 9 s for changes
at lower concentrations (below 1 � 10�5 M). The dynamic
response of the NTSS to the lower concentrations of the LS in
Na2SO4 was faster compared to that in H2O.

3.3. Ohmic resistance and signal dri

The Ohmic resistances of the membranes were measured by
using the loss of charge method and amounted to 200 U for the
new MWCNT-based sensing membrane and 70 MU for
a conventional polymeric liquid membrane.8 Hence, the
implementation of MWCNTs in the membrane reduces its
ohmic resistance dramatically (by more than ve orders of
magnitude).
Fig. 3 Dynamic response characteristics of the NTSS toward LS in
H2O (full line) and in 0.01 M Na2SO4 (dashed line).

Fig. 4 Scanning electron microscopy image of MWCNT suspension
(A) and the surface of the NTSS at lower (B) and higher (C)
magnifications.

This journal is © The Royal Society of Chemistry 2017 Anal. Methods
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A dri represents a non-random signal uctuation of the
electromotive force (emf) of the sensor with time. It was
measured in pure water at a constant temperature and deter-
mined by linear regression of the data set in a dened time
interval.

The dri can be depicted as the slope of the calculated linear
regression line, and for the NTSS described, this dependence is
dened by equation E (mV) ¼ �0.000535t (s) + 173.16 (the
calculated dri was �1.3 mV per hour).
3.4. SEM characterisation of the sensor

The MWCNT suspension and the new NTSS were characterised
by scanning electron microscopy (SEM), on a Tescan Vega3
electron microscope operating at 20 kV (Fig. 4). Fig. 4(A) shows
an agglomerate of MWCNTs from the suspension, some of
which were over 20 mm in size. An inhomogeneous distribution
of MWCNTs in the suspension was obvious from its appear-
ance, with black agglomerates being visible to the naked eye.
Fig. 4(B) and (C) show the SEM images of the surface of the
NTSS taken at lower (B) and higher (C) magnications. Occa-
sionally, larger agglomerates were visible, but the majority of
nanotubes were homogeneously distributed through the lm,
forming smaller agglomerates that are several micrometres in
diameter, which were completely covered by the polymer.
Fig. 6 Bode plots of electrochemical impedance spectroscopy ob-
tained for the NTSS in LS solutions (Ic ¼ 1 � 10�2 M). Used LS
concentrations were 4 � 10�3 M (O), 7.11� 10�4 M (;), 1.27� 10�4 M
(B), and 2.25� 10�5 M (C). Experiments were performed at the open-
circuit potential, Eoc, in the frequency range from 100 kHz to 1 mHz
with an excitation amplitude of 10 mV.
3.5. EIS measurements

Fig. 5 shows the Nyquist plot of the NTSS in LS solutions (the
concentration was varied from c¼ 2.3� 10�4 M to 4.0� 10�3 M).

The Bode plot shown in Fig. 6 indicates that the resistance R2

z 1 MU is located in the region of frequencies from 10–0.01 Hz.
At low frequencies, the electrode behaviour is purely capacitive;
hence, C3 represents the bulk electronic capacitance of the
electrodematerial, indicating that all the redox sites throughout
the lm are involved in the redox process. C2 is also related to
Fig. 5 Electrochemical impedance spectroscopy results of the NTSS
in LS solutions (Ic ¼ 1 � 10�2 mol dm�3). Used LS concentrations were
4 � 10�3 M (O), 7.11 � 10�4 M (;), 1.27 � 10�4 M (B), and 2.25 �
10�5 M (C). Experiments were performed at the open-circuit poten-
tial, Eoc, in the frequency range from 100 kHz to 1 mHz with an exci-
tation amplitude of 10 mV.

Anal. Methods
the bulk capacitance and represents ionic pseudocapacitance
associated with the transport and diffusion of ions from the
solution into the MWCNT layer. The bulk capacitances C2 and
C3 are of the order of 10

�4 F to 10�3 F, C2 being smaller than C1

at all analyte concentrations.
A tting procedure was applied to the experimental data,

using ZWiev soware. Fig. 7 shows the equivalent circuit for
which the tting was best (average error, c2 ¼ 0.04). Rs repre-
sents the resistance of the solution. R1 is the resistance which
Fig. 7 Equivalent electrical circuit for the NTSS. Rs is the resistance of
the solution; R1 is the charge transfer resistance;Q1 is the double layer
capacitance at theMWCNT/solution interface,Q2 and R2 represent the
capacitance and resistance that appear during diffusion processes in
the electrode material and C3 is the bulk capacitance.

This journal is © The Royal Society of Chemistry 2017
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Table 3 Potentiometric selectivity coefficients of the NTSS sensor for
different organic and inorganic anions obtained by the fixed interfer-
ence method

Interference Kpot
ij

Ethylenediaminetetraacetate 5.1 � 10�4

Citrate 4.8 � 10�4

�4
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occurs on the MWCNT/solution interface during the transfer of
charge ions from the solution to the MWCNT layer of the ten-
side electrode. The electrical model also contains a second
circuit made of a parallel-connected resistor R2 and capacitor
C2, representing the diffusion processes in the electrode mate-
rial. EIS tting results obtained by using equivalent circuit
shown in Fig. 7 are given in Table 2.
Benzoate 7.2 � 10
Toluenesulfonate 4.5 � 10�4

Xylensulfonate 8.1 � 10�4

Hydrogenphosphate 8.9 � 10�4

Hydrogencarbonate 4.2 � 10�4

Nitrate 4.8 � 10�4

Borate 4.3 � 10�4

Sulfate 3.3 � 10�4

DBS 1.3 � 10�1

Hydrogensulfate 6.0 � 10�4

Carbonate 1.9 � 10�4

Dihydrogenphosphate 6.7 � 10�4
3.6. Interference

3.6.1. The inuence of pH. Surfactant-based commercial
products oen contain more or fewer acidic or basic compo-
nents. Thus, one of the most important features of a potentio-
metric sensor is its ability to measure the surfactant
concentration in real systems at different pH values. The
response of the NTSS investigated was tested in the solutions of
NaLS at concentrations of 0.4 mM and 4 mM. The solutions of
NaOH and HCl (c ¼ 1 M, 0.1 M and 0.01 M, respectively) were
employed for pH adjustment. No signicant deviations in the
sensor response were observed in the pH range of 3–13, which
ensured its suitability for surfactant determination in acidic
and alkaline solutions.

3.6.2. Determination of selectivity coefficients. The Nernst
equation denes the potentiometric sensor response towards
an analyte, and it is valid only in the absence of other
substances. Their presence in the samples can inuence the
emf measurement, apparently increasing the activity (concen-
tration) of the analyte. Besides, higher concentrations of
different electrolytes increase the ionic strength of the solution
and directly decrease the activity of the analytes (Debye–Hückel
equation and Davies equation) and therefore may also affect the
emf measurements. Another problem is the presence of
substances in the sample that alter the sensor membrane
properties, thus also inuencing the emf measurements.

The inuence of the interferents on the response of the
surfactant sensor investigated is commonly described by the
semiempirical Nicolsky–Eisenman equation:

E ¼ E0
A�
ai
� RT

F
� ln

h
aA�

ai
þ K

pot
A�
ai
A�
ii
xaA�

ii

i
; (8)

where Kpot
A�aiA

�
ii
is the potentiometric selectivity coefficient and aA�ai

and aA�ii are the activities of the analyte ion (ai) and interfering
ion (ii), respectively. The ability of a potentiometric sensor to
Table 2 EIS fitting results for the NTSS obtained by using the equivalen

104

c
(LS)/M Rs/kU Q1/mF s�1 n1 R1/kU C1/mF

0.23 1.10 3.87 0.78 7.03 1.37
0.23 1.05 3.71 0.80 6.35 1.46
1.27 3.26 12.65 0.56 10.88 2.74
1.27 3.19 15.05 0.55 9.70 3.21
7.11 7.81 14.88 0.51 5.62 1.31
7.11 6.17 14.60 0.53 5.60 1.62
40.00 0.79 24.99 0.61 6.34 7.57
40.00 0.76 26.42 0.59 5.71 7.03

This journal is © The Royal Society of Chemistry 2017
distinguish a particular ion, i.e. the primary ion from other ions
(interfering ions), is dened by the potentiometric selectivity
coefficient.

The xed interference method (FIM) was employed for the
determination of the potentiometric selectivity coefficients by
measuring the sensor response in a series of solutions of
constant interference activity and variable analyte (ion deter-
mined ai) activities.27

Solver, an analysis tool of Microso Excel, was used to
calculate the potentiometric selectivity coefficients by tting the
Nikolskii–Eisenman equation to the potentiometric experi-
mental data obtained by the FIM, where it varied the values of
E0, S and Kpot

A�aiA
�
ii
to calculate the minimal sum of the squared

residuals.29 The selectivity coefficients of the NTSS for some
potentially interfering anions are given in Table 3. LS was used
as the analyte in the concentration range of 2 � 10�6 M to 2 �
10�3 M; the concentration of the interfering ion was 0.01 M.

The new NTSS revealed an excellent selectivity performance
for LS over all the organic and inorganic anions investigated,
while DBS presented a strong interfering inuence.
3.7. Potentiometric titration

3.7.1. Selection of titrant. The principal application of
a surfactant potentiometric sensor is for end-point indication in
t circuit from Fig. 7

Q2/mF s�1 n2 R2/MU C2/mF C3/mF

13.15 0.55 1.33 132.40 893.04
13.79 0.54 1.05 131.95 846.18
12.80 0.57 1.48 122.38 706.79
13.14 0.56 1.58 144.45 809.47
15.23 0.53 2.04 304.42 888.67
16.54 0.53 1.92 340.11 967.11
24.82 0.53 0.98 423.91 1161.8
27.97 0.54 0.82 402.03 1192.3

Anal. Methods
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potentiometric titration of surfactants in real systems (deter-
gents, cosmetic and toiletry products, pharmaceutical and
industrial effluents, etc.).

For the titrations, the choice of an appropriate titrant
(standard solutions of cationic surfactants) is extremely
important.

For this purpose, the following cationic surfactants, avail-
able in high purity grade, each at a concentration 4 mM, were
tested: (diisobutyl phenoxy ethoxy ethyl)dimethyl benzyl
ammonium chloride (Hyamine), cetyltrimethylammonium
bromide (CTAB), hexadecylpyridinium chloride monohydrate
(HDPC) and 1,3-didecyl-2-methylimidazolium chloride (DMIC).
A 4 mM solution of sodium dodecyl sulphate was used as the
analyte in all potentiometric titrations and the new NTSS was
employed as an end-point detector. The titration curves ob-
tained exhibited well-dened inexions that indicated a reliable
end-point location (Fig. 8).
Fig. 8 Potentiometric titration curves and their first derivatives of
sodium dodecyl sulphate (c ¼ 4 mM) with a few cationic surfactants (c
¼ 4 mM) used as the titrants, HDPC (A), CTAB (-), Hyamine (:), and
DMIC (C). The new NTSS was used for end-point indication.

Fig. 9 Direct potentiometric titration curve and first derivative (full
line) of the two-component mixture of C10 and C12 alkane sulfonates
(c ¼ 4 � 10�3 M) using the new NTSS sensor as an end-point indicator
and CTAB (c ¼ 4 � 10�3 M) as a titrant.

Anal. Methods
The magnitudes of the potential jumps were in the following
order: CTAB > DMIC > HDPC > Hyamine; therefore, for further
investigations, a standard solution of CTAB was used. CTAB
titrant solutions were standardized using standard solutions of
LS of the highest purity. CTAB solutions were tightly closed and
stored in a refrigerator and their concentration periodically
checked; it was found that the solutions were stable for a few
months.

3.7.2. Titration of the two-component mixture. Commer-
cial products contain anionic surfactants in different combi-
nations and ratios. The ability to differentiate anionic
surfactants in a matrix is a desirable characteristic of surfactant
sensors. A two-component mixture of alkanesulphonates with
Fig. 10 The influence of the chemical nature of the EONS (number of
EO groups in a molecule) at a fixed NaLS : EONSmolar ratio of 1 : 2 on
the shapes of the titration curves and their first derivatives for titrations
of NaLS using CTAB (c ¼ 4 � 10�3 M) as the titrant and the NTSS as the
endpoint indicator (NaLS alone (B); 8 EO groups (-); 11 EO groups
(:); 25 EO groups (�); 50 EO groups (C); and 80 EO groups (A)).

Fig. 11 The influence of different amounts of the EONS (11 EO groups)
on the shapes of the titration curves and their first derivatives for the
titration of NaLS using CTAB (c ¼ 4 � 10�3 M) as the titrant and a NTSS
as the endpoint indicator (NaLS alone (B); NaLS : Genapol T 110 at
molar ratios of 1 : 1 (C); 1 : 2 (A); 1 : 3 (-); and 1 : 5 (:)).

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Potentiometric titration curves of a hand-dishwashing deter-
gents, (A) (-), (B) (C), (C) (:) and (D) (A); with known addition (B) of
LS (c ¼ 4 mM) for (A) (,), (B) (B), (C) (O) and (D) (>) using the new
NTSS as an end-point indicator.
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C10 and C12 chain lengths (1 : 1 ratio) was investigated using the
new NTSS sensor (Fig. 9). The difference in the chain length was
only 2 C atoms. Differential titration of a mixture and CTAB
resulted in two well-dened inexion curves and two well-
dened end-points obtained by the rst derivative.

3.7.3. Inuence of non-ionic surfactants. Ethoxylated non-
ionic surfactants (EONSs) are oen a component part of deter-
gent formulations that contain ASs. Among them, ethoxylated
alcohols are most frequently used, and thus their inuence on
the potentiometric titrations of ASs was investigated.

Many commercial products contain ASs combined with non-
ionic surfactants due to the incompatibility of ASs with cationic
surfactants.30

Therefore, the inuence of the chemical nature of EONSs
(number of EO groups) on the titration of ASs was investigated.
Table 4 The results of the potentiometric titrations of eight commercia
anionic surfactants, obtained using CTAB (c ¼ 4 mM) as a titrant and NTS
two-phase titration method and the PVC liquid membrane surfactant se

Product

Anionic surfactant contenta

NTSS

AS founda

(mmol L�1)
NaLS added
(mmol)

Hand-dishwashing detergent A 1.40 � 0.8 2.00
Hand-dishwashing detergent B 2.13 � 1.8 2.00
Hand-dishwashing detergent C 2.98 � 0.6 8.00
Hand-dishwashing detergent D 4.50 � 0.3 8.00
Heavy duty powder detergent A 2.31 � 0.6 8.00
Heavy duty powder detergent B 1.05 � 0.9 8.00
Gel detergent A 0.75 � 0.08 8.00
Gel detergent B 0.89 � 0.03 8.00

a Average � % RSD, average of 5 determinations, average of 3 determinat

This journal is © The Royal Society of Chemistry 2017
The xed molar ratio of NaLS : EONS was 1 : 2, and the EONSs
investigated contained 8, 11, 25, 50 and 80 EO groups (Fig. 10).

In addition, the inuence of the concentration of a selected
EONS (Genapol 110, 11 EO groups) on the titration was also
investigated (Fig. 7). It can be seen that the magnitude of
inexion decreases with increasing concentration of the EONS,
causing a remarkable distortion of the titration curves, which
seriously affects the end-point location.

The titration curve was signicantly distorted for samples
with EONS : LS molar ratios greater than 5 : 1. This depends on
the content of EO groups in the EONS. A higher EO number
inuences the titration curve more markedly (Fig. 11).

3.7.4. Titration of commercial products. One of the most
important uses of surfactant potentiometric sensors is for the
quantication of ASs in various commercial products based on
surfactants, such as household detergent products, industrial
detergents, cosmetics, pharmaceuticals, etc.

The four commercially available liquid hand-dishwashing
detergents, two heavy duty powder detergents, and two gel
detergents products were potentiometrically titrated using
CTAB (c ¼ 4 mM) as a titrant and the new NTSS as an end-point
indicator.

The standard addition method was employed for the four
commercially available liquid hand-dishwashing detergents to
verify the accuracy and precision of the determination by add-
ing known volumes of standard solutions of NaLS to all deter-
gent solutions investigated. The potentiometric titration curves
obtained demonstrated well-dened inexions that enabled
accurate and sound end-point location (Fig. 12).

The titration of all the sample solutions was carried out at
pH 3 and with no ionic strength adjustment.

The AS contents of the four commercially available liquid
hand-dishwashing detergents, two heavy duty powder deter-
gents, and two gel detergents were determined by using a stan-
dard two-phase titration method and a conventional PVCSS
sensor. The PVCSS sensor was tested against a commercial
sensor by using ultrapure sodium dodecyl sulphate, which is
l detergent products, of different formulation complexities, containing
S as an indicator in comparison with the results obtained by using the
nsor (PVCSS)

Two-phase titration
(mmol L�1)

PVCSSa

(mmol L�1)
NaLS founda

(mmol)
Recoverya

(%)

2.05 � 1.5 102.5 1.45 1.42 � 0.7
2.04 � 3.4 102.0 2.19 2.10 � 1.5
8.11 � 2.1 101.4 3.07 2.97 � 0.9
8.08 � 1.6 101.0 4.42 4.52 � 1.1
7.93 � 3.6 99.1 2.49 2.35 � 0.6
8.21 � 1.5 102.6 1.16 1.02 � 0.7
8.06 � 0.9 100.7 0.91 0.79 � 0.07
8.03 � 1.5 100.3 0.85 0.87 � 0.04

ions for the two-phase titration.
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considered as a reference anionic surfactant by sensor calibra-
tion and ionic surfactant titration.

The statistics of the determination of ASs in the eight
detergents investigated are shown in Table 4. No signicant
differences were observed between the means of the new NTSS,
the two-phase titration method and the conventional PVCSS
sensor at the 95% condence level.

The results obtained by use of CTAB as a titrant conrmed
many advantages compared to Hyamine due to its commercially
available high purity and excellent stability.

4. Conclusions

MWCNTs were used as a conducting substrate in the prepara-
tion of a low-cost, all solid contact anionic surfactant sensor
(NTSS) based on a 1,3-didecyl-2-methylimidazolium–tetraphe-
nylborate (DMI–TPB) ion pair as an ionophore implemented in
a PVC membrane. This caused a dramatic decrease in the
sensor's ohmic resistance, resulting in an increase in potential
stability and reproducibility. The sensor exhibited high sensi-
tivity and fast response to LS and DBS and demonstrated
excellent selectivity for LS over most organic and inorganic
anions that are commonly employed in commercial product
formulations containing surfactants. Its main use is in end-
point detection in ionic surfactant potentiometric titrations.
The titration curves obtained evidenced distinctly dened
inexions ensuring a reliable end-point location, using CTAB as
a standard cationic titrant. The inuence of the chemical nature
of the EONS, as well as their concentration, on the potentio-
metric titration was also studied. Several commercially available
detergents (liquid hand-dishwashing, gel and heavy duty) of
different formulation complexities were tested. The standard
two-phase titration method and a conventional PVCSS sensor
exhibited satisfactory mutual agreement with results obtained
by NTSS determination.
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Máñez, T. Pardo, F. Sancenón and J. Soto, Talanta, 2007,
71, 333–338.
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R. Matešić-Puač, Talanta, 2008, 76, 259–264.

29 V. C. H. D. Diamond, Spreadsheet Applications in Chemistry
Using Microso Excel, John Wiley & Sons, Inc., New York,
1st edn, 1997.

30 K. Kargosha, S. H. Ahmadi, M. Mansourian and J. Azad,
Talanta, 2008, 75, 589–593.
This journal is © The Royal Society of Chemistry 2017

http://dx.doi.org/10.1039/c7ay00099e

	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer

	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer

	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer
	Determination of anionic surfactants in real samples using a low-cost and high sensitive solid contact surfactant sensor with MWCNTs as the ion-to-electron transducer


