
Chapter 10

Surfactants

Elmorsy Khaled and Hassan Y. Aboul-Enein

Surfactants are the active ingredients in personal hygiene products and detergents

for industrial and household cleaning. There are four classes (cationic, anionic,

amphoteric, and nonionic) based on the ionic charge (if present) of the hydrophilic

portion of the surfactant in an aqueous solution. The annual global production of

surfactants was 13 million metric tons in 2008, about 70 % represent anionic ones.

Surfactants are among the most important components in the group of highly toxic

substances that affect environmental conditions in marine ecosystems.

The determination of surfactants in the environment is important not only

because they are toxic, but also for their biodegradation metabolites that are more

persistent. The routine procedure for surfactants analysis is based on a two-phase

titration method. While this method is sensitive, it has many disadvantages such as

limitation of application to strongly colored and turbid samples, time-consuming,

toxicity of organic chlorinated solvents used, and formation of emulsions during

titration which could disturb the visual end-point detection. In view of its disad-

vantages, other alternative analytical techniques have been developed such as

spectrophotometry, thin layer chromatography, and capillary electrophoresis.

However, increasing environmental concerns have fostered the development of

automated analytical systems for environmental monitoring with added features

for in situ, real time and remote operation. The use of electrochemical sensors as

detectors integrated in automated flow systems has proved to achieve simple,

robust, and automatic analyzers for environmental monitoring.
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This chapter presents an overview of electrochemical techniques applied for the

determination of surfactants. Special focus will be put on both potentiometric and

amperometric sensors and biosensors.

10.1 Introduction

Surfactants form a unique class of organic compounds. A surfactant molecule

contains a hydrophilic head group and a hydrophobic chain (or tail). The polar or

ionic head group usually interacts strongly with an aqueous environment, in which

case it is solvated via dipole–dipole or ion–dipole interactions. Surfactants have a

remarkable ability to influence the properties of surfaces and interfaces, and thereby

have an impact on industrial processes and products. Applications of surfactants in

industry area are quite diverse and have a great practical importance. Surfactants

may be used in the production and processing of foods, agrochemicals, pharma-

ceuticals, personal care and laundry products, petroleum, mineral ores, fuel addi-

tives and lubricants, paints, coatings and adhesives, and in photographic films.1–6

They can also be found throughout a wide spectrum of biological systems and

medical applications, soil remediation techniques, and other environmental, health,

and safety applications.6

The nature of the polar head group is used to divide surfactants into different

categories.6 Anionic surfactants are dissociated in water in an amphiphilic anion,

and a cation (metal or quaternary ammonium ions). They are the most commonly

used surfactants as they account for about 50 % of the world production. Examples

for anionic surfactants include alkylbenzene sulfonates (detergents), soaps (fatty

acids), lauryl sulfate (foaming agent), di-alkyl sulfosuccinate (wetting agent),

lignosulfonates (dispersants), etc. On second position behind anionic surfactants,

nonionic surfactants represent about 45 % of the overall industrial production. They

do not ionize in aqueous solution, because their hydrophilic group is of a

non-dissociable type, such as alcohol, phenol, ether, ester, or amide. A large

proportion of these nonionic surfactants are made hydrophilic by the presence of

a polyethylene glycol chain, obtained by polycondensation of ethylene oxide. They

are called polyethoxylated nonionics. Cationic surfactants dissociate in water into

an amphiphilic cation and an anion, most often of the halogen type. A very large

proportion of this class corresponds to nitrogen compounds such as fatty amine salts

and quaternary ammoniums, with one or several long chain of the alkyl type, often

coming from natural fatty acids.

Surfactants are widely used in everyday personal care and household products as

well as in a variety of industrial applications. As a result, large amounts of

surfactants are commonly discharged in large quantities to sewage treatment plants

or directly to the aquatic environment in areas where there is no sewage treatment.

The toxicity and persistence of surfactants is now fairly predictable for a variety of

environmental situations and several reviews are available.7–11 Under aerobic

conditions many surfactants are readily biodegraded, while anaerobic

906 E. Khaled and H.Y. Aboul-Enein



biodegradation generally proceeds more slowly. The toxicity of surfactants natu-

rally depends greatly upon their structure. Increasing the alkyl chain length in the

hydrophobic group will generally increase the toxicity, whereas increasing the

ethylene oxide (EO) numbers with the same hydrophobic group will generally

decrease the toxicity.6 Because many surfactants are ubiquitous,12 the potential

toxic effects of these chemicals have attracted much research attention in the past

several decades.13–15

10.2 Determination of Surfactants

The widespread importance of surfactants in industrial applications, and scientific

interest in their nature and properties have been reflected on a wealth of published

literature on surfactant analysis.16–31 Probably the most common analytical method

for ionic surfactants is Epton’s two-phase titration.32–34 Here, the surfactant is

extracted into an organic hydrophobic solvent (CHCl3) when a lipophilic ion-pair

formed with the titrant. The latter is generally a surfactant of opposite charge. The

titration is carried out in the presence of an ionic dye (or a mixture of ionic dyes)

which colors the organic layer differently in the presence of an excess of anionic or

cationic surfactants. Nonionic surfactants can be titrated after the addition of an

activator to form a charged complex.35 Although this procedure was currently used

as a standard method; Gerlache et al.30 reported several drawbacks such as forma-

tion of an emulsion during titration (risks of errors in visual end-point detection),

lack of efficiency for a surfactant having a short carbon chain length, turbidity of the

solution when analyzing a complex sample, toxicity of the chlorinated organic

solvent (CHCl3), time-consuming, and difficulty of automation. So it seems neces-

sary to search for alternatives of the aforementioned method in order to increase the

laboratory productivity and operator safety and comfort and to reduce drastically

the reagents consumption and waste production.

This chapter was intended to provide an overview of different electroanalytical

methods for surfactant analysis. Surfactant sensors are usually divided into poten-

tiometric, voltammetric, and amperometric sensors and biosensors. While amper-

ometric sensors and biosensors are very few for the determination of surfactants,

potentiometric sensors are the most common due to their simplicity and versatility.

10.2.1 Potentiometric Surfactant Sensors

Potentiometric surfactant sensors are usually used as titration end-point indicator

electrodes, although some direct potentiometric surfactant electrodes have also

been reported.20–23,29–31 All surfactant titrations are based on the so-called antag-

onist reaction, where an ionic surfactant reacts with an oppositely charged ion

(mainly surfactant, too) forming a water insoluble salt (ion-pair).21,29 Before the
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equivalent point, the analyte is in excess and, afterwards, the titrant is in excess. The

electrode may be sensitive to the analyte or to the titrant. The electroactive material

is usually an ion associate A+B� in the sensing element in which B� is an anionic

surfactant and A+ is usually a cationic surfactant.21,29 Simply, the ion associate can

be prepared by mixing adequate volumes of an aqueous solution containing the

anionic surfactant with a solution containing an equimolar amount of the cationic

one. The precipitate is filtered, washed thoroughly with distilled water, and dried

under vacuum at 25 �C for at least 24 h; afterwards it is ground to a fine powder.

Potentiometric sensors are suitable for the determination of ionic (cationic and

anionic) as well as nonionic surfactants after activation of the latter with barium

chloride.36

Investigations of surfactant-sensitive potentiometric electrodes began in the

1970s.37 Since surfactant ion-selective electrodes have been developed by Gavach

and Seta,38 the development of potentiometric surfactant sensors is an area of

interest. Several excellent articles20,21,29,30,39,40 review the use of different types

of electrodes for surfactant analysis. When compared with other analytical

methods, ion-selective electrodes (ISEs) are simple, relatively inexpensive, robust,

durable, and ideal for their use in field environments. Some other advantages

involve that they can be used very rapidly, that they allow continuous monitoring,

and that they are not affected by turbidity or color of a sample.

In this part, different potentiometric ion-selective electrodes for the determina-

tion of surfactants will be discussed including liquid membrane electrodes, con-

ventional polyvinyl chloride membrane electrodes (PVC), solid contact electrodes,

carbon paste electrodes (CPEs), and more recently disposable screen-printed elec-

trodes (SPEs).

10.2.1.1 Liquid Membrane Electrodes

The customary type of a liquid membrane electrode is a design in which the

sensitive membrane is composed of a water-immiscible organic solvent containing

the ion of interest in the form of ion associate. The membrane is interposed between

a standard (internal) and a test (external) ion solution.41–43 In early types of liquid

membrane electrodes, an organic phase as a membrane is placed between two

aqueous phases in bulk or with the support of a thin, porous cellulose sheet, sintered

glass, or similar lamellas. Nitrobenzene is the popular membrane solvent; other

organic solvents are also applied such as o-nitrotoluene, 4-ethylnitrobenzene,

4-nitro-m-xylene, and p-nitrocoumarin.

Gavach et al.44 were probably the first to apply liquid membrane-based

ion-selective electrodes (ISEs) for the titration of long chain alkyl methyl ammo-

nium salts with sodium tetraphenyl borate. Birch et al.45,46 were also among the first

researchers to use liquid ion-exchange electrodes responsive to ionic surfactants

in 1972.

A solution of a surfactant ion associate dissolved in a hydrophobic organic

solvent (nitroaromatic derivatives) was used as a sensitive liquid membrane
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electrode for the determination of surfactants.25,26 The inner body of the electrode

was filled with a chloride solution of a diluted anionic surfactant and a Ag/AgCl

reference electrode was dipped into this internal solution.

Ishibashi et al.47 used a Crystal Violet salt in nitrobenzene or

1,2-dichloromethane as the active sensing part for aromatic sulfonates. As reported,

the presence of hydrophobic groups in the Crystal Violet molecule limited the

dissolution of the sensing solution in aqueous samples.

A comparison of the results obtained with surfactant selective electrodes48 and

the two-phase titration procedure reveals great accuracy for both techniques.

However, the analysis of commercial cosmetic products and washing powders

gave better results with the potentiometric titration method.

Sap et al.49 used an Fe (I1) bis [2,4,6-tri(2-pyridyl)]-1,3,5-triazine complex

embedded in the sensor for the determination of dodecyl sulfate (DS). Linear

response was in the concentration range between 7� 10�6 and 1.5� 10�6 mol L�1.

No interference from inorganic ions was noticed while some other organic ions did.

The potential jump magnitude increases with the alkyl chain length of the surfactant

(formation of a more hydrophobic ion-pair).

A supported liquid and a PVC-based membrane selective for dodecyl sulfate

(DS�) ion was described by Arvand-Barmchia et al.50 The electroactive element

was a membrane containing a dissolved ion association complex of DS� with

cetylpyridinium (CP+) cation dissolved in acetophenone. Nernstian response

towards the DS� anion was achieved over the concentration range from

8.3� 10�3 to 1.0� 10�6 M at 25 �C. The proposed electrode also showed good

selectivity and precision (RSD about 2.0 %), and was usable within the pH range of

4.0–6.8. The liquid membrane electrode could find application in the direct deter-

mination of DS by the standard addition method at pH 5.0, and exhibited useful

analytical characteristics for the determination of sodium dodecyl sulfate (SDS) in

detergents and real samples.

Two major problems encountered with liquid membrane electrodes are the drift

of the potentiometric signal with time and a risk of membrane dissolution in the

aqueous phase when the concentration of the surfactant approaches the critical

micelle concentration (CMC).

10.2.1.2 Conventional Polymeric Membrane ISEs (PVC)

Moody et al.51 introduced a more convenient approach for liquid membrane

electrodes, where the membrane components (electroactive material, supporting

polymer and plasticizer) were dissolved in tetrahydrofuran or cyclohexanone at

room temperature. The cocktail was poured in a Petri dish, where the slow evap-

oration of the solvent left a flexible master sheet of 10–100 μm thickness. The

membrane was cut with a cork borer and mounted at the end of a plastic tube. The

electrode body was filled with a standard internal solution of the target ion and

saturated KCl as desired for establishing the potential of the internal reference

electrode. Since these membranes contained ~70 % (w/w) plasticizer and because
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the plasticized polymer behaved like a viscous liquid, the properties of the electrode

were very similar to the original liquid membrane electrode. However, the poly-

meric matrix could be considered as a microporous net or a close netting, respec-

tively, the vacancies of which were occupied by the plasticizer in which the

electroactive material was dissolved.41 Many polymers were used as a polymeric

support such as polyvinyl chloride (PVC), polyurethane, silicone rubber, polysty-

rene, and polymethyl methacrylate.52 PVC was the most commonly used polymer

matrix as it gave homogeneous, solid and flexible membranes with electrochemical

compatibility with a host of sensor material cocktails based on liquid ion exchanger

and their appropriate plasticizing solvent mediators.53 The role of plasticizers in

plastic membrane electrode might be considered analogous to that of organic

solvent in liquid membrane electrodes, as it would determine the electrode selec-

tivity towards the ion of interest, the slope of the calibration graph, as well as the

membrane resistance.

Moody and coworkers54,55 and Buschmann and coworkers36,39 were leaders in

constructing efficient surfactant sensors. ISEs containing PVC membranes with

ortho-nitrophenyloctyl ether (o-NPOE) as a plasticizer were suitable for the deter-
mination of amphoteric (ZS) and cationic (CS) surfactants. At pH< 1.5, the ZS

reacts as a CS and can be titrated by a bulky counter ion such as tetraphenylborate.56

Complexation of the ethoxylated part of nonionic surfactants with a bivalent cation

such as Ba2+ allows potentiometric titration with tetraphenyl borate.36 Jones et al.54

report a detection limit of 1� 10�7 mol L�1 for Antarox 880.

A potentiometric flow injection determination method for DS� ion was proposed

by utilizing a flow-through type ion-selective electrode detector. The sensing

membrane of the electrode was a PVC membrane plasticized with o-NPOE without

added ion exchanger.57 A linear relationship was found between peak height and

logarithmic concentration of the DS� ion with a Nernstian slope of 52 mV decade�1

in a concentration range from 1.0� 10�5 to 1.0� 10�3 mol L�1; the detection limit

was 5� 10�7 mol L�1 and the relative standard deviation 1.3 %. The method was

free from the interference of nonionic surfactants and inorganic electrolytes for the

determination of the DS� ion. The same author applied a plasticized PVC mem-

brane electrode sensitive to dodecylbenzene sulfonate (DBS) ion for the determi-

nation of anionic polyelectrolytes by potentiometric titration, using a solution of

(Cat-floc) as a titrant. A linear relationship between the concentration of anionic

polyelectrolytes and the end-point volume of the titrant existed in the concentration

range from 2� 10�5 to 4� 10�4 mol L�1 for potassium polyvinyl sulfate (PVSK),

alginate, and carrageenan.58 In a more recent publication, a PVC membrane

electrode sensitive to octadecylammonium (stearyltrimethylammonium) ion for

the determination of cationic polyelectrolytes or Cat-floc by potentiometric titration

was published.51 A linear relationship between the concentration of cationic poly-

electrolyte and the end-point volume of the titrant existed in the concentration range

from 2� 10�5 to 4� 10�4 mol L�1 for Cat-floc, glycol chitosan, and methylglycol

chitosan.

A sensor for anionic surfactants with a membrane consisting of 33 % (m:m) PVC,

66 % dioctylphthalate (DOP) plasticizer, and 1 % tridodecylmethylammonium
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chloride (TDMAC) was developed and used for flow injection analysis.59 The sensor

displayed a working response range from 5� 10�7 to 5� 10�3 mol L�1 DBS with a

Nernstian slope of 58.5� 0.2 mV decade�1, a response time of 30 s and a detection

limit of 1.5� 10�7 mol L�1. The sensor was used to measure anionic surfactants

(DBS) in different wastewater samples, commercial detergent products, and for

monitoring the rate of surfactant biodegradation in sewage treatment plants. The

results obtained agreed fairly well with the data obtained by the standard spectro-

photometric method.

Three other kinds of ion-selective polymeric membranes (ISEs) sensitive to

cationic surfactants were fabricated and characterized by Campanella et al.60

They use benzyldimethylhexadecylammonium-reineckate, dodecyltrimethyl-

ammonium-reineckate, or hexadecyl-pyridinium-phosphotungstate as exchanger.

ISEs displayed a linearity range for common cationic surfactants between about

10�6 and 10�4 mol L�1, satisfactory fast response (60 s) and moderately

sub-Nernstian slope values. An electrode based on PVC membrane containing

trioctylhydroxybenzene sulfonic acid as an ion exchanger and dibutylphthalate

(DBP) as a plasticizer was used for the determination of low concentrations of

cationic surfactants in antiseptic formulations, by potentiometric titration with

sodium tetraphenyl borate.61

A cetylpyridinium chloride (CPC)-selective membrane sensor consisting of

CPC-ferric thiocyanate ion pairs in a PVC matrix plasticized with DOP was

described by Mostafa.62 The electrode showed a stable, near-Nernstian response

for 10�3 to 10�6 mol L�1 CPC at 25 �C over the pH range of 1–6 with a slope of

57.5� 0.4 mV decade�1. There is negligible interference from many cations,

anions, and pharmaceutical excipients; however, cetyltrimethylammonium bro-

mide (CTAB) interfered significantly. The direct determination of CPC in Ezafluor

mouthwash gave results that compare favorably with those obtained by the British

Pharmacopoeia method.

Badawy et al.63 prepared a cetyltrimethylammonium (CTA) cation sensitive

polymeric membrane electrode. The electroactive material was the

ion-association complex of the cation (CTA)+ with phosphotungstic acid (PTA).

The electrode was applied for the determination of CTAB in aqueous solutions by

standard additions and by potentiometric titration with PTA. The response was

nearly Nernstian between 3.2 and 830 μM and was unaffected by pH changes.

Recoveries of CTAB from a disinfectant solution were 102.8 and 97 % by the

standard addition and the potentiometric method, respectively. The same group

fabricated a PVC membrane electrode selective for the CTA+ ion using the

CTA-trinitrobenzene sulfonate (TNBS) ion pair as electroactive material. The

electrode showed a near-Nernstian response within the CTA+ concentration range

from 1.08� 10�6 to 8� 10�4 M at 25� 1 �C, good selectivity and precision

(RSD¼ 1.0 %); it was usable within the pH range 2.5–10.2. The electrode was

used for the direct determination of CTAB either by the standard addition method

or by potentiometric titration with TNBS at pH 7.64 In another publication, the same

author65 prepared a PVC membrane electrode selective for the cetyldimethylethy-

lammonium ion (CDEA). The active element was a plasticized PVC membrane
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containing the ion associate complex of CDEA with phosphotungstic acid. Near-

Nernstian response within the concentration range of l0�6 to 10�4 mol L�1 CDEA

was achieved.

A polyvinyl chloride (PVC) membrane66 electrode based on

hexadecylpyridinium-phosphotungstate (HDP-PTA) ion associate was constructed

for the determination of HDP ion in some antiseptic and disinfecting preparations

by standard addition or potentiometric titration methods. The electrode showed a

Nernstian response over the concentration range of 6.3� 10�6 and

3.1� 10�3 mol L�1 of HDP at 25 �C over a wide pH range.

Patil et al.67 fabricated PVC electrodes sensitive to dodecyltri-methylammonium

ions (DTA+) and tetradecyltrimethylammonium ions (TTA+). The electrode was

used for determination of critical micelle concentration of TTAB in water. More-

over the electrode was tested in the presence of nonaqueous polar solvents, i.e.,

dimethylformamide (DMF) and dimethylsulphoxide (DMSO).

A sensitive potentiometric surfactant sensor was prepared based on the highly

lipophilic 1,3-didecyl-2-methyl-imidazolium cation in the form of its tetraphe-

nylborate associate.68 The sensor responded fast and showed a Nernstian response

for the following surfactants under investigation: CPC, CTAB, and hyamine with

slope values of 59.8, 58.6, and 56.8 mV decade�1, respectively. The sensor served

as an end-point detector in ion-pair surfactant potentiometric titrations using

sodium tetraphenylborate as titrant. Several technical grade cationic surfactants

and a few commercial disinfectant products were also titrated, and the results were

compared with those obtained from a two-phase standard titration method. The

results, compared to those obtained using a commercial surfactant electrode with

the standard two-phase titration method, exhibited satisfactory mutual agreement.

A membrane with the hexadecyltrioctadecylammonium-tetraphenylborate

(HDTA-TPB) ion pair was used for the preparation of a potentiometric sensor for

anionic surfactants, such as DS�.69 The sensor exhibited a Nernstian response of

58.1 mV decade�1 between 3� 10�7 and 3� 10�3 mol L�1. The interfering effect

of several inorganic and organic anions, most frequently used in formulated prod-

ucts, was investigated. The homologous series of C7–C12 alkane sulfonates and

some commercial detergent products were successfully titrated.

More recently,70 a PVC membrane electrode selective to HDTA+ and DS� was

constructed using modified single-walled carbon nanotubes (SWCNTs). The mem-

brane electrodes exhibited a Nernstian response (59.5 mV/decade) for DS� and a

near-Nernstian response (57.2 mV decade�1) for CTAB over a wide concentration

range below their critical micelle concentrations (CMC). The electrodes showed a

fast response time (t90 %¼ 30 s) and could be used for 3 months without any

divergence in potentials. The ion-selective electrode could determine SD� down

to concentrations as low as 1.9� 10�6 mol L�1 and CTA+ to 5.2� 10�6 mol L�1.

This method for determining anionic surfactants was found to be quite accurate

when compared with classical methods.

An installation for the rapid determination of surfactants in seawater using

ion-selective electrodes was developed by Stepanets et al.71 The installation was

tested under on-site conditions on shipboard in the course of integrated marine

912 E. Khaled and H.Y. Aboul-Enein



studies of environmental conditions in the Baltic Sea. Maximum marine pollution

levels were detected in the near-shore zone; this fact can be explained by waste

discharges from sites where surfactants are in wide residential and industrial use.

Generally, potentiometric sensors incorporated with ion-pair associates are

plagued by limited selectivity and their applications are restricted to more chal-

lenging matrices; therefore more selective molecular recognition components are

clearly required. Chemically modified electrodes (CMEs) were suggested for

improving the electroanalytical performance through application of molecular

recognition species selective to the target analyte.72,73 Different types of molecular

recognition elements have been proposed including crown ethers, calixarenes,

cyclodextrins (CDs), or porphyrins.74,75 Cyclodextrins are naturally occurring

macrocyclic oligosaccharides formed of 1,4-glucosidic bond-linked D(+)

glucopyranose oligomers of 6, 7, and 8 glucose units yielding α-, β-, and γ-CDs,
respectively. CDs can form inclusion complexes with different types of guest

molecules without the formation of chemical bonds or changing their structure,

where the binding forces are attributed to a number of weak interactive forces, such

as hydrophobic forces, hydrogen bonding, and other factors such as size of the

cavity and shape of the guest molecule.76

Functionalized, lipophilic α-, β-, and γ-cyclodextrins were synthesized and their

suitability as onium ion-selective potentiometric sensors was investigated. The

proposed electrodes showed Nernstian responses for acetylcholine chloride, dopa-

mine hydrochloride, and the surfactant myristyltrimethylammonium bromide

(MTMAB). In each instance, the electrode response was substantially enhanced

and stabilized by the presence of the lipophilic cyclodextrin.77

A PVC membrane ion-selective electrode suitable for the potentiometric

end-point detection in the titration of cationic surfactants was constructed by Khalil

et al.78 The active substance of the electrode was the neutral carrier dibenzo-18-

crown-6 using diisooctyl phthalate as plasticizer. The electrode had a pH working

range from 2.0 to 12.0 with a Nernstian behavior between 6.0� 10�6 and

1.6� 10�3 mol L�1 of hyamine 1622. Katsu and Nishimura79 evaluated eight

dioxadicarboxylic diamides as ionophores in PVC membrane electrodes for the

detection of hexylammonium ions. As reported, near-Nernstian response was

achieved and the selectivities were much better than those of the dibenzo-18-

crown-6-electrode.

A cyclic aza-oxa-cycloalkane, 7,13-bis(n-octyl)-1,4,10-trioxa-7,13-diazacyclo-
pentadecane (L1), was characterized and its interaction with anionic surfactants

studied.80 Different PVC membrane anionic surfactant-selective electrodes were

prepared using L1 as ionophore and o-NPOE, bis(2-ethylhexyl) sebacate (BEHS)

or DBP as plasticizers. The PVC-based membrane electrode containing o-NPOE as

plasticizer showed a Nernstian response with a slope of 57.7� 0.2 mV decade�1

for lauryl sulfate (LS) in a concentration range from 3.3� 10�6 to 6.7� 10�3 mol L�1

with a detection limit of 2.2� 10�6 mol L�1. The fabricated electrode was used for

the determination of anionic surfactants in several mixtures, and the results obtained

were compared to those found using a commercially available electrode. A similar

ligand (7-methyl-7,13-di-octyl-1,4,10-trioxa-13-aza-7-azonia-cyclopentadecane)
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was used as ionophore in the development of a LS ion-selective electrodes.81 The

characteristic performances of the sensor were as follows: the potentiometric

response was Nernstian with 59.5 mV decade�1 in a range of concentrations from

1.3� 10�6 to 6.8� 10�3 mol L�1 with a detection limit of 6.0� 10�7 mol L�1.

Moreover, the cyclam derivative 1,4,8,11-tetra(n-octyl)-1,4,8,11-tetraazacyclote-
tradecane (L) was used as a carrier for the preparation of PVC-based membrane

ion-selective electrodes for anionic surfactants in the presence of tetra-n-
octylammonium bromide (TOAB) as cationic additive.82 The electrode composition

was as follows: 56 % DBP, 3.4 % ionophore, 3.8 % TOAB, and 36.8 %

PVC. This electrode displays a Nernstian slope of 60.0� 0.9 mV decade�1 in

the concentration range from 2.0� 10�3 to 7.9� 10�6 mol L�1 DS� and a poor

response to common inorganic cations and anions. The selective sequence found

was DS�>ClO4
�>HCO3

�> SCN�>NO3
��CH3COO

�� I�>Cl�>Br�>
IO3

��NO2
�� SO3

2�>HPO4
2�>C2O4

2�> SO4
2�, i.e., basically following the

Hoffmeister series except for the hydrophilic anion bicarbonate. The electrode

could be used for 144 days without showing significant changes in the value of the

slope or the working range. The electrode showed a selective response to DS and a

poor response to common inorganic cations and anions.

Although symmetric ISEs have found a wide range of applications,54–83 they still

have certain inherent limitations; they are mechanically complex, and thus difficult

to be miniaturized. The internal reference solution increases the system’s imped-

ance and the electrode response time, in addition to a shorter lifetime due to

leaching of the electroactive material throughout both solutions in contact with

the membrane, and finally due to the internal compartment, which cannot withstand

high pressure.84

10.2.1.3 Solid Contact Electrodes

The increased interest in using ISEs has led to the development of new sensor

materials that show high selectivity for a variety of anions and cations and new

approaches for electrode construction. Several attempts have been made to elimi-

nate the internal reference electrode resulting in a solid-state sensor design. Exam-

ples of these types of sensors include coated wire electrodes, graphite rods,

graphite-based electrodes, and ion-selective field-effect transistors (ISFETs).

A new kind of all solid-state sensors was first reported by Cattrall and Freiser in

1971 in which the internal reference element was in direct contact with the sensing

membrane and thus contained no aqueous solution. The first group of such simpli-

fied sensors was those of the so-called coated wire construction type (CWE). In this

approach, a metal wire was dipped with a solution of PVC in THF containing also a

suitable electroactive material. During evaporation of the solvent, a PVC film on

the metal wire surface was formed.85 Although different materials such as platinum,

silver or sliver chloride, and aluminum could serve as central conductors, the nature

of the wire support had no substantial influence on the electrode performance if it

did not react with the membrane components.86
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Cottrell was the first who used a PVC-coated wire electrode for the determina-

tion of low concentrations of surfactants.87 Extensive articles and excellent over-

views on CWEs for the determination of surfactants were published by Vytras’s

group, who were very active in developing simple coated wire electrodes for

cationic and ampholytic surfactants especially during the 1980s.21,29,43,88–95

A method was described for the determination of nonionic surfactants containing

poly(oxyethylene) chains with sodium tetraphenylborate, based on the precipitation

of ternary compounds in the presence of bivalent metal ions (barium salts). Titra-

tions were monitored potentiometrically with a simple PVC membrane-coated

aluminum wire electrode plasticized with 2,4-dinitrophenyloctyl ether.94

Cations of the homologous series of N-alkyl-N-ethylpyrrolidinium salts were

determined with a good precision by a titration using sodium tetraphenylborate

using a simple CWE.95 The magnitude of both, the potential break and sharpness at

the inflexion point of the titration curve, was predetermined by the solubility of the

corresponding ion-pair in the membrane solvent and was affected by the nature of

the membrane plasticizer. The results showed that o-NPOE gave the highest ΔE,
which might be due to its high polarity. The author reported that the value of the

potentiometric titration break depended on the number of carbon atoms in the alkyl

chain.

More recently, a new, simple, sensitive, low cost, and rapid potentiometric

method for direct determination of ultra-trace amounts of SDS with a new DS�

selective electrode was reported.96 The electrode was prepared by electropoly-

merization of aniline on the surface of a Pt electrode in acidified solutions

containing DS� ions. The sensor showed a Nernstian behavior response of

59.0� 2.3 mV decade�1 over a very wide linear range from 1.0� 10�9 to

3.0� 10�6 mol L�1. The electrode exhibited high selectivity to DS� over other

ions and could be used for 4 weeks without any major deviations in the pH range of

3.5–9.8. The proposed electrode was applied to the determination of DS� in mouth

washing solution and tap water samples. The potentiometric behavior of coated

wire electrodes based on DBS-doped polypyrrole (PPy-DBS) and hyamine as ion

exchanger was investigated by Shafiee-Dastjerdi and Alizadeh.97 Two types of

coated wire electrodes made of PVC-PPy-DBS and PVC-hyamine-DBS, plasti-

cized with o-NPOE, showed Nernstian behavior (with respective calibration slopes
of about 58 and 60 mV per decade) within a concentration range of 3.0� 10�6 to

1.1� 10�3 and 5.0� 10�6 to 1.3� 10�3 mol L�1 DBS�, respectively. The poten-
tiometric response was independent from the pH of the test solution in the range of

3–10. The response time of electrodes was fast (10 s for both types of electrode),

and the electrodes could be used for at least 3 months without any significant

changes in the potential. DBS� was determined in some commercial detergents

with results in satisfactory agreement with those obtained by a standard method

(two-phase titration).

Data for cationic surfactant ions in common cleaners as determined with CWEs

were presented by Plesha et al.98 Dinonylnaphthalene sulfonic acid, tetraphe-

nylborate, and tetrakis (4-chlorophenyl)borate were examined as ion exchangers,

from which dinonylnaphthalene sulfonic acid showed to be the favorable agent. The
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ISEs exhibited approximately Nernstian behavior down to the 10�6 mol L�1 with

lifetimes over 50 days when used continuously, and a shelf life of over 100 days.

Selig was the first who used a spectroscopic graphite rod coated with a solution

of PVC and DOP in tetrahydrofuran for the potentiometric titration process.99 An

interesting membrane was constructed by Dowle and coworkers,100,101 where a

graphite rod was coated with PVC containing tritolyl phosphate (TPP) and an

appropriate ionophore (tetradecylammonium dodecyl sulfate) which is sensitive

to anionic surfactants. The fabricated electrode showed a linear measuring range

from 10�2 to 10�6 mol L�1 SDS with fast response time of 30 s. The sensor

operated well in ethanolic solutions (20 % v/v) and could be used under flow

conditions such as in HPLC. The disadvantages were a relatively poor lifetime

and the need to calibrate the electrode several times per day.

Nineteen quaternary ammonium salts including CTAB and 25 basic dyes were

potentiometrically titrated against Orange IV.102 The indicator electrode was a

carbon rod coated with a PVC membrane containing triheptyldodecylammonium

iodide (THDAI). The ammonium compounds containing alkyl groups of 14–18

carbon atoms showed well-defined titration curves with sensitivity in the concen-

tration range from 10�5 to 10�4 mol L�1.

An alternative approach for construction of solid contact electrodes can be also

applied by casting the sensitive membrane directly on the surface of a conductor

such as silver or a conductive carbon resin. Thus, two surfactant sensors were

prepared using hyamine 1622 or tetradodecylammonium (TDA) as cationic and

DBS as anionic surfactant.103 The sensing materials were incorporated in a PVC

matrix containing o-NPOE as a solvent mediator and applied on a support of a

conductive resin without inner reference solution. The responses of these electrodes

to DS and DBS as well as the interferences of several common inorganic anions and

anionic surfactants were examined. The membranes showed good performance for

use as a general potentiometric sensor responsive to anionic surfactants.

An automated FIA system with a throughput of 85 samples/h for the determi-

nation of low concentration levels of anionic surfactants in river water and waste-

water was developed by Saad et al.104 The system used specially constructed

tubular flow-through all solid-state ion-selective electrodes as potentiometric sen-

sors and on-line pre-concentration techniques. They showed a general response to

anionic surfactants with a lower detection limit of approximately 10�5 mol L�1.

Potentially interfering substances such as chloride, nitrate, and nonionic surfactants

were proved not to interfere. Matesic-Puac et al.105 prepared an all solid-state

surfactant-sensitive electrode based on a teflonized graphite conducting substrate

coated with a plasticized PVC membrane containing tetrahexyldecylammonium

dodecylsulfate (THDADS) as an anionic surfactant-sensing material. The electrode

was used as end-point indicator for potentiometric titrations.

An automated electronic tongue consisting of an array of potentiometric sensors

and an artificial neural network (ANN) was developed to resolve mixtures of

anionic surfactants. The sensor array was formed by five different flow-through

sensors for anionic surfactants, based on polyvinyl chloride membranes having

cross-sensitivity features.106
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ISFETs work as varieties of CWEs, incorporating the ion sensing membrane

directly on the gate of a FET. The construction is based on the technology to prepare

small multisensor systems with multiple gates, for sensing several ions simulta-

neously, while their small size permits the in vivo determination of analytes. An

ISFET device selective to anionic detergents, based on a PVC-sebacate membrane,

containing benzyldimethylcetylammonium cholate (BSCAC) as the ion exchanger

was characterized and applied for the determination of some anionic surfactants by

Campanella et al.107 The linearity range extended over 3–4 concentration decades

depending on the examined surfactant, within the range between about 10�6 and

10�3 mol L�1 in all cases. The proposed electrode could determine anionic surfac-

tants in standard aqueous solutions and in authentic matrices (lake and sea water).

The same author108 described three new ISFET devices based on polymeric selective

membranes sensitive to cationic surfactants. These sensors use a PVC-sebacate

matrix incorporating as exchanger benzyldimethylhexadecylammonium-reineckate

(BDHC-RN), dodecyltrimethylammonium-reineckate (DTA-RN), and

hexadecylpyridinium-phosphotungstate (HDP-PT), respectively. A characterization

of the ISFETs was performed and the analytical results were compared with those

obtained using other sensors such as ISEs equipped with the same exchanger or using

a biosensor responsive to cationic and anionic surfactants. Determinations of cationic

surfactants in aqueous matrices of environmental interest were carried out using the

sensor with the best performance. Furthermore, the critical micellar concentration

(CMC) of some cationic surfactants was also evaluated.

Sanchez and coworkers109 reported a new ISFET sensor for the determination of

anionic surfactants by titrations. The developed devices showed a lifetime longer

than 4 months, improving the reported values of PVC membrane-ISFETs. Other

characteristics were Nernstian slopes from 59 to 62 mV decade�1, with detection

limits of about 10�6 mol L�1. In a comparative study, there were no significant

differences between the results produced with the standard two-phase titration

method and the proposed potentiometric titration method. In a following publica-

tion, ISFETs based on a photocurable membrane sensitive to anionic surfactants

SDBS and DS were reported.110 The determination of the concentrations of the

surfactants was performed following a standard addition methodology using

ISFETs as sensors without any previous separation stages.

Mainly due to the sacrifice of the internal reference solution, solid contact

electrodes exhibit interesting properties: they can be machined in any shape, exhibit

faster responses, and facilitate the possibility to be operated in higher pressure

environments where symmetric ISEs might be damaged. Drawbacks of the above

construction are the poor reproducibility of the electrode potential and a drift that

can be related to the asymmetric membrane with no internal reference electrode and

filling solution. There is an ill-defined thermodynamic charge transfer at the

blocked interface (phase boundary) between the ion sensitive membrane with

ionic conductivity and the conducting substrate with electronic conductivity.112

For this reason, CWEs are better applied under hydrodynamic conditions, e.g., in

flow injection analysis, where the contact of the sample plug with the electrode

surface is brief.
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10.2.1.4 Carbon Paste Electrodes (CPEs)

Carbon paste electrodes (CPEs) were firstly reported by Adams in 1958 as a new

sensor material to overcome limitations of the dropping mercury electrode (DME)

caused by anodic dissolution of Hg at more positive potentials.112 Carbon pastes are

usually prepared by mixing of graphite powder and a pasting liquid (binder), using

an agate mortar and a pestle. The resulting paste with fine consistency is packed into

a piston driven electrode holder offering easy and quick surface regeneration which

is the most frequently emphasized advantage of CPEs. In addition, carbon paste has

advantages of ease of bulk modification compared with surface modification which

is usually more complex and time-consuming.42,113–115 The binder, or pasting

liquid, behaves similar to the plasticizer of the membrane electrodes. From

among the substances currently used, tricresyl phosphate (TCP) was recommended

in case of ISE potentiometry.116 Earlier, CPEs were classified as a special type of

solid and/or carbon electrodes. From the potentiometric point of view, the elec-

trodes are now classified as ion-selective electrodes with a liquid membrane as the

pasting liquid is present as a very thin film surrounding the carbon particles and

exhibits usually good extraction ability against ion associates composed of lipo-

philic species.117,118

Concerning the determination of surfactants, in 1997 Vytras’s group demon-

strated that carbon paste-based electrodes could also be used as potentiometric

sensors to monitor titrations of surfactants.117,119 When compared to PVC and CW

electrodes, CPEs had the advantages of very low Ohmic resistance, very short

response time in addition to the ease of fabrication and regeneration as well as long

functional lifetime. Jezkova et al.116 used perchlorate and fluoroborate ion-selective

carbon paste electrodes for both direct potentiometric measurements and potentio-

metric titration of perchlorate or fluoroborate with 0.1 M CPC. The electrodes had a

rapid response, low Ohmic resistance, and limits of detections and selectivity

similar to the limits of commercial membrane electrodes. A carbon paste electrode

incorporated with the ion association of CPC–thallium halo complexes was applied

as indicator electrode with the potentiometric titration of surfactants.120

10.2.1.5 Screen-Printed Electrodes

While CPEs continued to play a major role in the development of analytical

procedures applicable in laboratory or to test new analytical methodologies,113–115

their relatively large size diminishes commercialization. Over the past few years,

interest has been growing in the application of simple, rapid, inexpensive dispos-

able sensors for clinical, environmental, and industrial analysis. Screen printing

seems to be one of the most promising technologies allowing sensors to be

produced on a large scale with the advantages of optimized manufacturing repeat-

ability. Mass production at low cost makes them ideal for industrial commercial-

ization with long shelf-life time and applications in the field with portable small
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instruments.113,121–125 Historically, the first reports on single-use disposable strip

electrodes were dealing with amperometric biosensors by Wring and coworkers.126

Screen-printed electrodes (SPEs) are devices that are produced by printing

different inks on a suitable substrate. Through the application of this technique, it

is possible to fabricate a chip containing working, reference, and auxiliary electrode

or even multisensory array. Electrode fabrication requires an ink as a precursor,

which is typically a mixture containing at least three components113 (see also

Chap. 16 of Volume I):

1. Conductive particles having electroactive sites.

2. A polymer that can bind together these particles.

3. A solvent in which the ink components are dissolved or dispersed.

The mixture is liquid at room temperature, while after printing and curing at

suitable temperatures, a solid conductive film with surface electroactive sites is

produced. Commercially available inks are already tested and optimized under

various conditions.

In a comprehensive study, Khaled et al.127 fabricated a simple disposable

potentiometric sensor for the determination of surfactants. The proposed disposable

sensor, containing both working and reference electrodes, was fabricated by screen

printing technology using a homemade printing ink composed of carbon particle

and a plasticizer dissolved in a PVC/THF solution. It was expected that, when such

sensors were immersed in a stirred aqueous suspension of the ion-pair formed

during the potentiometric titration, their organic solvents (plasticizers) became

gradually saturated with the ion pair and there was no need for the addition of the

electroactive material to the electrode matrix.

Analytical performances of the printed electrodes were compared with those of

carbon paste, coated wire, coated graphite, and PVC polymeric membrane electrodes.

The printed electrodes showed very short response time reaching 3 s with adequate

shelf-life (6 months). The disposable sensor was successfully applied for the poten-

tiometric titration of five different cationic surfactants, namely CPC, hexadecyltri-

methylammonium bromide (HDTAB), DTAB, didodecyldimethylammonium

bromide (DDMAB), and septonex with NaTPB. Concerning the titration process,

the total potential changes and potential jump at the end-point were large (between

528 and 234 mV with potential jump ranging between 2,035 and 650 mV mL�1

titrant) which allowed the determination of 90 μg surfactant. The total potential

change decreased proportionally with decreasing hydrophobicity of the molecule

yielding the following series: CPC>HDTAB> Septonex>DDMAB>DTAB

(Fig. 10.1).

The proposed disposable strips were successfully used for the potentiometric

titration of cationic and anionic surfactants, pharmaceutical preparations, deter-

gents, and water samples with sensitivities comparable with the official method;

they also have the ability of field measurements using a portable titration system

(Fig. 10.2).

Similar sensors were fabricated using screen-printed electrodes for the determi-

nation of CPC,128 CTAB,129 and Septonex130 using different thick films modified
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by the corresponding ion associates of the surfactant with tetraphenyl borate. The

fabricated electrodes showed a stable, near-Nernstian response for 1� 10�2 to

1� 10�6 mol L�1 CPC at 25 �C over the pH range 2–8 with a slope of

60.66� 1.10 mV decade�1.

Fig. 10.1 Potentiometric

titration of different cationic

surfactants with

10�2 mol L�1 NaTPB using

SPCPEs as potentiometric

sensor. (Reprint with

permission from reference
(127). Copyright (2008)

Elsevier

Fig. 10.2 Schematic diagram of a portable system manifold used for the potentiometric titration

of surfactants in the field. (Reprint with permission from reference (127). Copyright (2008) Elsevier
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10.2.1.6 Commercial Surfactants Potentiometric Electrodes

In parallel to research considering surfactants sensors, some commercially surfac-

tant selective electrodes have been launched into the market. Orion model 93-42,131

ASTEC model TSE 01:91,132 and Metrohm “High Sense Tenside” are examples

with considerable long operational life time38,55 and is the most promising speci-

men on the market.39,56 It is stable over a wide pH range and its use permits

differentiation between some detergents in mixtures simply by changing the pH

of the analyzed sample.

The polyoxyethylene portion of nonionic surfactants forms pseudo-crown com-

pounds in the presence of barium ions which can be titrated with sodium tetraphe-

nylborate using the Orion surfactant electrode as an end-point indicator electrode.

An average recovery of 96.4 % can obtained for the determination of three standard

detergents.131 The described method has been used successfully in the routine

determination of nonionic surfactants.

A commercially available fluoroborate ion-selective indicator electrode was

used for the potentiometric titration of surfactants and soaps.132 The titrants were

HDTAC, hexadecylpyridinium chloride (HDPC), and diisobutylphenoxy-

ethoxyethyl-(dimethyl)benzylammonium chloride (DIPEBC).133 Similarly, Benoit

et al.134 titrated CTAB with sodium tetraphenylborate potentiometrically using a

commercial ClO4
� selective electrode. The method proved to be precise exhibiting

a relative standard deviation of 1.1 %.

10.2.2 Voltammetric and Amperometric Sensors

A surfactant is usually not electroactive from voltammetric and amperometric

view; therefore, it is necessary to apply an indirect technique using a solution

with a certain amount of an electroactive species (a marker) which is oxidized or

reduced at the working electrode. The current of the marker decreases in the

presence of a surfactant, which inhibits the electronic transfer at the electrode

surface, and the concentration of the analyte can be related to the magnitude of

the current decrease. For instance, Skoog et al.135 studied different surfactants by

their influence on the amperometric and cyclic voltammetric responses of

hexacyanoferrate. In a flow system, they noted that the presence of nonionic

surfactants had an irreversible blocking effect on the electrode response. The

suppression effect by a surfactant on the adsorptive voltammetric response of the

nickel dimethylglyoxime complex was also reported by Adeloju and Shaw136,137

using different types of working electrodes, such as an HMDE, a mercury-film

electrode, or a dropping mercury electrode. CPC and CTAB could be determined at

ultra-trace levels by indirect stripping voltammetry on a hanging Hg drop electrode.

The calibration graphs were linear up to 65, 5, and 0.5–3 mg L�1 for CPC, CTAB,

and DBS, respectively. The method was applied to the determination of the
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aforementioned surfactants in disinfectants, lozenges, and mouth wash. In some

cases the sample solution was subjected to cleanup through a chromatographic

column before analysis to eliminate matrix interference.

The study of the inhibition of parahydroquinone oxidation at a graphite electrode

in the presence of a surfactant (phospholipid) was reported by Schmidt and Emons.138

The decrease of the parahydroquinone oxidation peak was related to the surfactant

concentration. In a similar approach, using ferrocene in a CPE as a redox tracer, Kim

et al.139 determined different surfactants via modification of the ferrocene redox

behavior. In the presence of DS, the oxidation peak current of ferrocene was

enhanced by a factor of 3.5. A limitation of the technique was the analysis time

because the electrode-solution contact period was 1 h. Similarly, anionic polyelec-

trolytes were determined by adsorptive stripping voltammetry (ADSV) at a carbon

paste electrode in the presence of 11-ferrocenyltrimethylundecyl ammonium ions.140

The ion-association complex between an anionic polyelectrolyte and the ferrocenyl

cationic surfactant was adsorptively accumulated at the electrode in the absence of an

applied potential. The concentration of the anionic surfactant was indirectly evalu-

ated from the oxidation wave of the ferrocenyl cationic surfactant. By means of

AdSV, levels of anionic surfactants of 10�7 mol L�1 could be measured with good

selectivity.

The combination of ion-pair extraction and differential pulse polarography was

shown to be a method suitable for the determination of 10�7 mol L�1 of organic

quaternary ammonium bases using Orange II as an appropriate polarographically

active counter ion.141 The proposed method was used for the determination of

tetrapentylammonium bromide (TPAB), Septonex, and codeine. An indirect

voltammetric method for determination of CPC was proposed by Simunkova via

the extraction of the electroactive CP-picrate as a 1:1 ion associate into chloroform.

After drying the equivalent amount of picric acid in the extracted ion associate was

determined by differential pulse voltammetry (DVP) on a hanging mercury drop

electrode.142 The limit of determination was 0.136 mg L�1 with a relative standard

deviation less than 6 %. The CPC content in pastilles of an antiseptic medicament

(“Halset”) was determined with good accuracy. Moreover, other simple extractive

procedures were suggested for the determination of anionic surfactants.143,144 The

methods involved the formation of an extractable complex between the synthetic

surfactant anion and the bis-(ethylenediamine)-diaqua-copper(II) cation. It was

extracted into chloroform and then back-extracted into dilute acid. The resulting

Cu(II) ions were determined by AAS and ASV with good correlation. A limit of

detection of 5.0 μg L�1 anionic surfactant was observed with a linear calibration

from 5.0 to 500 μg L�1 in the sample.

In addition, few direct voltammetric procedures were suggested for the quanti-

fication of surfactants. Zhao and Zeng145 noticed that, in presence of L-cysteine,

CPC exhibited a sensitive cathodic stripping peak at about ~1.2 V. (vs. SCE).

The square root of the peak height was linear to the CPC concentration in the

range of 2–50 μM. A flow injection voltammetric method was developed for

the determination of surfactants and ethanol.146 Surfactants in waters and ethanol

in alcoholic drinks were determined.
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10.2.3 Surfactant Biosensors

During the last decades, many biosensors have been developed for monitoring

environmental parameters.145–148 With respect to surfactants, several biosensors

have been proposed that employ microorganisms, cells, or enzymes. In this way, a

bioreactor-type electrochemical sensor for the determination of linear alkylbenzene

sulfonates (LASs) was described.149 The detection principle is based on the fact

that, when LASs are biodegraded by certain bacteria, their respiratory activity in

solution increases with a concomitant decrease in dissolved oxygen. The latter can

be followed by an oxygen electrode positioned on-line in an appropriate flow setup.

A linear response up to 6 mg L�1 of LAS could be achieved in less than 15 min.

Applications to the determination of surfactants in river pollution were suggested.

Bacterial degraders as the base of an amperometric biosensor for the detection of

anionic surfactants were investigated by Taranova et al.150 Several strains belong-

ing to genera Pseudomonas and Achromobacter were characterized by their ability

to degrade anionic surfactants; they were tested as potential bases of microbial

biosensors. For each strain the author studied the substrate specificity and stability

of the sensor signals. Maximal signals were observed with anionic surfactants. The

lower limit of detection for DS used as a model surfactant in the field was 1 μM for

all strains. The microbial biosensor can extend the practical possibilities for rapid

evaluation of surfactants in water media.

A Pseudomonas rathonis T-based amperometric biosensor was constructed for

the detection of anionic surfactants.151 Microorganisms contained the plasmid for

the degradation of surfactant. The sensor had high sensitivity to DS (the lower limit

of DS detection was within the range from 0.25 to 0.75 mg L�1); the responses to

other detergents—volgonat, decylbenzene sulfonate, metaupon, toluene sulfonate,

and alkylbenzene sulfonate—were 82, 36, 20, 10, and 10 % of response to SDS,

respectively. As reported, the measurement time did not exceed 5 min.

The effect of nonionic surfactants in textile and tannery wastewater on the

bacterium Escherichia coli, immobilized in an Anopore membrane on the surface

of a screen printed carbon electrode, was studied.152 The amperometric response of

the sensor was monitored at +550 mV versus a chloridized silver wire electrode in a

vial with the neutralized sample and ferricyanide as a redox mediator. Toxicity was

measured by determining the degree of inhibition of the biosensor signal after an

exposure of 35 min. The observed toxicity of wastewater samples was attributed to

nonionic surfactants.

Some studies have recently indicated that some surfactants may inhibit cholin-

esterase (ChE) activity in aquatic animals.153,154 Indeed, the chemical properties of

surfactants can alter enzyme activities by binding or disrupting the enzyme struc-

ture.155 Evtugyn et al.156 investigated the influence of nonionic surfactants on the

response of cholinesterase-based potentiometric biosensors. The effect of surface-

active compounds depended on the hydrophilic properties and porosity of the

enzyme support material and the inhibition mechanism. In the range of mass per

volume (m/V) ratio 0.002–0.3 % the surfactants showed a reversible inhibiting
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effect on the biosensor response. At lower concentrations (down to mass per

volume ratio 10�4) the surfactants alter the analytical characteristics of reversible

and irreversible inhibitor determination.
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