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a b s t r a c t

A sensitive potentiometric surfactant sensor based on a highly lipophilic 1,3-didecyl-2-methyl-
imidazolium cation and a tetraphenylborate (TPB) antagonist ion was used as the end-point detector in
ion-pair potentiometric surfactant titrations using sodium TPB as a titrant. Several analytical and technical
grade cationic and ethoxylated nonionic surfactants (EONS) and mixtures of both were potentiometrically
titrated.

The sensor showed satisfactory analytical performances within a pH range of 3–10 and exhibited satis-
factory selectivity for all CS and EONS investigated. Ionic strength did not influence the titration except at
0.1 M NaCl, in which a slight distortion of the second inflexion corresponded with the nonionic surfactant.
isinfectant
thoxylated nonionic surfactant
otentiometric titration

Two-component combinations of four CS and three EONS were potentiometrically titrated using the
sensor previously mentioned as the end-point detector. The quantities of the surfactants varied between
2 and 6 �mol for CS and 2.50 and 7.50 �mol for EONS. The known addition methodology was used for
determination of the surfactant with considerably lower concentration in the mixture.

Three commercial products containing cationic surfactants as disinfectants and nonionic surfactants
were potentiometrically titrated, and the results for both type of surfactants were compared with those

onven
obtained with standard c

. Introduction

Cationic surfactants (CS) account for only 5–6% of the total
urfactant production. In spite of that, they are widely used in
ndustrial, disinfectant, cleaning, cosmetic and pharmaceutical
roducts due to their antimicrobial, bactericidal, anticorrosion,
ntistatic, softening and emulsifying properties [1]. CS are com-
only known as environmental pollutants [2]. Because a large

mount of cationic surfactants are produced and used frequently, it
s very important to precisely determine their concentrations in the
nvironment. CS have usually been determined by two-phase titra-
ion [3]. However, this technique had many disadvantages, such
s interferences in strongly colored and turbid samples and the
se of a toxic, carcinogenic solvent. The use of surfactant-sensitive
lectrodes as indicators in potentiometric surfactant titration over-
omes these limitations. Potentiometric titrations use attractions

etween oppositely charged ions (ion-pair formation). Due to the

ncreasing use of CS, considerable interest for the application of
ationic surfactant-sensitive electrodes has been seen in recent
ears [4–9].

∗ Corresponding author. Tel.: +385 31 495 535; fax: +385 31 495 549.
E-mail address: msbosnar@kemija.unios.hr (M. Sak-Bosnar).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.10.046
tional methods.
© 2010 Elsevier B.V. All rights reserved.

Nonionic surfactants account for 35% of the total surfactant pro-
duction, and they are the second highest surfactant in terms of
worldwide surfactant consumption. They possess specific physic-
ochemical properties that make them particularly suited for use
in many fields of research and technology. As surface active com-
pounds, they are widely used in consumer products, e.g., laundry
detergents, cleaning and dishwashing agents and personal care
products [10]. Nonionic surfactants are especially important in
cleaning and disinfection agents that contain CS as disinfectants,
because of the incompatibility of the CS with anionic surfactants.

It is very important to accurately determine the presence of
nonionic surfactants because they may be found anywhere in
the environment due to their chemical properties. Potentiomet-
ric determination of EONS is based on the formation of TPB salts of
pseudocationic complexes of nonionic surfactants with some metal
cations, mostly barium. These complexes are often used as sensing
materials in EONS-sensitive electrodes [11–16]. Nonionic surfac-
tant sensors can be modified with PVC molecular sieves, which
enable the independent determination of homologous polyethoxy-

late nonylphenols [17–19]. Potentiometric flow injection analysis
was also used for EONS determination [20,21].

It is well known that mixed surfactant systems, such as cationic
and nonionic surfactants, have the ability to provide better per-
formance when compared to single surfactant systems [22]. Most
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ommercial products are composed of more than one type of
urfactants so that high-quality products can be manufactured.
enerally, mixtures of cationic and nonionic surfactants are deter-
ined mainly by chromatographic methods, which are usually very

omplicated [23–30]. It is difficult to develop efficient chromato-
raphic techniques to separate various surfactant mixtures and
ensitive detection methods for all of the different types of surfac-
ants. In addition to chromatographic methods, mixtures of cationic
nd nonionic surfactants can be determined by other techniques.
he principal surfactant constituents in shampoos and liquid soaps
an be determined directly, simultaneously and rapidly in undi-
uted samples by attenuated total reflection Fourier transform
nfrared (ATR-FTIR) spectroscopy in the middle infrared region
n combination with simple chemometrics [31]. Also, mixtures of
ationic and nonionic surfactants absorbing in the UV region were
etermined quantitatively by capillary zone electrophoresis [32]
nd by ion-association titration in two steps [33].

In this study, a PVC-plasticized liquid type surfactant-
ensitive electrode was prepared, which used 1,3-didecyl-2-
ethylimidazolium–tetraphenylborate (DMI–TPB) as a ion-pair

ensing element and bis(2-ethylhexyl) phthalate (DOP) as a plas-
icizer in membrane. DMI–TPB ion-pair was successfully used as a
ensing material in potentiometric sensor used for determination
f anionic [34,35] and cationic [8] surfactants. Its main advantage is
igh stability, very low solubility product constant which enabled
high sensitivity and high potential changes in the inflexion com-
ared to the other ion-pairs described [11–16]. DOP was selected
s a plasticizer because of its good performances obtained in previ-
us investigations, when it was used in titrations and investigations
f the nonionic surfactants [13]. The DMI–TPB sensor was applied
or potentiometric titration of commonly used pure and technical
rade cationic and nonionic surfactants mixtures as well as for sur-
actant mixtures in several commercial cleaning and disinfection
gents.

. Experimental

.1. Reagents and materials

The following surfactants were used.
Analytical grade surfactants: Triton X-100, octylphenol

ecaethylene glycol ether, C8E10, Mr = 647, 10 EO groups (Merck,
ermany); 1,3-didecyl-2-methylimidazolium chloride (DMIC,
luka, Switzerland); hexadecyltrimethylammonium bromide
CTAB, Fluka, Switzerland); Hyamine 1622, benzethonium chlo-
ide, diisobutylphenoxyethoxyethyldimethylbenzylammonium
hloride (Fluka, Switzerland); cetylpyridinium chloride (CPC,
erck, Germany).
Technical grade nonionic surfactants: Genapol T 080, polyethy-

ene glycol fatty alcohol based, C16/C18, Mr = 613, 8 EO groups;
enapol T 110, polyethylene glycol fatty alcohol based, C16/C18,
r = 745, 11 EO groups (all from Clariant, Germany).

Sodium TPB (Fluka, Switzerland) solution (2.5 mM) was used
s the titrant. A barium chloride (Fluka, Switzerland) solution
0.2 M) was used to form a pseudoionic complex in potentiomet-
ic titrations. All aqueous solutions were prepared with salts of the
nalytical grade using deionized water.

.2. Sensor
The DMI–TPB sensor contained a 1,3-didecyl-2-methyl-
midazolium–tetraphenylborate ion-exchange complex, which

as prepared by adding a sodium TPB solution to a 1,3-didecyl-
-methylimidazolium chloride solution. The resultant white
recipitate was extracted with dichloromethane and dried with
a 83 (2011) 789–794

anhydrous sodium sulfate. After evaporation and recrystallization
from a 1:1 mixture of diethyl ether and methanol, the isolated ion-
exchange complex was used for the preparation of the PVC based
membrane plasticized with bis (2-ethylhexyl) phthalate (DOP).
Detailed explanation of the preparation of DMI–TPB ion-exchange
complex have been described previously [34]. Sodium chloride
(1 M) was employed as the internal filling solution. A silver/silver
(I) chloride reference electrode (Metrohm, Switzerland) with a
sodium chloride electrolyte solution (2 M) was used as a reference.
Lifetime of the sensor was more than three months by daily
application.

2.3. Apparatus

An all-purpose titrator, 808 Titrando (Metrohm, Switzerland),
combined with a Metrohm 806 Exchange unit (Metrohm,
Switzerland) was used to dose the potentiometric titrations. The
solutions were magnetically stirred during titrations using an 801
titration stand (Metrohm, Switzerland).

2.4. Titration conditions

Depending on the sample nature and the expected surfactant
concentrations, between 20 and 80 mL of titration solution was
used. Variable amounts of cationic and nonionic surfactant solution
were used with the addition of 10 mL of a BaCl2 solution (0.2 M).

All measurements and titrations were performed at room tem-
perature using a magnetic stirrer without adjustment for ionic
strength and pH. The titrator was programmed to work in DET
(dynamic equivalent point titration) Mode with a signal drift of
5 mV/min and an equilibrium time of 120 s. The wait time before
the start of titration varied between 30 and 60 s, depending on the
sample nature and surfactant concentration.

3. Results and discussion

3.1. Potentiometric titration

The titration was carried out in one step. The anionic titrant
(TPB) reacted first with the CS:

CS+ + TPB− � CS+TPB− (1)

and afterward with the pseudocationic complex, which consisted
of EONS and ionic barium formed by the addition of barium chloride
before the titration:

Ba2+ + xEONS � [Ba(EONS)x]2+ (2)

More simply, the above equation can be written as follows:

Ba2+ + xL � BaL2+
x (3)

where L = EONS.

BaL2+
x + 2TPB− � BaLx(TPB)2 (4)

The difference of 3–4 pKS units between the solubility product
values of both of the TPB ion associates (Eqs. (1) and (4)) caused the
appearance of two distinct inflexions at the titration curve. The first
inflexion related to the surfactant that formed with less soluble TPB
ion-pair complex (with a lower solubility product value). Usually,
it was the CS.

3.1.1. Titration of pure and technical grade surfactant mixtures

Sodium TPB used as a titrant reacted first with the CS+ and was

accompanied by the formation of a water insoluble (1:1) ion-pair
CS+TPB− (Eq. (1)), which solubility product is defined as:

KS1 = aCS+ · aTPB− (5)
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Fig. 1. Titration curves and their first derivatives of the Genapol T080 (c = 2.0 mM)

all potentiometric titrations were calculated from the derivative
curves.

The titration curves of the Genapol surfactants mixture with
each CS exhibited well-resolved inflexions, which enabled accu-
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200 mV
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here aCS+ and aTPB− are activities of the corresponding
ons.

The response of the membrane sensor assembly used toward
S+ is given by the Nernst equation:

CS+ = E0
CS+ + SCS+ · log aCS+ (6)

here E0
CS+ is the constant potential term, SCS+ is the sensor slope,

nd aCS+ is the activity of the surfactant cation.
Before the first equivalence point, the change (decrease) in the

ensor potential responded to the change (decrease) in the CS con-
entration as shown in Eq. (6).

By combining Eqs. (5) and (6) and after rearrangement, the fol-
owing sensor response is obtained:

CS+ = constCS+ − SCS+ · log aTPB− (7)

here constCS+ = E0
CS+ + SCS+ · log KS1.

After the first equivalence point (the point at which all the CS
as precipitated), the TPB titrant reacted with the pseudocationic

omplex of EONS and ionic barium according to Eq. (4).
The solubility product of this precipitate is:

S2 = aBaL2+
x

· (aTPB− )2 (8)

TPB was a component of the ion-exchange complex used as the
ensing material in the sensor membrane. Therefore, the sensor
esponded to TPB according to the following equation:

TPB− = E0
TPB− − STPB− · log aTPB− (9)

here E0
TPB− is the constant potential term, STPB− is the slope, and

TPB− is the activity of the TPB anion. From Eqs. (8) and (9) and after
earrangement, the following sensor response is obtained:

TPB− = constTPB− + STPB− · log (aBaL2+
x

)1/2 (10)

here const = E0
TPB− − STPB− · log KS2

1/2

Eq. (10) shows that after the first equivalence point was reached,
nd after the reaction of TPB with the pseudocationic complex of
ONS and ionic barium, the concentration of the latter decreased,
hich resulted in a further decrease of the sensor potential, E.

After the second equivalence point (the point at which all the
seudocationic EONS complexes were precipitated), further addi-
ion of TPB titrant caused further decreases of the sensor potential,
(Eq. (9)).

Eqs. (7) and (10) show that the magnitude of the inflexion at
he equivalence point was strongly dependent on the value of the
olubility product of the ion-pair. The lower KS value of the ion-
air formed during titration caused a higher potential change at
he equivalence point, which resulted in a more sensitive surfac-
ant determination. The insufficient difference in solubility product
onstants of the ion-associates described by Eqs. (1) and (4) results
ith the absence of two distinctive inflexions and thus differential

itration of the both surfactants, which is the main limitation of the
roposed method.

The standard TPB solution was used as the titrant in the titra-
ion of cationic and EONS mixtures, which formed water-insoluble
1:1) complexes. Four CSs (Hyamine 1622, CPC, CTAB and DMIC)
nd 3 nonionic surfactants (Genapol T 080, Genapol T 110 and
riton X-100) were used for the investigations described in this
tudy. Both Genapol surfactants are often used in detergent formu-
ations, whereas Triton X-100 was selected because of its analytical
mportance as a reference EONS in the official method for EONS

etermination in effluents [36] and its application in biochemical

aboratories to make eukaryotic cell membranes permeable and to
olubilize membrane proteins in their native states [37–40].

All the two-component combinations of a CS and an EONS were
otentiometrically titrated using the sensor previously mentioned
mixture with various cationic surfactants (c = 2.5 mM) using sodium TPB (c = 2.5 mM)
as a titrant and a DMI–TPB sensor as the end-point detector. In this and in the next
figures, some curves are displaced vertically for clarity (� DMIC + Genapol T 080; �
CPC + Genapol T 080; � CTAB + Genapol T 080; � Hyamine + Genapol T 080).

as the end-point detector. The corresponding potentiometric titra-
tion curves are shown in Figs. 1–3. The equivalence points for
Vt/mL

Fig. 2. Titration curves and their first derivatives of the Genapol T 110 (c = 1.5 mM)
mixture with various cationic surfactants (c = 2.5 mM) using sodium TPB (c = 2.5 mM)
as a titrant and a DMI–TPB sensor as the end-point detector (� Hyamine + Genapol
T 110; � DMIC + Genapol T 110; � CTAB + Genapol T 110; � CPC + Genapol T 110).



792 M. Samardžić et al. / Talanta 83 (2011) 789–794

86420

Vt/mL

E
/m

V

200 mV

Fig. 3. Titration curves and their first derivatives of the Triton X-100 (c = 2.0 mM)
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Fig. 4. The effect of ionic strength on the shape of the titration curves by titration of

factant.

T
R

ixture with various cationic surfactants (c = 2.5 mM) using sodium TPB (c = 2.5 mM)
s a titrant and a DMI–TPB sensor as the end-point detector (� DMIC + Triton X-100;
CTAB + Triton X-100; � Hyamine + Triton X-100; � CPC + Triton X-100).

ate end-point determinations (Figs. 1 and 2). Titration curves of
he Triton X-100 mixture with CS revealed strong inflexions for
ach CS (the first inflexion). The magnitude of the second inflex-
on (related to Triton X-100) varied depending on the nature of
he CS. The titration of the mixture of Triton X-100 with DMIC and
PC exhibited a well-defined inflexion, whereas its titration with
wo other CS revealed less pronounced inflexions. These equiva-
ence points were reliably calculated from the derivative curves
sing an extension of the least-squares regression formalism of the
avitzky–Golay method developed by Barak [41]. Statistical testing
f the polynomial degree was conducted using an adaptive-degree
olynomial filter, which selected the lowest polynomial degree that
as statistically justifiable.

The recovery statistics of the potentiometric determinations of
he two-component combinations of each CS and EONS are shown
n Table 1. The quantities of the surfactants investigated varied

etween 2.50 and 7.50 �mol for CS and 2.00 and 6.00 �mol for
ONS.

Errors appeared when the ratio of titrant consumptions for titra-
ion of a particular surfactant in the mixture exceeded the value of

able 1
ecovery statistics of the potentiometric determination of two-component combinations

Mixture no. CS Added (�mol) Found (�mol) Recoverya (%)

1 CPC 7.50 7.46 99.5
2 CTAB 7.50 7.56 100.8
3 DMIC 7.50 7.64 101.8
4 Hyamine 7.50 7.41 98.8
5 CPC 2.50 2.60 103.9
6 CTAB 7.50 7.55 100.6
7 DMIC 7.50 7.33 97.7
8 Hyamine 7.50 7.61 101.5
9 CPC 7.50 7.72 102.9

10 CTAB 7.50 7.84 104.5
11 DMIC 7.50 7.34 97.8
12 Hyamine 7.50 7.67 102.2

a Average of 5 determinations.
the mixtures of CPC (c = 2.5 mM) and Genapol T 080 (c = 2.0 mM) using sodium TPB
(c = 2.5 mM) as a titrant and a DMI–TPB sensor as the end-point detector (c(NaCl) = �
0.01 M, � 0.02 M, � 0.05 M, � 0.1 M).

3:1 (results not shown). These errors were significantly reduced
by performing a preliminary titration and a subsequent known
addition of the surfactant with lower titrant consumption.

3.1.2. Interferences
3.1.2.1. Influence of the ionic strength. To investigate the effect
of ionic strength on the shape of titration curves, mixtures of
CPC (cationic surfactant) and Genapol T 080 (nonionic surfac-
tant) containing different concentrations of NaCl (0.01 M, 0.02 M,
0.05 M, 0.1 M) were titrated. No distortions of the titration curves
at the inflexions and no significant shifts of the end-point vol-
umes were observed at NaCl concentrations of 0.01, 0.02 and 0.05 M
(Fig. 4). Slight distortion of the second inflexion (nonionic surfac-
tant) appeared at a concentration of 0.1 M NaCl, i.e., at an NaCl
concentration more than 750 times higher than the nonionic sur-
3.1.2.2. Influence of pH. The stability of the sensor response was
investigated over a wide pH range to simulate the practical titra-
tion conditions of different formulated products of varying acidity

of each CS and EONS investigated.

EONS Added (�mol) Found (�mol) Recoverya (%)

Genapol T 080 6.00 5.77 96.2
Genapol T 080 6.00 5.81 96.8
Genapol T 080 2.00 1.92 96.1
Genapol T 080 6.00 5.90 98.3
Genapol T 110 4.50 4.45 98.9
Genapol T 110 4.50 4.51 100.1
Genapol T 110 4.50 4.52 100.5
Genapol T 110 4.50 4.44 98.7
Triton X-100 6.00 5.97 99.5
Triton X-100 6.00 5.72 95.3
Triton X-100 2.00 2.05 102.3
Triton X-100 6.00 6.10 101.6
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Table 2
Results of three commercial liquid cleaning and disinfection agents obtained by potentiometric titration using a DMI–TPB sensor and sodium tetraphenylborate (5 × 10−3 M)
as a titrant compared with results obtained by two-phase titration for cationic and the gravimetric method for nonionic surfactants.

Sample Surfactant content

Cationic surfactant (%) Nonionic surfactant (%)

DMI–TPB electrodea Two-phase titrationb DMI–TPB electrodea Gravimetric methodb

Product A 1.02 ± 0.03 1.00 1.42 ± 0.04 1.60
Product B 5.04 ± 0.07 4.95 7.58 ± 0.09 6.85
Product C 4.44 ± 0.05 4.50 4.89 ± 0.07 4.46

a
t
T
a
c
3
a

3

n
u
7
b
s
o
r
o
i
a

F
m
(
p

a Average of 5 determinations ±�N−1.
b Average of 3 determinations.

nd alkalinity. The investigations were performed in solutions con-
aining CPC as the CS and Genapol T 080 as the nonionic surfactant.
he pH values were adjusted with NaOH and H2SO4 (1 M, 0.1 M
nd 0.01 M, for both NaOH and H2SO4). There were no significant
hanges in the shapes of titration curves within the pH range of
–10, which indicated the applicability of the sensor in strongly
cidic and alkaline conditions (Fig. 5).

.1.3. Titration of commercial products
Three commercial products containing CS as disinfectants and

onionic surfactants were potentiometrically titrated: an acidic liq-
id cleaner and disinfectant containing a C9–C11 oxo-alcohol with
EO per molecule as a nonionic surfactant, phosphoric acid and

enzalkonium chloride as the disinfectant (Product A); a univer-
al liquid agent for cleaning and disinfection containing a C13–C15
xo-alcohol with 8 EO per molecule and benzalkonium chlo-

ide (Product B); and a liquid agent for cleaning and disinfection
f working surfaces and food-processing equipment in foodstuff
ndustry containing a C9–C11 oxo-alcohol with 7 EO per molecule
nd benzalkonium chloride (Product C).

1086420

Vt/mL

E
/m

V

200 mV

ig. 5. The influence of pH on the shape of the titration curves by titration of the
ixtures of CPC (c = 2.5 mM) and Genapol T 080 (c = 2.0 mM) using sodium TPB

c = 2.5 mM) as a titrant and a DMI–TPB sensor as the end-point detector (� pH 3, �
H 5, � pH 7, � pH 9, � pH 10, © pH 11).
Sodium TPB solution (5 mM) was used as a titrant in poten-
tiometric titrations. Before starting titrations, 10 mL of barium
chloride (0.2 M) was added, and pH values were checked and
adjusted to between 3 and 9. Potentiometric titration curves for
all the samples revealed an analytically usable inflexion, which
enabled reliable detection of the equivalence point using the first
derivative method. The results obtained were compared with those
obtained with two-phase titration for CSs [42] and gravimetric
methods for determination of nonionic surfactants combined with
cation exchange column chromatography to separate nonionic and
CSs [43] (Table 2). Titration curve and its first derivative of a liq-
uid agent for cleaning and desinfection is presented in Fig. 6. The
first inflexion point on the titration curves related usually to the
amount of titrant used for CS titration because CS forms slightly
soluble ion associate with TPB, which solubility product constant is
several orders of magnitudes lower than that of TPB and the pseu-
docationic complex of EONS and barium ion. The calculation of the
CS content (w/w) was possible only if molecular mass (MM) of CS
is known. In case of the unknown MM the result can be expressed
in mols of CS per mass of the product. Two different ethoxylated
oxo-alcohols with different alkyl chain lengths (C9–C15) containing
7 and 8 EO groups, most frequently used in formulated prod-

ucts investigated, were successfully simultaneously titrated. Their
quantification required the prior estimation of the corresponding
experimental stoichiometric factors (mg EONS/mL NaTPB solution
used as a titrant) for each EONS investigated [13].

Fig. 6. Titration curve and its first derivative of a liquid agent for cleaning and desin-
fection containing C13–C15 oxo-alcohol with 8 EO per molecule and benzalkonium
chloride, using sodium TPB (c = 5.0 mM) as a titrant and a DMI–TPB sensor as the
end-point detector.
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. Conclusions

A sensitive potentiometric surfactant sensor based on a highly
ipophilic 1,3-didecyl-2-methyl-imidazolium cation and a TPB
ntagonist ion was used as the end-point detector in ion-pair sur-
actant potentiometric titrations.

The standard TPB solution was used as the titrant for the titration
f CS and EONS mixtures, which formed water insoluble complexes.
our CSs (Hyamine 1622, CPC, CTAB and DMIC) and three nonionic
urfactants (Genapol T 080, Genapol T 110 and Triton X-100) were
sed for the investigations.

The two-component combinations of each CS and EONS investi-
ated were potentiometrically titrated using the sensor previously
entioned as the end-point detector. Titration curves for both
enapol surfactant mixtures with each CS exhibited well-resolved

nflexions, which enabled accurate end-point determination. Titra-
ion curves of the Triton X-100 mixture with CSs exhibited strong
nflexions for each CS titrated (the first inflexion). The magnitude
f the second inflexion (related to Triton X-100) varied depending
n the nature of the CS. The titration of the mixture of Triton X-100
ith DMIC and CPC exhibited a well-defined inflexion, whereas its

itration with two other CSs revealed less pronounced inflexions.
The quantities of the surfactants investigated varied between

.50 and 7.50 �mol for CS and 2 and 6 �mol for EONS. Errors
ppeared when the ratio of titrant consumptions for each com-
onent in the mixture exceeded 3:1. The errors were significantly
educed by performing a preliminary titration and a subsequent
nown addition of the surfactant of a lower concentration to con-
ume a titrant volume of 4–5 mL for each component in the mixture.

Ionic strength did not influence the shape of titration curves
xcept at 0.1 M NaCl, at which point a slight distortion of the sec-
nd inflexion related to the nonionic surfactant was observed. The
urfactant mixtures were successfully titrated in the pH range of
–10.

Three commercial products containing CSs as disinfectants and
onionic surfactants were potentiometrically titrated, and the
esults were compared to those obtained with two-phase titrations
or CSs and a gravimetric method for nonionic surfactants.
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581 (2007) 355–363.
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