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Abstract—New potentiometric solid-contact sensors with polyvinyl chloride membranes based on com-
pounds of alkyl sulfates with cationic complexes copper(I1)—organic reagent are proposed for the determina-
tion of synthetic anionic surfactants (ASs). Multisensor systems are developed for the quantitative determi-
nation of ASs in raw technical preparations (alkylbenzene sulfonates, alkyl sulfates, and sodium cocosulfate).
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Synthetic surfactants form one of the most wide-
spread classes of chemical compounds. Anion surfac-
tants possess washing, moistening, emulsifying, dis-
persing, and other properties, are, therefore, widely
used in different industries, and belong to environ-
ment pollutants.

The use of surfactants in different branches of
human activity attracts special attention to the devel-
opment and sophistication of methods for the control
of their quality and concentrations in various objects.
Different versions of spectroscopic, electrochemical,
chromatographic, and electrophoretic methods are
known for the determination of synthetic surfactants
in waters, synthetic detergents and cleaning agents,
medicines, foodstuffs, biological fluids, air, soils, and
sedimentary deposits [1, 2].

Potentiometry with wide variety of sensors devel-
oped by state-of-the-art technologies offers a promis-
ing tool of chemical analysis for the rapid and highly
sensitive determination of surfactants in various sam-
ples (raw technical preparations, household chemi-
cals, cosmetics and hygienic preparations, medicinal
substances, etc.).

State-of-the-art electrochemical sensor technolo-
gies represent a promising direction in the separate
determination of different organic and inorganic com-
pounds and the creation of multisensor systems of the
electronic tongue type. The main types of sensors and
sensing materials used in multisensor systems of the
electronic tongue type and also the operation princi-
ples and main directions of their application were con-
sidered in the works [3—10]. The multisensor
approach opens up a possibility of gaining information
about the composition and concentrations of individ-
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ual components in complex samples. Multisensor sys-
tems are developed and used for the analysis of food-
stuffs and drinks, medicines, biological fluids, model
solutions, and industrial process solutions.

Raw materials for the production household chem-
icals, technical preparations, sewages of industrial
enterprises, and other samples are systems of complex
composition, including mixtures of surfactants of dif-
ferent nature. This explains the urgency of the problem
of the efficient separation of surfactants followed by
the determination of concentrations of individual sur-
factants, both in industrial and environmental sam-
ples.

This work is devoted to the separate determination
of homologues ASs (alkyl sulfates, alkylbenzene sul-
fonates) in technical preparations (sulfonol, sodium
lauryl sulfate, sodium cocosulfate) using an array of
AS sensors based on copper (II)—organic reagent—
alkyl sulfate compounds and HPLC.

EXPERIMENTAL

We used sodium alkyl sulfates with the concentra-
tion of the main substance 98—99% (Table 1). Stock
solutions of surfactants with concentrations 1 X 10-2 —
1 x 107> M were prepared by dissolving precisely
weighed portions of preparations in distilled water;
working 1 X 1073—1 x 10~7 (1 x 10-%) M solutions were
obtained by consecutive dilutions. We investigated
cationic surfactants (dodecylpyridinium chloride,
DDP and cetylpyridinium chloride, CPC) and techni-
cal surfactant-containing preparations (sulfonol,
sodium lauryl sulfate, and sodium cocosulfate).
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Table 1. Names and formulas of the studied ASs and technical preparations

Substance Formula Designation
Sodium decyl sulfate C,oH,;OSO;Na DS
Sodium undecyl sulfate C,;H»;0S0;Na UDS
Sodium dodecyl sulfate C,,H,5s0S0;Na DDS
Sodium tetradecyl sulie CiHOSONa TTDS
C4H,o0SO;N
Sodium hexadecyl sulfate 141129" %3 Na HDS

C16H33OSO3Na

Sodium alkylbenzene sulfonates
(ZAO “Plant of Organic Products,”
Dzerzhinsk, OAO “Kirishineft’orgsin-
tez,” Kirishi, Russia)

C/'IHZn + 1C6H4SO3N3, n=10-16 —

Sodium lauryl sulfate
Empicol LXV/N (Huntsman Corp.)

ROSO;Na

R = CI’IHZVI+ L= 12, 14

Sodium cocosulfate
Mackol CAS-100N (Rhodia)

ROSO;Na

We studied solid-contact potentiometric sensors
with plasticized membranes and graphite as an elec-
tron conductor. The sensor membranes were fabri-
cated from polyvinyl chloride (PVC) of the S-70
brand, tetrahydrofuran and dibutyl phthalate (DBP).
The PVC : DBP ratio was 1 : 3, ¢; =1-2%. The
ionophores were as follows:

—ion pairs of alkyl sulfates with alkylpyridinium;

——compounds of alkyl sulfates with cationic com-
plexes of copper (II) and some N-donor chelating
organic reagents (pyridine, Pyr; 1,10-phenanthroline,
Phen; 2,2'-dipyridyl, Dip) and also with N, N'-bis-(sal-
icylidene) ethylene diamine (Salen) and a cationic
CPC additive.

Plasticized polyvinyl chloride membranes and
solid-contact sensors were fabricated as described in
[11—13].

The compositions of ionophores were determined
by the data of elemental and thermogravimetric anal-
yses, UV and IR spectrometry. The ionophores are
thermally resistant substances (stable to about 100—
120°C) and do not contain substantial amounts of
water in the crystal lattices.

Potentiometric measurements were performed
with an Ekspert-001-3(0.1) potentiometer with an
error of 1 mV at 20 £ 3°C; the reference electrode
was a standard silver—silver chloride EVL-1MZ elec-
trode. To accelerate the achievement of the steady-
state value of the potential, solutions were stirred with
a magnetic stirrer. The selectivity of the studied mem-
branes was estimated by the method of spiked solu-
tions.

The accuracy of the determination of ASs was con-
trolled by HPLC. For the chromatographic determi-
nation of homologues sodium alkyl sulfates and
sodium alkylbenzene sulfonates in technical prepara-

onophore
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tions, we used a chromatographic Agilent 1260 HPLC
system, consisting of a high-pressure pump, a device
for automatic sample injection with a 100-uL loop, a
thermostat (z,,, = 30°C), and a vacuum degasser.
Homologous sodium alkylbenzene sulfonates were
determined with a diode array detector adjusted to the
wavelength A = 254 nm [14] and homologues sodium
alkyl sulfates, with a light scattering detector. The col-
lection and processing of the chromatographic data
were carried out using the ChemStation software for
the LC 3D system (Rev.B.04.03). The mixtures of
substances were separated on an Acclaim™ Surfactant
Plus column (Thermo Scientific, United States) of the
diameter 4.6 mm and length 150 mm, packed with an
adsorbent with a particle size of 5 um. A sample of a
preparation was obtained by dissolution in the mixture
H,0—CH;0H (50 : 50). The concentrations of sub-
stances in the test solutions were no more than 15
mg/mL. To reduce the time of analysis, we used linear
bigradient elution: mobile phase A, aqueous 0.1 M
CH,;COONH, buffer solution (pH 5.0-5.2) and
mobile phase B, acetonitrile.

Selectivity coefficients were determined by the
method of spiked solutions.

Anionic surfactants in model solutions and the
main concentrations in raw technical preparations
were determined by potentiometric precipitation
titration using surfactant sensors; the titrant was a 1 X
10~2—1 x 10~* M solution of CPC. The titration end-
point was determined graphically, by the difference
method, and also by the Gran method [15].

The multisensor approach was used for the separate
determination of homologues ASs in aqueous solu-
tions and technical samples. Analytical signals from a
sensor array were processed by the method of artificial
neural networks (ANN) (Statistica 6.1). The criterion

No.1 2017
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of the optimum architecture of the network was the
minimization of the error. The input signals were pro-
cesses using the known approach based on the distri-
bution of input data over three sets. Calibration (train-
ing) mixtures were used to train the neural network;
validation mixtures were used for the choice of net-
works with the optimum architecture, control of train-
ing activity, prevention of network retraining; and test
mixtures allowed the estimation of the reliability of the
obtained calibration model and the control of quality
of predictions. The responses of sensors (input data)
were randomly divided into training, validation, and
test sets in the ratio 2 : 1 : 1. The input data for training
and testing the network were values of sensors poten-
tials, and the output data were values of concentra-
tions (pc). The sensor responses were measured not
less than three times for each mixture. The starting
data were the average values of sensor potentials of the
array. Neural networks with the architecture of a
three-layer perceptron (TLP) were trained using the
algorithm of the back propagation of errors and the
method of conjugate gradients. Preliminary data pro-
cessing was performed by methods of mean correction
and normalization. A correlation between the sensor
signals was controlled using principal component
analysis (Unscrumbler 4.0), which allowed visualiza-
tion of the similarities and distinctions in the behavior
of sensors. The correlation was judged by the mutual
arrangement of points in a score plot constructed for
21 sensors with different compositions of membranes
in quinary mixtures.

RESULTS AND DISCUSSION

We studied sensors based on ion pairs of alkylpyri-
dinium alkyl sulfates and cationic copper(Il) com-
plexes with Salen (Phen, Dip). Sensors exhibited sen-
sitivity to homologues sodium alkyl sulfates in a wide
concentration range (Fig. 1). The main electrochemi-
cal properties of solid-contact AS sensors based on
different ionophores in solutions of homologues
sodium alkyl sulfates (dodecyl-, three-, tetra-, hexa-
decyl sulfate) are summarized in Table 2.

The slopes of the electrode functions of sensors
approached the Nernstian slope for singly charged
ions (48—66 mV/pc). The deviation of electrode func-
tions from linearity was due to the solubility of active
membrane components at concentrations lower than
1 x 1077 (4 x 10~7) M and micelle formation at con-
centrations higher than 1 x 10=2 (5 x 10~%) M. The
lowest limit of detection (1 X 10~7 M) was observed for
sensors based on  [Cu(Phen),|]DDS, and
[Cu(Dip),|DDS, in DDS, TDS, TTDS, and HDS
solutions.

The emergence of an electrode potential at the
membrane—test solution interface is due to the disso-
ciation of ion exchangers, ion pairs of dodecyl sulfate
with cationic Cu(Il) complexes of Salen (Phen, Dip)
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Fig. 1. Electrode functions of sensors based on (/)
[Cu(Pyr)4]DDS,, 2 [Cu(Dip),]|DDS,, 3)
[Cu(Phen),]DDS,, and (4) CP—DDS in DDS solutions.

Cionophore ~— 1%.

in the membrane phase and ion-exchange processes at
the membrane—solution interface.

Stable complexes of Cu(II) with N-donor chelating
organic reagents in the inner sphere favored the for-
mation of strong and poorly soluble ion pairs with
homologues sodium alkyl sulfates, which, in turn,
ensured the high ion-exchange capacity of membrane
compositions on their basis.

The effect of interfering anions on the results of
potentiometric determination of DDS for sensors was
close to the Hofmeister lyotropic series of anions and
pointed to the ion-exchange mechanism of sensor
response. Based on selectivity coefficients, we found that
the studied sensors ensured the determination of alkyl
sulfates in the presence of acetates, salycylates, non-
ionic surfactant, and inorganic anions (Cl~, F~, 1~
Br-, NO;, NO;, ClO;, SCN™, CO;3, SO, PO)).
The AS sensors did not possess selectivity to the basic

alkylsulfate anion but exhibited sensitivity to other
homologues sodium alkyl sulfates (K, —1).

Determination of homologues anionic surfactants in
model mixtures. The developed sensors were used in
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Table 2. Electrochemical characteristics of sensors based on different ionophores in solutions of homologues sodium alkyl

sulfates (Cionophore = 1%, # =3, P=0.95)

MAKAROVA et al.

Ionophore Surfactant solution lineabrji;jr(a(lrcl)gje, M ot Ao, mV/pc Crins M
CP-DDS DS 1 x107%—1 x 1072 55+1 9 x 1077
DDS 1 x107%—1 x 1072 55+2 9 x 1077

TDS 1x10%-5x 1073 61 +1 9 x 1077

TTDS 1x107°—1x 103 6312 9 x 1077

HDS 1 x107%—5 x 1074 66 =2 9 x 1077

[Cu(Pyr),]DDS, DS 5% 1077—1 x 1072 51£2 4 %1077
DDS 3x1077=1 x 1072 55+2 2 x 1077

TDS 3x1077=5 x 1073 56+ 1 2 x 1077

TTDS 3x107=1x 1073 58+2 2 x 1077

HDS 3x1077—5x 1074 6412 2% 1077

[Cu(Dip),]DDS, DS 5% 1077—1 x 1072 49+£1 4 %1077
DDS 2x 10771 x 1072 57x1 1 x 1077

TDS 2x1077-5%x 1073 56 £ 1 1x1077

TTDS 2x1077=1x 1073 61+ 1 1x 1077

HDS 2x1077=5x 1074 64+2 1x1077

[Cu(Phen),|DDS, DS 5x1077—1 x 1072 48 + 1 4 x 1077
DDS 2x1077=1 x 1072 572 1x 1077

TDS 2%x1077=5x 103 59+1 1x1077

TTDS 2x1077=1x 1073 6212 1 %1077

HDS 2x1077=5x 1074 64+ 1 1x1077

[CuSalen] DS 8§ x 1077—1 x 1072 50+1 7 x 1077
with a CP additive DDS 4 % 10-7—1 x 10-2 58+ 2 3 % 10-7
TDS 5% 1077-5%x 1073 59+1 4x 1077

TTDS 5x1077—1 % 1073 6212 4 x 1077

HDS 5x1077=5x 107* 65+ 1 4 x 1077

the multisensor analysis of multicomponent mixtures
of sodium alkyl sulfates. Arrays of sensors with mem-
branes of different compositions, containing com-
pounds of homologues sodium alkyl sulfates (DS,
DDS, TDS, TTDS, HDS) with CP [Cu(Pyr),]**,
[Cu(Phen),]**, [Cu(Dip),]**, and also a sensor based
on [CuSalen] with a CP additive were created (the
maximum number of sensors was 21).

The assessment of a correlation between the sensor
signals showed that the greatest difference in sensitiv-
ity was observed for sensors based on Cu(Il)—Pyr
(Dip, Phen)—DS(DDS, TTDS, HDS), and [CuS-
alen] with a cationic surfactant additive (only 12—
13 sensors). The contribution of the first three compo-
nents to the total explained dispersion was 85% (PCl1,
31%; PC2, 30%; PC3, 24%; PC4, 11%; PC5, 4%).

Signals from other sensors were correlated, i.e., exhib-
ited similar sensitivity. On the other hand, it was found
that, with an increase in the number of sensors in the
array (starting from 10 and above), the average relative
error (D) of the determination changed insignificantly
(by no more than 1.7%); therefore, in the further
experiments we used arrays consisting of 10—12 sen-
sors.

The predictive ability of ANN was estimated
depending on the number and concentration range of
calibration mixtures, method of preparation of the
starting data, and architecture of the network. To train
ANN, we used solutions of homologues sodium alkyl
sulfates with concentrations 1 x 107%, 1 x 10>, and
1 X 10* M (taking into account all ratios of mixture
components at these concentration). The accuracy of

JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 72 No.1 2017
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the determination was controlled by the added—found
method using reference model mixtures (Fig. 2). The
smallest average relative error of the determination of
homologues sodium alkyl sulfates (2.3% DS, 1.3%
DDS, 4.4% TDS, 2.2% TTDS, and 2.0% HDS) was

PCfound
6.0

5.0

4.0+

DS

3.0

PCfound

5.5

4.5

5.0 PCadded

TDS

3.5

PCfound

6.0

50F

4.5

PCadded

HDS

4.0

Fig. 2. Determination of sodium alkyl sulfates in quinary model mixtures. (¢) Homologue concentration outside the concentra-

5.0 PCadded

tion range for training ANN (> 1 X 10~ M).
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obtained using a three-layer perceptron. To check the
predictive ability of ANN, were prepared model mix-
tures with component concentrations outside the con-
centration range for training the multisensor system,
i.e.,>1x10~*M (Fig. 2). It was found that the average
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relative error of the determination of such concentra-
tions of homologues did not exceed 15%. In addition,
to estimate the predictive ability of the multisensor
system in the analysis of samples of unknown compo-
sition and reference mixtures containing a smaller
number of components than the mixtures used to train
ANN, it was expedient to use sets of mixtures consist-
ing of different numbers of homologues (DS, UDS,
DDS, TDS, TTDS).

Because of the impossibility of using the prepro-
cessing of input data for components with “zero” con-
centrations (absence of component), in this case we
used homologue concentration below the limit of its
detection with the sensor array (1 x 10— M). There-
fore, the check of predictive ability was reduced to the
calibration of ANN with quinary mixtures including
conditionally zero component concentrations
(Table 3). It was found that the average relative error of
the determination of homologues in such mixtures was
3.1% for DS, 2.7% for UDS, 3.1% for DDS, 3.4% for
TDS, and 3.8% for TTDS. The optimum architecture
of the neural network was TP 10-13-5.

Therefore, multisensor analysis ensures the predic-
tion of concentrations of homologues sodium alkyl
sulfates above and below the calibration range. The
results of training a neural network in a multicompo-
nent mixture were used in the subsequent analyses of
reference mixtures containing equal or smaller num-
bers of components and in the determination of the
homologues distribution of ASs in raw technical
preparations.

Determination of the homologous distribution of
ASs in raw technical preparations (sulfonol, sodium lau-
ryl sulfate, sodium cocosulfate). Sulfonol samples rep-
resented mixtures of sodium alkylbenzene sulfonates
with the lengths of hydrocarbon chains C,,H,—
C4Hy, i.e., a quinary mixture of homologous AS,
sodium lauryl sulfate and sodium cocosulfate, a mix-
ture of homologues alkyl sulfates with the lengths of
hydrocarbon radicals C,H,s and C;;H, (a binary
mixture of homologues). The concentration of the
main substance in technical preparations was deter-
mined beforehand. Titration curves for some samples
of technical preparations are presented in Fig. 3 and
the results of determination of the main substance, in
Table 4. To train the neural network, we used pure qui-
nary mixtures of homologues sodium alkyl sulfates
with the lengths of hydrocarbon radicals C,\H,,—
C,4sHy (DS, UDS, DDS, TDS, TTDS) and C,,H,,—
C,cH;; (DS, DDS, TDS, TTDS, HDS). The optimum
architecture of the neural network was TP 10-13-5.

The results of determination of the homologous
distribution of anionic surfactants in the studied sulfo-
nol samples using a multisensor AS—HPLC system are
summarized in Table 5. For sulfonol no. 3, the homo-
logue with the length of hydrocarbon radical C,yH,,
was not found, and this was confirmed by the results of
HPLC. Similarly, homologues with the lengths of
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Fig. 3. Curve of titration of technical preparations of (/)
sulfonol, (2) sodium lauryl sulfate, and (3) sodium cocos-
ulfate. Ionophores: (/) [CuSalen], (2) [Cu(Phen),]|DDS,,
(3) [Cu(Dip),]DDS,;. V of sodium alkyl sulfate solution,
mL: 7,2; 2, 3, 1. Titrant, 1 x 107> M CP.

hydrocarbon radicals C,yH,,;, C,;;H,;, and C;H,; were
not found in the composition of sodium lauryl sulfate,
and the concentrations of homologues C,H,s; and
C4Hy (77.7 and 13.9%) found by two different meth-
ods correlated with each other. In addition, the C,cH;;
homologue (1.7%) was found in the sample of sodium
lauryl sulfate. A comparison of the results obtained
with a multisensor HPLC system by the F-and 7-tests
showed the absence a systematic error.

Table 4. Determination (® + Aw, wt %) of main substance
concentration in technical preparations (concentration of
ASs declared > 80%; ionophores: [Cu (Phen),|DDS,; n =

3, P=0.95)

Sample POtfi‘:g‘t’ir:stric HPLC
Sulfonol no. 1 96.1 £ 0.9 95.6 £ 0.6
Sulfonol no. 2 820+ 1.2 82.5+0.4
Sulfonol no. 3 942+ 1.4 93.8+0.5
Sodium lauryl sulfate 92.6+ 14 93.2+04
Sodium cocosulfate 90.8 + 1.4 9.5+t 0.7
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Table 5. Determination of the homologous distribution of sodium alkyl sulfates in sulfonol samples (n = 3, P =0.95)
Homologous distribution, %
Method
CioHy, CiHy CpHos CizHy

Sulfonol no. 1

Multisensor AS system 10.94 +£ 0.32 30.68 £ 0.11 31.88 £ 0.26 22.39 £ 0.26

HPLC 10.74 £ 0.10 30.63 £ 0.10 31.71 £ 0.10 22.52 +£0.09
Sulfonol no. 2

Multisensor AS system 10.69 + 0.27 25.48 +0.37 27.46 + 0.45 19.26 + 0.40

HPLC 10.51 £ 0.09 25.25+0.10 27.75 £ 0.11 18.99 £ 0.13
Sulfonol no. 3

Multisensor AS system - 17.83 £0.25 65.24 £ 0.56 6,56 £ 0.15

HPLC — 17.92 £ 0.10 64.85 £ 0.11 5.90+0.10

k ok %k

Thus, the architecture of ANN was optimized by

neural network modeling for the processing of the data 6
of multisesor systems in quinary mixtures of sodium
alkyl sulfates. A possibility of the practical use of mul-
tisensor systems including sensors with the optimum
electroanalytical characteristics for the determination
RO . 7
of homologous distribution in multicomponent model
mixtures and technical raw preparations was shown. g
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