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Abstract

Pesticides as environmental pollutants are described in detail along with their sources and paths of entry into various
elements of the environment. Comprehensive literature data on the concentration of these pollutants in natural and treated
waters and wastewaters are discussed. A wide selection of isolation and preconcentration techniques for these pollutants in
water is presented and discussed. An emphasis is put on solid-phase extraction. In the case of the authors’ work, a more
detailed description is given.
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1. Introduction

Water, the substance so vital to humans and their
well-being, the source and basis of life on earth, has
recently become a serious hazard to our health and
life, as well as to the life and health of the flora and
fauna. Furthermore, desertification of large areas of
the world is now observed and water, particularly
clean water, is rapidly becoming a much desirable
and increasingly expensive commodity. Intensive
industrialization of the world results in an increased
input of toxic inorganic and organic compounds to
waters, drastically reducing the quality of surface
waters which are a source of drinking water for a
large part of the world population. Groundwater
supply, which is basically non-renewable, is dimin-
ishing and, in addition, anthropogenic groundwater
pollution has become a fact of life. A majority of
anthropogenic water pollutants are toxic, dangerous
not only to humans but also to animals and plants.

2. Sources of environmental pollution by
pesticides

Anthropogenic organic compounds present the
main hazard to life and health of humans and the
flora and fauna. The number of known organic
compounds is now estimated to be about 16 million
[1], 2 million of which are the compounds produced
by synthesis alone. Every year, approximately
250 000 new compounds are synthesized, about 1000
of which are manufactured on an industrial scale {2].
Presently, about 70 000 organic compounds are
commercially available with an annual global pro-
duction of 100-200 million tons. Approximately
one-third of all organic compounds produced ends up
in the environment, including water. Over 700
chemical compounds, including more than 600 or-
ganic compounds [3,4] many of which are bio-
logically active, have been detected in some water
samples.

Pesticides are particularly important pollutants
among organic compounds as a result of their
common use, persistence in the environment and
toxicity. They are predominantly anthropogenic.
Pesticides are a group of organic compounds hazard-
ous to human health and life. They increase crop

yields by reducing the amount of a crop that is lost to
pests and control diseases transmitted by insects.
Pesticides are necessarily toxic, as they are used in
agriculture, industry and households to kill weeds
(herbicides), insects (insecticides), fungi (fun-
gicides), rodents (rodenticides), mollusks (mollus-
cicides), mites (acaricides), round  worms
(nematocides), aphids  (aphicides) and eggs
(ovicides). They are also used as fumigants, attrac-
tants or repellents [2,6—15].

Chemical structures of pesticides are very diver-
sified, including for example organohalogen com-
pounds, organophosphates, carbamates, triazines,
phenol derivatives, etc. Presently, the number of
compounds applied as pesticides is about several
thousand and undergoes a continuous variation. The
modern definition of a pesticide given by Van Thiele
[16] includes in addition to chemical compounds also
viruses and microorganisms.

Until recently, the kind and amount of pesticides
applied have been practically uncontrolled. Initial
considerable successes in fighting insects and weeds
damaging crops and drastically reducing crop yields
have resulted in an exponential increase in pesticide
use and the development of new, increasingly active
preparations. In 1948 PH. Mller was awarded the
Nobel prize in physiology and medicine for the
recognition of properties of DDT.

The present global annual production of pesticides
is estimated at several hundred thousand tons. The
majority of pesticides are sown directly to soil or
sprayed over crop fields, plantations or forests, and
hence released directly to the environment. Pes-
ticides enter water either directly in applications such
as mosquito and water plant control, or indirectly
from drainage of agricultural lands, permeation
through soil, in wastewater from pesticide produc-
tion, municipal waste (fungicides and bactericides),
wastewater from washing devices spraying pesticides
or wastewater from plants using pesticides (e.g.,
textile plants), etc.. Recently, some pesticides (par-
ticularly nonbiodegradable) have been abandoned
and pesticide uses have been curtailed. Other pes-
ticides, such as DDT, have been banned in most
countries.

In addition to pesticides, large amounts of other
toxic pollutants, including polychlorinated biphenyls
(PCBs), polycyclic aromatic hydrocarbons (PAHs),
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crude oil derivatives, phenols, etc., enter the environ-
ment. PCBs have been used as coolant-insulation
fluids in transformers and capacitors, hydraulic fluid
components in vacuum pumps and gas turbines,
plasticizers and as additives to some epoxy paints
[5,7]). PCBs are mixtures of congeners with a vari-
able chlorine content (40-60%).

3. Occurrence of pesticides in surface waters

As a consequence of large production and high
stability of compounds being discussed in this re-
view, they are present in all kinds of water. In
nature, pesticides are transferred among different
parts of the environment undergoing a number of
transformations, such as hydrolysis, biodegradation,
oxidation, photolysis, biotransformation, metabolic
reactions in living organisms, etc. [9,17].

In the case of surface water and groundwater, the
presence of pesticides is a very serious hazard [1,5—
10,18-224]. The presence of PCBs, which are
commonly found in water, is a similar problem
[2,6,14,82,94,99-101, 103, 108, 109, 114, 156, 157,
173,176-179,190,211,225]. The amount of pesti-
cides in water depends largely on the intensity of
food production in a given region which in turn
determines the amount of pesticides applied, on the
kind of crops, season, precipitation, and water flow
rate. Atmospheric precipitation is an important route
of transport of pesticides, resulting in contamination
of water reservoirs remote from agricultural areas,
e.g., mountain lakes [87] or even polar regions [94—
96]. Consequently, a number of papers have been
published confirming the presence of pesticides and
PCBs not only in surface waters, but also in seawater
[14,107-109, 114, 136, 138, 143, 147, 149, 150, 226-
228], potable water, particularly in water from wells
existing in agricultural areas [48-80,82-86,192,
197,229-233], rainwater [87-92,186,191,208,234—
237], as well as in water and ice from polar regions
[94-96,190,238,239]. Substantial amounts of pes-
ticides and PCBs have also been found in bottom
sediments [97-109,178, 184,190, 206,222,223,238-
244], mammals, eggs, fish and mollusks [88,106-
127,179,206,216,224,240,241,244-262], or even in
human tissue and milk [15,121,122,124,128].

The major paths of entry of organic compounds

into human and animal organisms are through the
gastrointestinal tract, the respiratory system, and the
skin, particularly sweaty. Once taken in, pesticides
slowly undergo metabolic transformations and are
excreted with urine, feces and milk both in animals
and humans. Pesticides are readily accumulated in
organisms in lipid tissue, liver, kidneys, brain and
heart [5-8,17,263,264]. For humans, the major route
of exposure to these pollutants is the gastrointestinal
system. In addition to regular use of contaminated
water, humans eat large amounts of food in which
harmful compounds have been enriched, e.g., milk
and dairy products, marine and freshwater fish,
crustaceans, poultry and mammal meat and veget-
ables [5-9,216,247,258,263-266]. The food chain in
water is an example of such accumulation. If we
assign an arbitrary concentration of 1 to traces of an
insecticide in water, then the concentration in plank-
ton will be 10, in the crustaceans it will be 500, in
small fish the concentration will be 2500, in car-
nivorous fish it will be 5000 and in fish-eating birds
it will be 125000 [6]. The investigation of DDT
content in different parts of the water environment of
Lake Michigan confirms such an accumulation. The
DDT concentrations in wet bottom silt, in crusta-
ceans, in various fish (eelpout, ide) and in fish-eating
sea gulls are 0.014 g/1, 0.41 g/kg, 3 to 6 g/kg and
over 2400 g/kg, respectively [6].

The data shown in many papers [15,121,122,124,
128,267] clearly demonstrate the correlation between
the concentration of pesticides in lipid tissue and
mother’s milk and the intensity of application of
particular pesticides in a given region. This effect is
apparent in the case of DDT. High DDT contents in
lipid tissue of people in Costa Rica and Zaire as well
as in mother’s milk in Hong Kong result from
continuous application of this pesticide in these
countries. In Europe, where DDT has been practical-
ly eliminated from use since 1970, a steady decline
of the DDT concentration in all parts of the environ-
ment (including human organisms) is observed.
Nevertheless, the DDT concentration in human milk
frequently greatly exceeds the maximum allowed
DDT concentration for commercial dairy products
and in a ‘different package’ such milk would not be
approved for consumption. In Germany, according to
estimates from 1981, a breast-fed infant takes in
twice more DDT, 8 times more HCB and 13 times
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more PCBs than the acceptable daily intake (ADI)
[6]. In milk of some mothers these standards can be
exceeded by a factor of 80, 90 and 60 for DDT, HCB
and PCBs, respectively [6].

It is practically impossible to avoid the exposure
to toxic organic compounds even though it has been
known for a long time that the majority of pesticides
as well as many other organic compounds constitute
a hazard to human life due to their carcinogenic,
mutagenic and teratogenic nature. This fact, along
with some pesticide properties such as their per-
sistence and bioaccumulation, demonstrates that
pesticides are one of the most toxic groups of
chemicals to which humans are exposed. All pes-
ticides are toxic to some degree, e.g., organochlorine
pesticides are predominantly carcinogenic, and cause
skin abnormalities, cardiovascular disease, athero-
sclerosis, hypertension and diabetes; acute pesticide
poisoning can result in paralysis of the central
nervous system and death by paralysis of the respira-
tory system and pulmonary edema; subacute pes-
ticide poisoning results in ataxia, hearing loss and
muscular atrophy; chronic pesticide poisoning can
cause headache, neurological disorders and fatigue.
Lindane causes hypoplastic anemia and damage to
bone marrow which decreases the production of
erythrocytes. DDT and DDE are embryotoxic and
teratogenic; they are also very toxic to aquatic
organisms, increasing fish mortality and hindering
their reproductive ability and growth. DDT causes a
decrease in shell thickness of bird eggs and, conse-
quently, in population of birds; it also accumulates in
the bodies of marine mammals lowering their re-
production [4]. Triazine herbicides (simazine, at-
razine) are very toxic to phytoplankton resulting in
lowered photosynthesis which in turn causes a
decrease in the population of fish and crustaceans
eating the phytoplankton.

PCBs were involved in an accident in Japan
wherein PCB-contaminated edible oil was distributed
in 1968. Over 1000 persons suffered from nausea,
headache and diarrhea (Yusho disease). Among 13
babies born by women suffering from the disease
two were stillborn and 11 suffered from growth
retardation. This demonstrates strong embryotoxic
and teratogenic character of PCBs [5].

Environmental hazards of pesticides to humans as

well as to the flora and fauna force us to control
closely the content of these pollutants in different
parts of the environment, and particularly in water,
soil and food.

4. Methods of isolation and determination of
pesticides in water

4.1. General problems of the determination of
pesticides in water

In the first period of application of pesticides
analytical methods of their determination were lim-
ited to the analysis of final products or to the
monitoring of technological processes. Practically,
until 1946 only the residue of arsenic compounds
and several inorganic insecticides impenetrable to
plant tissue have been determined. Wide introduction
of synthetic organic pesticides posed to chemists
many new analytical tasks associated with the de-
termination of these pesticides and the products of
their decomposition which are frequently even more
toxic than the original compounds. However, the
analysis of residue requires methods capable of
determining the analytes at the ppm, ppb, ppt or even
lower levels.

In the case of determination of pesticides in water,
as 1s the case with many other environmental pollu-
tants, a sample pretreatment step includes the analyte
enrichment as well as the removal (complete or
partial) of matrix components. Classification of
methods of isolation and preconcentration of organic
compounds from water was presented in a previous
paper [268]. The most common methods of pre-
concentration of pesticides from environmental sam-
ples are [15,267-295]:

1. liquid-liquid extraction (LLE);
2. solid-phase extraction (SPE);

Presently, three novel methods of isolation and
enrichment of the analytes are being vigorously
developed:

1. supercritical fluid extraction (SFE) of samples
preconcentrated on solid sorbents [296-310];
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2. solid-phase microextraction (SPME) [268,311-
316] and
3. extraction
[215,268]

using hollow fiber membranes

A bioimmunoassay test is another new technique
used for the determination of pesticides [181,183,
191,215,231,317-319].

Headspace GC techniques are not used in the
analysis of pesticides, since these compounds are
usually nonvolatile. Direct aqueous injection with
GC-nitrogen—phosphorus detection (NPD) method
have been applied for determination of triazine
pesticides [320].

4.2. Application of liquid—liquid extraction
methods for the isolation of pesticides from the
aqueous phase

Liquid-liquid extraction has found very wide
applicability for the isolation from the aqueous phase
of semivolatile and nonvolatile compounds. Exam-
ples of such applications include the determination of
triazine, phenylurea and phenylcarbamate herbicides
following their extraction with dichloromethane
[24,29-32,42,46-58, 67,73, 97, 129, 131, 202-204,
217,221-224,226,233, 243, 249, 255,321-325}, tri-
chloromethane [71,326] or a mixture of benzene and
ethyl acetate [326,327], or the determination of
halogenated pesticides and PCBs following their
extraction with hexane [57,60,94,107,138,141,144,
146, 149, 150, 152, 163, 170, 189,219, 328, 329],  di-
chloromethane {30, 80, 149, 154, 160, 163, 188, 204,
235,330-332], freon TF [145], acetonitrile [333],
diethyl ether [62,75], naphtha ether [173,328], ethyl
acetate [130,334], pentane [330,335], tetrachlorome-
thane [336], trichloromethane [149,337] or a mixture
of solvents [209,328].

The extract obtained during a liquid-liquid ex-
traction usually has to undergo a further clean-up.
Typically, water is removed by an addition of
anhydrous sodium sulfate. Solvent evaporation is
performed in a rotary evaporator, a Kuderna—Danish
evaporator or in a needie evaporator in a stream of
inert gas.

To clean up the extract and isolate the analyte

fraction, columns with the following packings are
used:

1. silica gel is most widely employed for the extract
clean-up and the removal of strongly basic com-
pounds;

2. alumina. Most often used, neutral alumina (pH
6.9-7.1) is employed to isolate hydrocarbons,
esters, aldehydes, ketones, lactones, quinones,
alcohols and weak organic acids and bases. Basic
alumina (pH 10-10.5) is used to isolate com-
pounds unstable in an acidic medium, and acidic
alumina (pH 3.5-4.5) is utilized to isolate organic
acids and inorganic compounds;

3. Florisil (magnesium silicate) is widely used to
clean up natural samples to determine trace
amounts of pesticides, etc. [222,223,237,241,327].

Following sample clean-up and chromatographic
separation, nitrogen- and phosphorus-containing or-
ganic compounds are usually determined using NPD,
and organohalogen compounds are determined using
the electron-capture detection (ECD). GC-MS is
also used extensively for the identification and
determination of the analytes. HPLC with UV, diode-
array (DAD), MS and fluorimetric detection has
recently found a wide applications in the determi-
nation of a broad spectrum of compounds.

The cleaned extracts have also been used to
determine total parameters, for example EOX, fol-
lowing their combustion and coulometric determi-
nation of the resulting halide ions [338-340].

The liquid-liquid extraction methods, although
simple and not requiring sophisticated apparatus,
have a number of drawbacks. They require the use of
large volumes of expensive, and possibly toxic,
solvents, which are then evaporated thus creating the
problem of storage of hazardous waste. Working with
these solvents may require the use of personal
protection devices, such as respirators.

The solvents used for extraction should be of very
high purity, free from traces of the analytes and other
potential interferents. Otherwise, a large solvent
background is obtained, frequently precluding the
determination. The formation of emulsions is yet
another problem with liquid—liquid extraction. Con-
sidering all these disadvantages, solid phase extrac-
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tion seems to be better suited for the isolation of
organic compounds from water.

4.3. Methods of isolation of organic compounds
from the aqueous phase based on sorption on solid
sorbents (solid-phase extraction)

Sorption on solid sorbents is presently the most
common technique of isolation of pesticides from
water [76,268-274,289-294,341-346]. Advantages
of this isolation technique have been described in
detail in a previous paper [268]. In analytical prac-
tice, a variety of adsorbents have been used for the
isolation of organic compounds from water, and new,
improved sorbents are being developed, better suited
for specific sample matrices, methods of final de-
termination or selective isolation of a particular
group of compounds. The oldest known adsorbent,
that is activated charcoal, has found a wide ap-
plicability for the determination of total parameters
of an AOX type. Such an application of activated
charcoal was described in detail in our recent paper
[268]. However, this sorbent has not been widely
used for the determination of individual compounds
due to such drawbacks as incompleteness of sorption
and desorption, the possibility of reactions of the
sorbent with the analytes and a relatively high
background. Despite these problems, graphitized
carbon blacks (GCB) with the highest surface area
has been successful used for the preconcentration of
organochlorine pesticides, triazine and phenoxyacid
herbicides from water samples [76,153,292,347).
Selective determinations of triazine herbicides have
been achieved by a two-trap tandem system with
GCB and strong cation exchanger [347].

In the following text, we will discuss the sorbents
most commonly applied to the isolation of pesticides
from the aqueous phase.

4.3.1. XAD porous polyvmeric sorbents

Amberlite XAD macroporous resins have found a
wide application for the isolation of organic com-
pounds from water [269,270,344]. Pretreatment of
the commercial sorbent involves sieving to obtain the
desired particle size fraction and decantation in
methanol to remove very fine particles. Further
pretreatment of the sorbent is carried out in a Soxhlet
extractor where it is successively extracted for 8 h

with methanol, acetonitrile and diethyl ether, fol-
lowed by thermal desorption for 8 h in a stream of
inert gas. Thus prepared sorbent is then stored in a
glass container under methanol [269].

XAD-2 and XAD-4 (styrene—divinylbenzene co-
polymers) have been used most frequently because
of their hydrophobicity and lack of adsorption of
inorganic ions. XAD-2 has been utilized for pre-
concentration of volatile and nonvolatile or-
ganohalogen compounds [88,98,165,241,328,348-
352], herbicides [69,165,348], PCBs [88,98,226,227,
241,351], phenols [349,353], chlorobenzenes
[98,354], MX [355,356], polycyclic aromatic hydro-
carbons (PAHs) [98,348,352,353,357,358], or-
ganosulfur compounds [359] and other groups of
compounds [98,350,353,360,361].

Solventextraction is the most common method of de-
sorptionofthetrappedanalytesfromthesorbentbed. The
solvents used for desorption included diethyl ether [88,
350,351,354,360,362-364], ethyl acetate [356,361],
methanol [352,359,365], acetone [165,366], acetoni-
trile [226,227,367], cyclohexane [336,352], n-hexane
[364}, dichloromethane [98,328,353], ethanol [337]
or a mixture of two solvents [98,344,355,357,364].

XAD-4 has been used for preconcentration of
pesticides  [368-370], and other compounds
[349,371]. The solvents used for recovery of the
trapped analytes included pentane [372], dichlorome-
thane [349,370], diethyl ether [278,350], ethanol
[364], acetone [357,369] and hexane [370].

Other XAD resins have found much more limited
application [269,271,272]. XAD-7 and XAD-8
(methyl methacrylate polymers) were utilized for the
isolation and enrichment of pesticides [88,349,350],
PCBs [88,373] and humic acids [373,374].

Sorbents analogous to XAD resins (called tempo-
rarily 542 and 655) have been developed in Poland
[349]. They are also styrene—divinylbenzene copoly-
mers and they reveal sorption properties similar to
XAD-2 and XAD-4 as measured by the total re-
covery of analytes from the aqueous phase following
their isolation on the sorbent and desorption with
dichloromethane in a Soxhlet extractor for 12 h.
Investigations were carried out for ten model com-
pounds, including n-hexadecane, p-dichlorobenzene,
DDT and phenol.

Solvent extraction of a sorbent bed is usually
carried out by passing a solvent through a column
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packed with the sorbent, but it can also be performed
in a Soxhlet extractor [227,336,349,357). The ex-
tracts are often pretreated before the final chromato-
graphic analysis by removing water using anhydrous
sodium sulfate [226,227,327,349,361,369] or freez-
ing it out [354,360], by evaporating the solvent
[227,349,360,361,363], by replacing the solvent with
another solvent [375,376], or by fractionating the
analytes in the extract using columns packed with
Sephadex [344], Zorbax—CN [363] and Spherisorb—
CN [363].

Final determinations of the analytes are typically
performed by gas chromatography with flame-ioniza-
tion or mass spectrometric detection [69,98,354,355,
362], but selective detectors, such as ECD [88,238,
333,344,368] and electrolytic conductivity detector
[333,361] for organohalogen compounds, NPD
[333,344,361] for organonitrogen and organophos-
phorus compounds atomic emission detection (AED)
[333,377] and flame photometric detection (FPD)
[369] for organosulfur compounds are also em-
ployed. HPLC with the UV and DAD detection has
recently found large applications in this area
[290,358,363,367].

An example of application of XAD-2 resin to the
determination of selected nitrogen- and phosphorus-
containing pesticides is described below.

Determination of selected organonitrogen and or-
ganophosphorus pesticides after isolation on XAD-2
and extraction with dichloromethane [15,378-380]

A styrene—divinylbenzene copolymer, XAD-2, has
been used for the isolation and preconcentration of
triazine herbicides as well as other organonitrogen
and organophosphorus pesticides [15]. Triazine her-
bicides, especially simazine and atrazine, represent
one of the major groups of anthropogenic water
pollutants due to their high solubility in water,
relatively long half-lives and wide application
(11-15,28,37,47-51,76, 87, 180188, 232,236, 237,
324]. Because the maximum allowable concentra-
tions of pesticides in drinking water are very low
(for example, in the EEC they are 0.1 ug/l) [37],
there is a need for selective and sensitive methods of
their determination. As a result of its simplicity and
speed, minimal adsorption of water and the lack of
solvent background, solid-phase extraction (SPE)
[33-35,37,47-49,60,76,87,136,269-272,367] seems

to be preferable for this purpose over liquid-liquid
extraction [29-32]. The choice of sorbent depends
on the kind of analytes and is usually a compromise
between the sorption and desorption conditions. The
choice of XAD-2 for the isolation of herbicides
resulted from its sorption characteristics, the ease of
desorption and common use for the preconcentration
of pesticides. The trapped pesticides are solvent
desorbed with dichloromethane and determined by
gas chromatography with thermionic detection. Two
procedures for the determination of selected pes-
ticides in water have been developed, one using
small columns packed with XAD-2, the other one
using large columns packed with the same sorbent.
The procedure using small amounts of XAD-2 is
suitable for the determination of pesticides in rela-
tively polluted water (rivers), whereas the procedure
employing larger amounts of XAD-2 is best suited
for the determination of pesticides in relatively clean
water (seawater, estuary water).

After preliminary investigations, the following
analytical procedure was selected for small columns
containing 1.8 g of XAD-2:

1. natural samples were filtered through Whatman
filters using a Millipore filtration kit;

2. known amounts (about 500 ng per sample) of
Cyprazine or Prometryn were added to each
sample as an internal standard;

3. 21 of the analyzed solution were passed through
the XAD-2 column at 20 mil/min;

4. after preconcentration of pesticides the entire
apparatus including the sorbent bed were washed
with 100 ml of doubly distilled water;

5. the sorbent bed was then dried for about 15 min
using an aspirator;

6. the trapped analyte was extracted by backflush-
ing the bed with 20 ml of dichloromethane at 1.5
ml/min;

7. residual water was removed from the extract by
adding ca. 8 g of anhydrous sodium sulfate;

8. the extract was transferred to a test tube using a
Pasteur pipet;

9. dichloromethane was gently evaporated using a
needle evaporator and replaced by isooctane;
10. for natural samples, solvent exchange was fol-
lowed by filtration using a syringe filtering

device with 12-mm Whatman filters;
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11. the final extract was evaporated to ca. 0.4 ml,

12. the extract was then stored in a freezer;

13. following extraction, the sorbent bed was addi-
tionally cleaned by passing 50 ml of methanol
and 100 ml of doubly distilled water;

14. final determinations were carried out by gas
chromatography with the Varian NPD detector.

For large columns containing 53 g of XAD-2, the
following analytical procedure was used:

1. filtration and internal standard addition as for
‘small columns’;

2. preconcentration of the analytes from 10-20 1 of
samples passed at 100 ml/min;

3. following preconcentration, the system was
washed with 500 ml of doubly distilled water;

4. the sorbent bed was then dried for about 30 min
using an aspirator;

5. the trapped analytes were extracted by backflush-
ing the bed with 100 ml of dichloromethane at 2
ml/min. Initially, residual water is removed from
the column. The water can be collected using a
Pasteur pipet which facilitates drying of the
extract;

6. the extract was dried using ca. 20 g of anhydrous
sodium sulfate;

7. further procedure was the same as for ‘small
columns’.

The detection limits for the analyzed pesticides
were very low (10 ng/l for small columns to 1-2
ng/l for large columns). The precision of both
procedures was good, as demonstrated by the relative
standard deviation which ranged from 2.9 to 9.8%.
The accuracy was also good: the average recovery
was 91-106% for small columns and 82-101% for
large columns. Model solutions of 5 common pes-
ticides (simazine, atrazine, ethyl parathion, malath-
ion, and methyl parathion) along with 2 degradation
products of atrazine [desisopropylatrazine (DIA) and
desethylatrazine (DEA)] were investigated. The con-
centrations of the pesticides in the model solutions
varied from 50 to 250 ng/l for small columns and
from 10 to 50 ng/l for large columns. The pro-
cedures developed were successfully applied to the
determination of these pesticides in surface water,
potable water and seawater. The results of these

determinations are listed in Table 1. Simazine,
atrazine, DEA and DIA were found in all of the
examined samples. Their respective concentrations in
seawater, potable water and river water were 7.6, ca.
16 and ca. 110 ng/l for simazine; 16, 40 and 140
ng/1 for atrazine; S, 45 and 60 ng/1 for DEA and 10,
40 and 400 ng/l for DIA. The identity of the
analytes (except for DIA) was confirmed by GC-
MS. High recovery of an internal standard
(cyprazine) added to filtered samples (86 to 105%)
should also be emphasized.

4.3.2. Chemically modified silica gels

Chemically modified silica gels are relatively new
sorbents used for the isolation of organic compounds
from the aqueous phase. Such sorbents are prepared
by chemically bonding organic groups to the surface
of silica gel. Depending on the organic group bonded
to the surface, the modified sorbent can then be used
for the isolation of selected classes of organic
analytes which is an obvious advantage of this
approach. Most often, commercially available pre-
packed sorption tubes are utilized.

The use of chemically modified silica gels allows
the separation of organic compounds of interest from
all other compounds which are not to be determined.
This can be achieved in three ways:

1. by selective extraction: only the compounds to be
determined are trapped on the sorbent bed during
preconcentration, other compounds are not re-
tained;

2. by selective desorption of impurities: during
solvent extraction of the sorbent bed only im-
purities are removed, the analytes are retained on
the bed and are subsequently eluted with a
different solvent;

3. by selective desorption of analytes: only the
analytes are solvent extracted from the sorbent
bed, the impurities remain retained on the sorbent.

The selection of solvents for each step of the
procedure depends primarily on the kind of analytes
and potential interferents. The procedures using
sorption tubes packed with modified silica gels
usually involve the following steps:
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1. the selection of kind and amount of a sorbent
depending on the concentration level of the
analytes and interferents, the matrix composition,
and the sample volume available. Most common-
ly, sorption tubes packed with 1 ml of the sorbent
are used but the tubes containing 3 or 6 ml of the
sorbent can also be utilized;

2. conditioning of sorption tubes in order to activate
the sorbent bed. The method of conditioning
depends on the kind of sorbent used. After this
step, the sorbent bed should not be allowed to
dry;

3. preconcentration of the analyte(s) on the sorbent
bed. The sample volume may vary from milliliters
to liters. In order to improve the selectivity of
enrichment of the analytes, the pH of the sample
can be adjusted, inorganic salts or organic sol-
vents can be added to the sample, and the analytes
can be converted into derivatives that are better
adsorbed on the sorbent or are easier to de-
termine. An internal standard is usually added to
the sample prior to the preconcentration step;

4. washing the sorbent bed to remove impurities
weakly retained on the bed;

5. extraction of the trapped analytes with a suitable
solvent (0.2 to 2 ml);

6. regeneration of the sorbent bed aimed at a remov-
al of the remaining impurities.

The obtained extract can be treated further by
fractionation, solvent evaporation or solvent ex-
change depending on the method of final determi-
nation. Final determinations are carried out by gas
chromatography, high-performance liquid chroma-
tography (HPLC) or supercritical fluid chromatog-
raphy.

The most commonly used sorbents from this group
are silica gels with bonded octadecylsilyl (ODS) or
octylsilyl groups. Examples of application of these
sorbents include:

l. determination of organophosphorus and or-
ganonitrogen pesticides using GC-NPD [34,35,
49,163,182,208,220,287,294,325,381-386];

2. determination of organochlorine pesticides and
PCBs using GC-ECD [136,142,163,210,287,
383,384,387-392];

3. determination of a variety of pesticides and other

compounds using GC-MS [26,33,37,38,44,47,
55, 79-81, 87, 174, 208, 230, 245, 295, 325, 385,
388-390,393-399];

4. determination of a broad spectrum of compounds
using on-line or off-line solid-phase extraction
technique and HPLC with UV, DAD, MS or
fluorimetric detection [40,48,51,66,76,184,230,
287,290,291,295,345,367,386,398,400-418].

Another approach to using chemically modified
silica gel is the extraction disk technique in which
sorption tubes are replaced by disks with diameters
of 25, 47 or 90 mm and 0.5 mm thick made of PTFE
and sorbent particles. The disks with the ODS phase
are used most often, but the disks with the octylsilyl
phase or styrene—divinylbenzene copolymer are also
common [289,415]. A sorbent makes about 90% of
the mass of a disk and in the case of disks having 47
mm in diameter the sorbent mass is about 500 mg.
The diameter of sorbent particles is ca. 8 pum, and
the pore size is about 0.6 um.

Fig. |1 shows an assembly for extraction disks
manufactured by J.T. Baker company [415]. The
analytical procedure involving extraction disks is

|

Fig. 1. Vacuum assembly for extraction disks: (1) graduated funnel
for the analyzed sample; (2) PTFE connectors; (3) Empore SPE
disk; (4) disk base with glass frits; (5) outlet to a vacuum pump;
(6) glass connector; (7) Luer tip and (8) suction flask.
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completely analogous to that utilizing sorption tubes
and includes the same steps: assembly of the ap-
paratus, sorbent conditioning with a suitable organic
solvent, passing a sample (up to 2.5 1) at about 3
ml/min using an aspirator, drying the disk, collecting
the extract, followed by further treatment of the
extract in the same manner as for sorption tubes.

A number of procedures using extraction disks
have been developed, including those for the de-
termination of dioxins, PAHs, PCBs, phthalates,
pesticides, phenols, and explosives in water and
wastewater [41,161,245,288,323,415,416,419-426].
The advantages of using extraction disks include an
increased efficiency of sorption/desorption compared
to sorption tubes due to: (1) a decrease in particle
diameter of sorbents, (2) improved packing of the
sorbent particles which reduces the mean free path of
the analyte molecules to the sorbent particle, and (3)
a decrease in linear velocity of the analyzed sample
with the simultaneous reduction in its flow-rate as a
result of considerable increase in the flow cross-
section. The extraction disk technique is relatively
recent; it was first applied in 1990. However, its
advantages, and mainly the simplicity and low cost,
have caused a growing interest among the analysts
and increased applications, despite high blank values
and batch-to-batch variations of the sorbents.

4.3.3. Tenax sorbents

So far, Tenax sorbents have been used mostly for
the isolation of organic compounds from gaseous
samples. In the case of analysis of water pollutants,
Tenax has been employed primarily in the purge and
trap and CLSA. The use of Tenax for direct pre-
concentration of organic compounds from the aque-
ous phase was much less common [427-429]. This
seems justified if the trapped analytes are to be
solvent extracted [83], but thermal desorption from
Tenax appears to be advantageous [427-429]. Tenax
sorbents have high thermal stability (up to 400°C)
which is superior to that of XAD resins. Conse-
quently, thermal desorption from Tenax can be
carried out at a high temperature (240-250°C) and
the liberated analytes are directed onto a GC column
operated at ambient temperature [30°C cold injection
system (CIS)] [427] or below ambient temperature
[—30°C whole column cryotrapping (WCC)] [423].
Even though small volumes of water samples (about

50 ml) are used, the detection limits for individual
compounds are still in the order of ng/l, because the
entire amount of the analyte is subjected to GC
analysis. Procedures using direct sorption on Tenax
of analytes from water samples have been applied to
the determination of pesticides and PAHs [427],
methyl esters of carboxylic acids [428], hydrocar-
bons and volatile organohalogen compounds [429].

4.4. Supercritical fluid extraction

Supercritical fluid extraction (SFE) is a new
technique of sample pretreatment which has a poten-
tially wide applicability, particularly for complex
environmental samples due to its speed, selectivity
and ease of use [296-310]. Unique advantages of
supercritical fluids are related to their properties.
Some parameters of supercritical fluids are similar to
those of gases whereas others resemble those of
liquids.

Although a number of compounds have been
proposed as SFE solvents, only carbon dioxide has
been widely used because of its low critical tempera-
ture (31.1°C), relatively low critical pressure (73.8
bar), low reactivity and because it is readily available
in high-purity form and is nontoxic, inexpensive, and
nonflammable. Even though carbon dioxide is classi-
fied as a nonpolar solvent, as a result of its large
quadrupole moment it exhibits some affinity also
toward polar organic compounds. The elution
strength of carbon dioxide increases with an increase
in its temperature and pressure. At a relatively low
pressure (75 bar; 80°C; d=0.15 g/ml), its elution
strength is similar to that of pentane. At higher
pressures (380 bar; 40°C; d=0.95 g/ml) the elution
strength of CO, resembles that of dichloromethane,
toluene or benzene [296,300,303].

Nitrous oxide, ethane, butane, sulfur hexafluoride,
and chlorodifluoromethane have also been used as
supercritical fluids; however, due to their toxicity,
flammability or environmental impact their applica-
tion has been limited [296,300,303]. The main
application of supercritical fluid extraction is the
extraction of analytes from solid samples.

In order to improve the extraction efficiency for a
number of polar compounds, several modifiers can
be added to carbon dioxide; methanol, ethanol, 1-
propanol, 2-propanol, tetrahydrofuran, 1,4-dioxane,
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acetonitrile, water and carbon disulfide are used most
often for this purpose.

The main advantages of supercritical fluid ex-
traction are:

1. elimination of expensive high-purity solvents,
some of which are toxic (e.g., dichloromethane,
tetrachloroethylene) thus posing laboratory hazard
and the problem of disposal of waste;

2. substantial reduction of time of the extraction due
to the rapid mass transfer between the two phases;

3. ease of on-line or off-line coupling to other
instruments used for the final determination of
analytes (HPLC, GC, supercritical fluid chroma-
tography, spectrophotometry);

4. selectivity of extraction of a group of analytes due
to ease of modification of properties of the
extracting agent (density, viscosity, elution
strength) which can be effectively adjusted by
varying the pressure and temperature and by the
addition of modifiers;

5. supercritical fluid extracts are usually solvent free
and no evaporation or concentration steps are
necessary prior to final determination of the
analytes;

6. the extracts are cleaner than those obtained using
solvent extraction, because CO, is available in a
high-purity grade that is also inexpensive and
readily available;

SFE can be performed under mild conditions
which minimizes thermal degradation.

4.4.1. Solid-phase extraction—supercritical fluid
extraction

A combination of SPE and SFE techniques is the
most common procedure for isolation and preconcen-
tration of analytes from water samples using super-
critical fluids. In the first step, organic compounds
are extracted from the aqueous phase to a solid
phase. Tenax, XAD resins, modified silica gels and
polyurethane foam are typically used as sorbents
[423,425-429]. Next, the sorbent bed is dried (usual-
ly in a stream of nitrogen at 60°C) and transferred to
an extraction cell where a selective extraction of
particular analytes by a supercritical fluid takes
place.

4.4.2. Direct extraction of organic compounds
from water samples using SFE

Direct extraction of organic compounds from
water samples suffers a number of drawbacks, the
most severe of which is a relatively high solubility of
water in supercritical CO, (ca. 0.3%). The problem
of presence of water, which can block the restrictor
or enter the chromatographic system, is partly solved
by using dynamic supercritical fluid extraction of
solid sorbents with the trapped analytes; however,
the present state of the art of SFE is still not
acceptable for routine analyses.

The first system for supercritical fluid extraction of
organic compounds from water was based on the
closed-loop stripping analysis (CLSA). In this sys-
tem, a supercritical fluid circulates from the outlet of
an extraction cell back to the water sample. When the
system sample-supercritical fluid reaches an equilib-
rium, a portion of the supercritical fluid is directed to
a sampling valve. The sample is then analyzed by
supercritical fluid chromatography. Such a system
was investigated for the determination of diisopropyl
methylphosphonate in water. The time of equilibra-
tion was 1.5 h, but after an addition of 0.1 mg of
NaCl to the water sample it was reduced to below 5
min. The same method has also been used for the
isolation and determination of phenol in water [430].

Another system [431] is based on a sandwich
phase separator in which supercritical CO, and the
aqueous phase are separated by means of hydro-
phobic membranes resistant to high pressure made
from PVDF [(-CH,—-CF,-),] and Delrin [(-CH,-
O-),]. This system was used for the isolation of
phenol and 4-chlorophenol from water.

In summary, it should be emphasized that super-
critical fluid extraction is a vigorously developed
technique for the isolation and enrichment of ana-
lytes. Its importance in the analysis of environmental
sample cannot be overstated.

5. Conclusions

Pesticides constitute one of the most hazardous
groups of environmental pollutants. They are toxic to
humans as well as to the flora and fauna. As a result
of their wide application and persistence, they can be
found in all parts of the environment, including
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muscle and lipid tissue of fish, mammals and
humans. The analysis of pesticides is a formidable
task considering very low concentrations of the
analytes, their diversity and different physical and
chemical properties, and much higher concentrations
of interfering compounds. Nevertheless, because of
the environmental impact of pesticides, a lot of effort
has been devoted to the development of methods of
determination of these analytes. The methods of
determination of pesticides are now well developed,
as evidenced by their inclusion into standard pro-
cedures used, for example, by the United States
Environmental Protection Agency (e.g. Methods 505,
507, 515, 531, 549.1, 553, 608, 619, 632, and 8325)
or OSHA (Method 62). Sample preparation tech-
niques in these methods frequently involve solid-
phase extraction using extraction tubes or extraction
disks, or solid-phase microextraction employing
PDMS- or polyacrylate-coated fibers. Final determi-
nation is typically carried out by gas chromatography
with FID, NPD, FPD, ECD or MS detection or by
high-performance liquid chromatography with UV
detection.

The present paper discusses only the most com-
mon techniques used for the isolation and determi-
nation of pesticides in water, namely solid phase
extraction utilizing XAD resins, Tenax and modified
silica gels, liquid-liquid extraction and supercritical
fluid extraction. Solid phase microextraction and
membrane techniques have been discussed in detail
in a previous paper dealing with volatile organic
compounds [268] and are not included in this review.
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