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1. INTRODUCTION

Surfactants (surface active agents = SAAs) are a group of com-
pounds with specific physicochemical properties (amphiphilicity,
solubility in polar and nonpolar liquids, ability to form micelles,
adsorption at phase boundaries).1,2 Because of their properties,
surface-active compounds are widely applied in industry and the
household (e.g., in detergents, personal-care products, paints,
pesticides, petroleum products). As their applications are on a
very large scale, it has become imperative to monitor SAAs levels
in environmental samples with regard to the protection of human
health and various aspects of the ecosystems. Consequently,
there is a need to develop appropriate analytical methodologies
enabling the determination of a wide range of SAAs in different
types of environmental sample. The measurement data obtained
thereby should be reliable and comply with quality assurance and
control systems (QA/QC).

We give a general classification of SAAs (with examples of the
structural formulas of selected compounds) and of their toxicity to
living organisms. Next, we review the problems posed by the
analysis of surfactants in environmental samples and the analytical
techniques used to isolate and/or preconcentrate, identify and
quantify a broad spectrum of analytes (i.e., ionic and nonionic
compounds and their metabolites). Finally, we provide informa-
tion on surfactants levels determined in environmental samples.

1.1. Classification of Surfactants
A number of criteria can be applied to classify surfactants.

These compounds are usually categorized on the basis of
• the raw material used for their production (from renewable

and nonrenewable sources)

• their effect on the environment (chemodegradable, biode-
gradable, hardly degradable and nondegradable)

• their possible applications (as wetting, dispersing and foaming
agents, detergents, emulsifiers and antiemulsifiers solubilizers)

• their chemical structure (Figure 1).
To a large extent the chemical structure of surfactants deter-

mines their influence on different compartments of the biotic and
abiotic environment and also the applicability of different analy-
tical procedures for determining them in environmental
samples.1,3,4 In the context of this criterion, it is useful to present
the structural formulas of a number of SAAs (Figure 2), whichmay
give some idea of their specific physicochemical properties.5

1.2. Toxicity of Surfactants
Because of their specific physical and chemical properties

surface-active compounds are widely applied in industry, in the
household and elsewhere. Thismeans that they will inevitably get
into the different compartments of the environment. It is there-
fore essential to ascertain whether these compounds adversely
affect fauna and flora (especially aquatic organisms). Analysis of
the literature data indicates that surfactants affect living organ-
isms to different extents. Cationic SAAs, in particular, possess
biostatic and biocidal properties. These properties are made use
of in antibacterial and fungicidal preparations to retard the
growth of or kill microorganisms like bacteria, yeasts and fungi.6

The toxicity of surfactants (Table 1) is a significant parameter,
which determines the extent of their applicability. A variety of indices
are used to assess the toxic properties of these chemicals: in the case
of ionic and nonionic SAAs two parameters, EC50 and LC50, are
measured after a fixed period of exposure. Such tests are usually
carried out with the aid of indicator organisms, mostly daphnia
(Daphnia magna) and algae, but sometimes fish as well. It has been
reported that algae are highly variable in their sensitivity to
surfactants, with short response times. This means that algae can
be used as organismswarning of the contamination of ecosystems by
SAAs.16 For some compounds, concentrations have been estab-
lished at which a given effect occurs orwhich lead to the death of half
the population of higher organisms (rats or rabbits). In humans,
contact with SAAs may cause irritation or burning sensations of the
skin or eyes, and also irritation of the respiratory system. Manu-
facturers include warnings of such effects on their product labels.

2. PROBLEMS AND CHALLENGES POSED BY THE
ANALYSIS OF SURFACTANTS IN ENVIRONMENTAL
SAMPLES

The very extensive application of products containing surfac-
tants (often with a broad diversity of structure and toxicity to
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different organisms) both in everyday life and in industry
requires an assessment of the extent to which these substances
(or their degradation products) get into different compartments
of the environment; this is a crucial analytical problem. It is
imperative to have the appropriate analytical tools to hand in
order to monitor their presence in the various compartments of
the environment. These tools include
• appropriate analytical procedures ensuring the preparation

of suitable representative extracts, in which target analytes
are present at levels sufficiently high for their quantitative
determination

• appropriate analytical techniques for detection, identifica-
tion, and quantitative determination

• reference materials for the validation of analytical proce-
dures, the calibration of the several stages or the whole of
the analytical process, and the calibration of the measure-
ment instrumentation used.

As a consequence, new analytical methodologies need to be
developed for SAAs that will enable very low concentrations of

these compounds to be determined in different types of environ-
mental sample (soil, bottom sediments, dusts, atmospheric air,
surface waters, sewage) in a short time.

A particular challenge faced by chemical analysts is the
development of analytical methodologies ensuring the detec-
tion, identification and quantitative determination of a broad
spectrum of surfactants in the various compartments of the
environment. The determination of SAAs in different types
of environmental samples causes a lot of problems, mainly
because of
• the complex composition of such samples
• the low concentrations of individual surfactants in such

samples
• the diverse chemical structures of surfactants
• the amphiphilic nature of surfactants (a consequence of

their chemical structure).
The complex and frequently variable matrix composition of

environmental samples and the low levels of target SAAs mean
that suitable isolation or preconcentration techniques have to be

Figure 1. Classification of surface active compounds according to their chemical structure.
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applied at during sample preparation. The operations to be
carried out during this stage involve
• the removal (masking) of interferents
• the isolation or preconcentration of target analytes.
During these operations, however, errors may be committed

that will affect the final result of the analysis; hence it is crucial to
select such conditions for analyte preconcentration that will
ensure maximum sensitivity and reproducibility.19 Interferents
can usually be divided into those that overestimate SAAs levels
(e.g., nonorganic and organic ions, chlorides, nitrates, cyanates,
thiocyanates, sulfonates, carboxylates, phosphates, phenols)
those that underestimate them (e.g., amines like QAC).20 The
various groups of techniques for preparing samples for analysis of
their SAAs content will be discussed in the next section.

In view of the characteristic molecular structures of surfactants
and their properties, they have to be separated into subgroups
during sample preparation; it is this that will determine the
techniques applicable to the analysis of the solvent extracts.

Nevertheless, it is sometimes advantageous to isolate anionic
and nonionic surfactants simultaneously (e.g., by SPE) and only
then to separate them prior to their quantitative determina-
tion (fractionation using appropriate solvents).With this approach
it becomes possible to determine a whole range of SAAs in a single
analytical run without jeopardizing the reliability of the results.21,22

The amphiphilic properties of surfactants mean that these
compounds may be adsorbed on the surface of solid particles
contained in the environmental samples and on the surfaces of
the laboratory glassware used at the sample preparation stage.
Moreover, during the filtration of liquid samples, analytes may be
lost through absorption on the membrane filter surface (the filter
material and pore size are thus significant).23 In the next step any
surfactants retained on the filter surface have to be removed, after
which this extract is combined with the solvent extract obtained
during the isolation of analytes from the filtrate. During the
preparation of solid samples (soil, bottom sediments, sewage
sludge) for analysis, it is exceedingly difficult to obtain quantita-
tive recoveries of analytes because SAAs are adsorbed on the
solid particle surfaces as a result of strong hydrophobic or
electrostatic interactions.24 As a consequence of the amphiphilic
properties of SAAs, an internal standard (the relevant SAAs
analyte or a compound with similar properties) has to be added
to the sample before solvent extraction so that the loss of target
analytes during isolation and preconcentration can be estimated.
This approach is taken with respect to chromatographic techni-
ques during the final determination of the contents of com-
pounds in various SAAs.25,26

At this point it is relevant to draw attention to the fact that
preparing suitable solutions of standard surfactants, adding an

Figure 2. Structural formulas of selected surfactants.
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internal standard, and plotting appropriate calibration curves
are problematic for several reasons, the most important of
which are
• the limited availability of commercial standard solutions of

surfactants (standards of only certain analytes are available,
LAS, ABS, PFOA, PFOS, OPEO, NPEO, OP, NP)

• the application of standard solutions prepared from tech-
nically pure products that are mixtures of isomers, homo-
logues or oligomers of compounds from the relevant group
of SAAs (instead of commercial standard solutions)

• the occurrence of foaming or the formation of highly
viscous solutions during the preparation of aqueous solu-
tions of surfactant standards.

The analytical methodologies enabling the determination of a
wide assortment of SAAs present at different levels in environ-
mental samples with various matrix compositions should be
validated against certified reference materials. At present only

liquid reference materials are available on the market; they can be
used to validate methodologies for determining total contents of
ionic (cationic or anionic) and nonionic surfactants. On the other
hand, there are no reference materials suitable for validating
entire analytical procedures. All we can do in these circumstances
is to add a standard solution to a certified reference material,27

and then re-extract the same samples under optimal conditions to
check that extraction of analytes is complete,21 or else to compare
two different analytical methodologies.28

2.1. Analytical Procedures for Determining Surfactants in
Environmental Samples

Analysis of the subject literature indicates that the determina-
tion of surfactants in environmental samples requires different
methodological approaches depending on whether the informa-
tion required concerns the total SAAs content or the levels of
individual SAAs in the sample.

Table 1. Toxicity of Surfactants

type of surfactant surfactant (acronym) organism parameter/exposure time concentration range [mg/L] references

cationic TMAC green algae (Dunaliella salina) EC50/24 h 0.79 7

daphnia (Daphnia magna) IC50/24 h 0.13�0.38 8

BDMAC green algae (Dunaliella salina) EC50/24 h 1.3 7

daphnia (Daphnia magna) IC50/24 h 0.13 � 0.22 8

DTDMAC daphnia (Daphnia magna) LC50/48 h 0.49 9

goldfish (Carassius auratus) *EC50/48 h 2.37 10

rainbow trout (Salmo gairdneri) 0.74

anionic Na(C10 LAS) daphnia (Daphnia magna) LC50/48 h 13.9 (11.7�17.2) 11

Na(C12 LAS) green algae (Dunaliella salina) EC50/24 h 3.5 7

daphnia (Daphnia magna) LC50/48 h 8.1 11

Na(C14 LAS) daphnia (Daphnia magna) 1.22

LAS algae (Raphidocelis subcapitata) IC50/72 h 112.4 12

acute bladder snail (Physella acuta) LC50/24 h 16.65 (9.2�26)

Artemia salina 40.4 (38.7�48.5)

sunflower (Helianthuus annuus) increase in EC50/21 days 260 (120�307)mg/kg 13

potatoes (Solanum tuberosum) efficiency and increase in

NOEC/106 days

16mg/kg 14

SDS algae (Raphidocelis subcapitata) IC50/72 h 36.58 12

acute bladder snail (Physella acuta) LC50/24 h 27.2 (17.6�37.9)

Artemia salina 41.04 (35.9�49.6)

daphnia (Daphnia magna) EC50/24 h 28.77 15

rainbow trout (Salmo gairdneri) *EC50/48 h 33.61 10

LC50/24 h 42.04 15

goldfish (Carassius auratus) *EC50/48 h 38.04 11

AES algae (Raphidocelis subcapitata) IC50/72 h 36.58 12

acute bladder snail (Physella acuta) LC50/24 h 27.2 (17.6�37.9)

Artemia salina 41.04 (35.9�49.6)

algae (Skeletonema costatum) EC50/72 h 0.37( 0.08 16

Pseudokirchneriella subcapitata 3.5( 0.66

nonionic NP daphnia (Daphnia magna) LC50/48 h 0.19 17

NPE daphnia (Daphnia magna) 14

Mysidopsis bahia 1.23�1.89 18

AE algae (Raphidocelis subcapitata) IC50/72 h 6.87 12

acute bladder snail (Physella acuta) LC50/24 h 5.33 (4.0�7.4)

Artemia salina 0.62 (0.58�0.67)

goldfish (Carassius auratus) *EC50/48 h 29.26 10

rainbow trout (Salmo gairdneri) 22.38
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During the collection and storage of environmental samples,
no matter whether they are liquid or solid, the target compounds
should not be allowed to decompose. A biocide is therefore
added to aqueous media immediately after sampling in order to
minimize the biodegradation of SAAs: the usual one is a solution
of formaldehyde. Samples are then stored at a low temperature
and in the dark until they need to be prepared for final deter-
mination.4,25,29,30 Solid samples (bottom sediments, sewage sludges,
soils) are first desiccated, then stored at a low temperature.31�35

Apparatus and glassware likely to come into contact with the
samples are first flushedwith amixture of acids and then rinsedwith
deionized water. During this procedure detergents (themselves
containing SAAs) must not be used, as they could contaminate the
environmental samples. The samples are stored in amber glass or
polypropylene bottles.

The analytical procedures for determining surfactants in
environmental samples can be divided into two types:
• determination of the total content of surfactants of a given

group (cationic, anionic, nonionic)
• determination of analytes belonging to different classes of

chemical compounds.
In the first case, the preparation of samples for analysis is

relatively straightforward, as only a few operations like extraction
(LLE or SLE) with ion-pair formation and photometric analyte
determination need to be carried out.36�40 In the second, analytes
have first to be isolated and/or preconcentrated before the final
determination (using the appropriate extraction techniques).
Table 2 lists information on the extraction techniques commonly
used in the preparation of environmental samples whose SAAs
content is to be determined. The table also lists the operating
parameters for analyte isolation, as well as the advantages and
disadvantages of each technique. Perusal of the subject literature
shows that the usual techniques for isolating and/or preconcentrat-
ing SAAs analytes from solid or liquid environmental samples are
• liquid�liquid extraction (LLE38�55 or solid�liquid extrac-

tion (SLE)27,32,33,61�64

• solvent extraction in a Soxhlet apparatus27,34,55,65�69

• solid phase extraction (SPE).22,62,65,68,70,74,76,77,81,86,97�131

For a long time, the traditional extraction techniques (solvent
sublation,44,45 LLE, SLE, Soxhlet extraction) used in the pre-
paration of various types of environmental samples for analysis
required large amounts of organic solvents for isolating the
analytes, which itself produced highly toxic effluents.

These techniques do not ensure desirable analyte recoveries
(they are often <50%); they are also time-consuming and labor-
intensive. But the search is now on for new analytical techniques,
and existing ones are being modified, so that samples can be
prepared in accordance with the principles of “green analytical
chemistry”; analyses can then be carried out with minimal
adverse effects on the environment.142,143 The use of techniques
assisting extraction, such as elevated temperature and pressure,
microwave radiation, and ultrasound improve the efficacy of
analyte isolation. In comparison with traditional solvent extrac-
tion, accelerated solvent extraction (ASE),19,27,68,69,71�79 micro-
wave-assisted extraction (MAE),21,28,93,87,94�96 supercritical
fluid extraction (SFE),32,55,89�93 or ultrasound-assisted liquid ex-
traction (USE)39,49,80�88 shorten the sample preparation time
and reduce the quantities of solvents required in the analytical
procedure; these procedures also lend themselves to automation.
On the one hand, ultrasound-assisted solvent extraction requires
the use of considerable amounts of organic solvents, but the cost

of the apparatus is far less than in the case of ASE, MAE or SFE.
Nowadays, SPE is the usual technique for isolating analytes from
liquid samples. This technique is also used for cleaning up solvent
extracts containing analytes obtained during the extraction of
solid samples.With SPE the use of highly toxic chloroform can be
wholly eliminated (at the sample preparation stage). It is also
possible to isolate anionic and nonionic SAAs simultaneously
(they are fractionated during analyte elution from SPE columns)
and to automate sample preparation.

Researchers inmany centers are working on newmethodological
approaches to extraction that are compliant with the requirements
of sustainable development (solventless sample preparation tech-
niques). These techniques are a major element of green analytical
chemistry (GAC). Here are some examples of such methods (the
SAAs analytes to which they are relevant are given in parentheses):
• DLLME (anionic and nonionic SAAs)20,57�60

• membrane�MMLLE(cationic SAAs56);HF-LPME(cationic144

and anionic145 SAAs)
• SBSE (nonionic SAAs)132

• SPME (anionic and nonionic SAAs)111,133�141

• sorption of analytes from liquid samples on the surfaces of
suitablematerials (PTFE, compounds from all SAAs groups;
MCE, nonionic SAAs; O-MWCNT, cationic SAAs146)

The following techniques provide information on the total content
of particular groups of SAAs (the groups of compounds to which
they are applicable are given in parentheses):
• spectrophotometry (ionic and nonionic)
• flow injection analysis (ionic)
• potentiometric titration (ionic)
• tensammetry (anionic, nonionic)
• immunoanalysis (nonionic)
These techniques are quick, simple, and cheap, with limits of

detection (LODs) between 110 and 1.7 μg/L. The apparatus for
such determinations is fairly straightforward, so the financial
outlay is not great. These techniques are applied in the routine
monitoring of various kinds of environmental samples and can be
used in small laboratories not equipped with specialist apparatus.
Spectrophotometry is a universal technique, as it can be applied
to both ionic and nonionic surfactants. But its application is
limited by the high LODs values and the considerable influence
of organic interferents on the results.

The determination of the total content of particular groups of
SAAs should be treated as the first step in studies aiming to
measure the degree of contamination of particular environmental
compartments by these analytes. The next step involves indivi-
dual chemical speciation.158�160, during which individual surfac-
tants are detected and quantitatively determined. This becomes
possible with the use of suitable equipment (in combination with
a sensitive detector) for separating complex mixtures of analytes
(present, for example, in a solvent extract) into separate chemical
species; in most cases these are chromatographic and related
techniques (the types of SAAs analytes to which they are
applicable are given in parentheses):
• capillary electrophoresis (CE) (anionic)
• gas chromatography (GC) (anionic and nonionic)
• liquid chromatography (LC) (ionic and nonionic)
Chromatographic techniques require environmental samples to

be prepared appropriately to preconcentrate the analytes they
contain and to remove interferents (using extraction techniques).

The use of CE (LOD = 1 μg/L) is limited to anionic
surfactants, because cationic compounds can be adsorbed on
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Table 4. Literature Information on Surfactant Concentrations in Environmental Samples

type of analyte analytes type/source of sample concentration refs

soils [μg/kg]

anionic LAS 50 000 35

LAS, SPC forest area 100�15 000 34

PFOA 3.28�47.5 85

PFOS 8.58�10.4

total soil surface 330 ( 170 μM/kg 49

nonionic AEO urban area 69�329 31

NPEO forest area 92�329 78

OPEO 87�369

NP 142�500

OP 125�238

OPEO, NP, OP agricultural area 200�229 000 49

dusts [μg/kg]

anionic LAS indoor dust 34�1 500 000 (public buildings) 63

PFOA 0.7�56.9 (house) 84

PFOS 0.5�293 (office)

street dust 7.7 ( 0.9 73

5.0 ( 0.9

sediments [mg/kg]

cationic total river sediment 5�50 80

DDAC n.d.�2.1 66

BAC n.d.�3.6

DDAC n.d.�2.1 65

BAC 0.002�3.6

ATAC 0.01�0.12

BAC 0.021�0.26 71

DTDMAC marine sediment 1140�42 300 32

anionic LAS, TPS lake sediment 0.19�3.4 67

LAS, AES, AS river sediment 0.225�2.065 μg/L (pore water) 81

LAS marine sediment 0.54�1.01 68

AES 0.17�0.54

LAS 0.29�1.94 72

AES 0.043�0.16

PFOA river sediment 0.0052�0.203 85

PFOS 0.00157�0.00878

<0.00008�0.00017 33

<0.00012�0.00037

wetland n.d.�0.0029 86

0.0026�0.0307

nonionic NP river sediment <MDL�0.005 87

OP <MDL�0.008

0.0047�0.0313 95

<MLD�0.011

NPE river/lake sediment n.d.�38 55

NP 0.17�72

OP n.d.�1.8

NPEO river sediment <MDL�395 19

OPEO <MDL�1170

NP

OP 0.024�0.91

76, 77

<MQL�0.41

0.41�6.7
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Table 4. Continued
type of analyte analytes type/source of sample concentration refs

<MQL�0.41

NP, OP marine sediment n.d.�0.023 96

AEO 0.11�2.7 72

NPEO 0.26�2.6

NPEC from Atlantic Ocean <MDL�1.54

21, 28

NP 0.14�0.41

sewage sludge [mg/kg]

cationic DHTDMAC Germany 1600�3000 89

DTDMAC Switzerland 150�5870 32

anionic LAS Germany 110�1030 62

Spain 0.1�13.39 162

89�4207

83, 94

LAS + CDEA n.d.�4 340 82

LAS Switzerland 3830�7510 91

SAS 370�800

AES Germany 1.0�22 90

AS 3.6�40

LAS 66�1770

SAS 6.4�23

PFOA, PFOS 6�10 69

nonionic NPEC U.S.A. n.d�91.9 93

NPEC Canada n.d.�38 92

NPEO 4�304

AE Germany 0.71�106 90

NPE 3.2�100

NPEC 3.0�100

NPEC Spain n.d.�14 82

NPEO 2.1�135

C10�18OE n.d.�98

NP 25.5�601

OP n.d.

PEG 1.7�31

sludge [mg/kg]

cationic DDAC Austria n.d.�2.1 65

BAC n.d.�3.6

ATAC n.d.�0.12

anionic PFOA China 0.0052�0.2 85

PFOS 0.0016�0.0088

n.d.�0.0157 86

0.0031�7.3

U.S.A. 0.0084�0.128 64

0.032�0.417

nonionic NPEO France 0.038 70

OPEO 0.15

AE 0.032�1.5

NPEC, NP Spain 0.105�0.15 74

NPEO U.S.A. n.d.�43.6 88

AEO 16.3�654

atmospheric water [pmol/m3] or [μg/l]

cationic total atmospheric water 1.0�11.7 pmol/m3 163

aerosols 26.1�129.6 pmol/m3 39
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Table 4. Continued
type of analyte analytes type/source of sample concentration refs

anionic 14.9�229.1 pmol/m3

128 ( 62 pmol/m3 49

atmospheric water 12.5�285 pmol/m3 163

39.4�932.2 pmol/m3

cloud water n.d.�960 μg/L 36

PFOA rain 0.0001�0.0033 μg/L 115

PFOS 0.0004�0.0093 μg/L

0.0329�0.0408 μg/L 120

0.00992�0.113 μg/L

snow 0.00774�0.0567 μg/L

0.0375�0.182 μg/L

street runoff 0.09 μg/L 112

0.05 μg/L

nonionic NP rain 0.3�0.95 μg/L 164

snow n.d.�0.802 μg/L

ground/well/mineral water [μg/l] (for pfoa and pfos [ng/l])

cationic total ground water 500�1300 165

anionic DATS n.d. 101

total tap water 20�193 50

tap water 30�70 20

mineral water

well water

PFOA ground water 0.47�60 112

PFOS 0.28�133

raw water n.d.�67 166

n.d.�22

tap water n.d.�34

n.d.�22

<5�35.3 134

n.d.

nonionic NPE ground water <0.11�0.2 137

NP n.d.�0.32

NPEO, OPEO, NP, OP tap water n.d. 57

NPEO raw water 13 125

OPEO 1.2

NPEC 2.2 �2.9

OPEC n.d.

NP 0.45

OP 0.12

NPEC ground/tap water 0.1 104

OPEC <MDL

NP 0.1

OP <MDL

NPEC tap water <0.001 124

NPEO <0.025�100

NP <0.01

surface water [μg/L] (for PFOA and PFOS [ng/L])

cationic DDAC surface water <MDL�0.19 47

BAC 0.02�0.3

ATAC 0.015�0.3

DTDMAC, DEEDMAC, DEQ river water 0.11�75 46
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Table 4. Continued
type of analyte analytes type/source of sample concentration refs

BAC <MDL 99

DTMABr sea water n.d. 97

DDABr, DBDMAC 0.12�0.27

n.d.

total 11�210 μmol/L 39, 49

anionic river water 5�150 44

AES + AS 0.01�200 81

LAS 0.24�3955

LAS 6�52 51

SPC total = 204

LAS 5.6 102

48 104

DATS 2.2�6.6 101

PFOA 24�287 116

PFOS 16.3�155

11�1130 113

n.d.�2 210 000

0.08�14 118

<0.06�15

<0.06� 8 167

<0.12�32

<5�14.6 134

n.d.

lake water 0.69�3.95 117

2.67�7.83

total sea water 5�360 pmol/L

39, 49

LAS n.d.�46 111

739�911 108

LAS 4�24 57

SPC total = 83

LAS 0.025�0.064 72

AES + AS 0.0045�0.017

PFOA n.d.�0.00455 121

PFOS n.d.�0.00226

nonionic total river water 27�222 54

NP <0.025�1.22 127

NPE 1.3�1.6 137

NP 1.4�2.2

NP <0.01�0.77 123

OP <0.01�0.42

2.40 ( 0.16 58

0.037 ( 0.001

n.d.�0.018 132

n.d.�0.0597

4.67 140

0.15

0.00001�0.0376 95

0.0001�0.044

NPE n.d.�0.15 55

NP n.d.

OP n.d.�0.013

NPEO, OPEO 5.6 102

NPEO 0.3�0.5 57
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Table 4. Continued
type of analyte analytes type/source of sample concentration refs

OPEO 0.1�0.3

NP <MQL

OP 0.1

0.14�0.2 76

<MDL

<MDL�0.067

<MDL

C12�16EO <MDL�8 131

NPE 4�12

OPE <MDL�14

NPEC 1.2�2.5 104

OPEC 0.1�0.3

NP 0.6

OP <MDL

NPE lake water n.d.�10 55

NP n.d.�0.92

OP n.d.�0.47

wastewater [μg/L]

cationic total China 374�2116 42

DDAC Austria n.d.�0.03 47

BAC n.d.�0.17

ATAC n.d.�0.0066

n.d.�0.83 μg/L 168

0.014�3.5 μg/L

n.d.�1.1 μg/L

CTAB Algeria >31 38

BAC Spain 0.1�49 99

BAC U.S.A. n.d.�36.6 98

anionic total Canada 120�9340 103

LAS Germany 126�1410 62

Spain 288�1630 108

136�1309

1�16 107

30.7�1635 104

Austria 4.2�40 168

PFOA Germany 0.0087�0.093 118

PFOS 0.012�0.014

0.020�3.9 167

0.106�0.252

Japan 0.01�0.07 112

0.05�0.65

China 0.019�0.0499 86

<3* 0.00286�4.1

nonionic total China 374�2 116 42

NPEO wastewater n.d.�84 53

OPEO U.S.A. n.d.�6

NP n.d.

OP Spain 0.0161�1.097 126

<MDL�0.2057

0.0097�0.0187

0.0061�0.0093

NPEO France 38 70

OPEO 150

AE 32�136
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the inner surface of the fused silica capillary. A UV detector is
usually used with this method.

Gas chromatography is a more universal means of analyzing
surfactants, mainly in combination with single or tandem mass
spectrometry. With GC�MS for the quantitative determination
of SAAs in suitably prepared extracts, an LODof the order of 0.02
ng/L is achievable. While GC-MS is suitable for determining
highly volatile surfactants, with less volatile SAAs an additional
derivatization step is needed. Indeed, this improves the selectivity
of SAAs separation and leads to lower LODs and LOQs, which
are the metrological parameters that determine the practicability
of a methodology in routine monitoring. The derivatization step
can be modified by the use of reagents that convert analytes to
more stable derivatives (e.g., replacing BSTFA with MTBSTFA)
or by using in-port,91 on-fiber,140 and in-tube132 techniques. Like
CE, GC cannot be used to determine the contents of cationic
compounds in environmental samples.

High-performance liquid chromatography (HPLC) is suita-
ble for determining levels of both ionic and nonionic surfac-
tants; it also enables homologues, oligomers, and isomers of
complex surfactant mixtures to be separated. For the quantita-
tive determination of SAAs by HPLC the usual detectors are
MS (MS�MS), UV, and FLD. The lowest LODs achieved

using HPLC hyphenated with MS�MS was 0.03 ng/L. An
undoubted advantages of HPLC is that SAAs levels can be
measured in a short time. Sometimes, however, sample pre-
paration can be time-consuming and laborious, and several
extraction techniques may need to be applied. A disadvantage of
chromatographic methods is the high cost of the apparatus and
its operation.

Table 3 summarizes the information on the analytical techni-
ques for determining SAAs contained in diverse types of environ-
mental samples, along with their basic metrological parameters,
advantages, and disadvantages.

3. LITERATURE DATA ON CONCENTRATIONS OF
SURFACTANTS DETERMINED IN ENVIRONMENTAL
SAMPLES

The literature provides a wealth of information concerning the
presence and concentrations of a wide range of surfactants in
environmental samples of different composition and origin. The
research objects included soil, street and indoor dust, bottom
sediments, sewage sludge, and liquid samples, including precipitation
(rain, snow, and cloudwater), atmospheric deposits, aerosols, ground
waters, surface waters (river, lake, and sea waters), and sewage.

Table 4. Continued
type of analyte analytes type/source of sample concentration refs

NPEO Austria 0.042�0.83 168

NP 0.18�1.6

OP 0.029�0.03

AEO Spain 290�820 107

NPEO 49

PEG n.d.�2340

NPE Italy 5.9�284 123

AE <MDL�405

C12�16EO Spain 0.6�30 131

NPE 25�222

OPE <MDL�188

AE Canada/Europe 0.95�22.71 130

NPEC Spain/Russia <0.01�0.82 124

NPEO <0.025�198

NP <0.01�2.58

Japan n.d. 122

1�58

0.5�66

NPEC Spain n.d.�47.8 104

OPEC n.d

NP <MDL�18

OP <MDL�14

sewage [μg/L]

cationic DTDMAC Germany n.d.�140 46

DEEDMAC

DEQ

anionic LAS 3.6�290 101

DATS 0.52�106

LAS Italy 7�2360 22

nonionic NPEO 3�208

NP 0.3�13
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SAAs concentrations in environmental samples can take values
from theLODof the analytical procedure to over a dozenmilligrams
per kilogram or milligrams per liter, depending on the type of
sample in which the analytes have been determined. Table 4 lists
information on SAAs contents determined in different environ-
mental samples from all over the world (soil, dust, bottom sedi-
ments, sewage sludge, sewage, rain, snow, aerosols, cloudwater, road
runoff, surface waters, sea waters, and ground waters).

4. SUMMARY

The diverse practical applications and specific properties of
surfactants (including their toxicity toward living organisms)
makes it essential to learn their environmental fate. These
compounds can move freely within the atmosphere, waters and
sediments of various types, soils and even living organisms.

To this end it is essential to develop analytical procedures
enabling the simultaneous identification and quantitative deter-
mination of different types of surfactants in environmental
samples. The biggest problems in selecting appropriate analytical
procedures are the complex composition of the samples to be
analyzed and the low levels of target analytes, their diverse
chemical structures and amphiphilic nature (the tendency for
analytes to adsorb on surfaces). Applying increasingly effective
means of preparing environmental samples for analysis can solve
these problems. An ever-widening spectrum of techniques is
available for the detection, identification, and quantitative deter-
mination of surfactants in environmental samples with a complex
matrix composition.

Analysis of papers reporting the presence of surfactants in
different compartments of the environment indicates that our
knowledge of the contents of surface active compounds, espe-
cially anionic and nonionic ones, in environmental samples is far
from complete.
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ABBREVIATIONS
ABS alkylbenzenesulfonates
AE alcohol ethoxylates
AES alkylethoxysulfates
AS alkylsulfates
ATAC alkyl trimethyl ammonium chloride
BAC benzyl ammonium chloride
BDMAC alkyl benzyl dimethyl ammonium chloride
BSTFA bis(trimethylsilyl)trifluoroacetamide
BTDAB benzothiaxolydiazoaminoazobenzene
CD conductometric detector
CDEA coconut diethanol amides
CTAB cetyl trimethyl ammonium bromide
CTMA cetyltrimethylammonium
CWAX-TR carbowax/template resin-coated fiber
DATS dialkyltetralinsulfonates
DBDMAC dodecylbenzyldimethylammonium chloride
DEEDMAC diethylester dimethylammonium chloride
DDAC dialkyl dimethyl ammonium chloride
DDABr didecyldimethylammonium bromide
DEQ diesterquaternary
DiSB disulfine blue
DMF dimethylformamide
DTDMAC ditallowdimethylammonium chloride
DTMABr dodecyltrimethylammonium bromide
EB erythrosine B
EC50 effective concentration
*EC50 immobilization effective concentration
EDTA ethylenediaminetetraacetic acid
EOx polyethoxylate
FID flame ionization detector
FLD fluorescence detector
HLB hydrophilic�lipophilic balanced
GCB graphitized carbon black
GC-MS gas chromatography�mass spectrometry
HF-LPME hollow fiber liquid-phase microextraction
HPLC high performance liquid chromatography
IC50 inhibitory concentration
LAS linear alkylbenzenesulfonates
LC50 lethal concentration
LOD limit of detection
LOQ limit of quantification
LS lauryl sulfate
MB methylene blue
MCE mixed cellulose ester
MCF methyl chloroformate
MDL method detection limit
MG methylene green
MQL method quantitation limit
MTBE methyl tert-butyl ether
MTBSTFA N-tert-butyl-dimethylsilyl N-methyltrifluoroacet-

amide
NOEC no observed effect concentration

NP nonylphenol
NPD nitrogen phosphorus detector
NPE/NPEO nonyl phenol ethoxylates
NPEC nonylphenol ethoxy carboxylates
NP-LC normal-phase liquid chromatography
NPS naphthalene sulfonates
O-MWCNT oxidized multiwalled carbon nanotubes
OP octylphenol
OPE/OPEO octylphenol ethoxylate
OT-GC open-top gel chromatography
PA polyacrylate
PDMS�DVB polydimethoxysilane�divinylbenzene
PEG poly(ethylene glycols)
PFOA perfluorooctanoic acid
PFOS perfluorooctane sulfonate
PLRP polymer reversed phase
PTFE polytetrafluoroethylene
RSD relative standard deviations
SAEC subsequent anion-exchange chromatography
SDS sodium dodecyl sulfate
SAX or SCX strong anion exchange or strong cation exchange
SLES sodium lauryl ether sulfate
TBAHS tetrabutylammonium hydrogen sulfate
TBAOH tetrabutylammonium hydroxide
TBDMCS tert-butyl-dimethylchlorosilane
T(DBHP)P meso-tetra-(3,5-dibromo-4-hydroxyphenyl)

porphyrin
TLFE thin liquid film extraction
TMAOH tetramethylammonium hydroxide
TPPS tetrabromophenolphthalein ethyl ester
TPS tetrapropylenebenzenesulfonate
UV�vis ultra-violet detector
WAX weak-anion exchange
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