Journal of Chromatography, 642 (1993) 135-161
Elsevier Science Publishers B.V., Amsterdam

CHROMSYMP. 2749

Review

Solid-phase extraction in multi-residue pesticide analysis

of water

G. Font*, J. Maiies, J. C. Molt6 and Y. Pico

Laboratori de Toxicologia, Facultat de Farmacia, Universitat de Valéncia, Vicent Andrés Estellés s/n, 46100 Burjassot, Valéncia

{ Spain)

ABSTRACT

The determination of pesticides in water is fundamental to the solution of environmental problems as natural waters are usually
contaminated with a large number of pesticides. The selection of an isolation and/or concentration technique depends largely on the
class of pesticides to be determined. It is often necessary to determine simultaneously a wide variety of compounds in a water sample.
Application of 3olid-phase extraction techniques offers a solution. The mechanisms of solid-phase extraction, types of sorbents and

their application to multi-residue pesticide analysis are reviewed.
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1. INTRODUCTION

The determination of pesticide residues in water
samples is necessary for solving various environ-
mental and biological problems [1]. The accuracy
and precision of analysis are dependent on both
sample preparation and instrumental performance.
The analysis is carried out using gas chromatogra-
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phy (GC) [2] or liquid chromatography (LC) [3].
These chromatographic techniques require efficient
isolation and concentration procedures, such as
liquid-liquid, supercritical fluid and solid-phase ex-
traction [4,5].

Liquid-liquid extraction (LLE) is frequently used
but it produces emulsions and different extraction
efficiencies for various compounds; it also requires

0021-9673/93/$24.00 © 1993 Elsevier Science Publishers B.V. All rights reserved



136

large amounts of solvent and is slow, laborious and
difficult to automate [6,7].

Solid-phase extraction (SPE) is attracting in-
creasing attention and constitutes an alternative to
LLE. Desorption of retained organic compounds
can be carried out by elution with a suitable solvent.
SPE is widely used for the trace enrichment of very
dilute solutions such as natural waters, where large
sample volumes may have to be processed, to yield
concentrations of analyte sufficient for detection.
The technique has been reviewed in a variety of
areas such as extraction of organic compounds [8—
12], on-line precolumn techniques [13,14] and sam-
ple preparation in drug analysis [15]. Svoboda [16]
reviewed the use of sorbents for the preconcentra-
tion of one or a few pesticides.

Supercritical fluid extraction (SPE) is in the early
stages of development and so far has been used
mainly with solid samples. However, it can readily
be used with liquids if the sample is immobilized on
a solid support. This means that the technique can
be used to extract pesticides from water samples [8].

Although a single residue method is often used in
analyses required by legislation or to confirm re-
sults, for the analysis of real environmental water
samples, when nothing is known about the nature
of possible contaminants, multi-residue methods
are needed. Pesticides form a large group of com-
pounds with widely differing structures and biolog-
ical activities. Ideally, multi-residue methods should
provide rapid identification and quantification of as
many different pesticides as possible at the required
sensitivity limit. This diversity poses problems for
the analyst who is trying to develop methods that
cover as many pesticides as possible [17-22].

Considering the above problems associated with
this kind of analyte and matrix, we present here a
detailed review of several multi-residue SPE proce-
dures that have been proposed in the last 10 years
for the determination of organochlorine, organo-
phosphorus and organonitrogen pesticides in water.

2. MECHANIMS OF SOLID-PHASE EXTRACTION

The two major mechanisms of analyte retention
on solid support are adsorption and partitioning.
Extraction of trace amounts of organic compounds
from water with solid sorbent is a method in which
adsorption on a solid substance is used in order to
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isolate compounds dissolved in water. Sorbent ex-
traction can also be based on the distribution of the
dissolved compound between the solid sorbent and
water. In these instances, provided that the sorbent
has been selected correctly, the partition coefficient
is shifted even more towards the sorbent than in
water.

2.1. Adsorption
Pesticides have some affinity for binding on solid

surfaces. Common adsorbents are charcoal and po-
rous polymers. The adsorptive capacity of a given

‘adsorbent depends in part on the treatment or man-

ufacturing conditions and on the composition of
the adsorbent (references are given in Table 1).

Charcoal was the first sorbent to be used for the
extraction of organic compounds from water [10].
The advantage of this material was the high reten-
tion of low-molecular-mass polar pesticides and
their metabolites [23-30].

Polymers have been used as alternative sorbents
to carbon for trace enrichment since the late 1960s.
Their homogeneous structure results in greater re-
producibility of trace enrichment experiments. The
most often used types of polymers are styrene-divi-
nylbenzene copolymers (Polysorb S [31], Amberlite
XAD-2 [32,35,36,39] and XAD-4 [33,34,37,38],
PRP-1 [40-42]), acrylate polymers (Amberlite
XAD-7 [39] and XAD-8 [36], Separon SE [43-45]),
2,6-diphenyl-p-phenylene oxide (Tenax GC [46—
48]), ethylvinylbenzene—divinylbenzene (Porapak Q
[40]), amide esters (polyurethane foam [49]) and or-
ganic polymeric sorbents without functional groups
(Wolfatit Y77 [50]) (Table 2).

TABLE 1
ADSORPTION TECHNIQUES
Adsorbent Ref.
Charcoal 23, 24, 25, 26, 27, 28, 29, 30
Porous polymers:
Amberlites 32, 33, 34, 35, 36, 37, 38, 39
PRP-1 40, 41, 42
Separon SE 43, 44, 45
Tenax CG (polymide) 23, 46, 47, 48
Polyurethane foams 34, 49
Wolfatit 50
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Desorption of the compounds from the concen-
tration columns is mainly performed with a small
volume of liquid. The partition coefficient in a given
polymer—cluent system should favour the pesticide
being studied shifted in favour of the eluent (hex-
ane—diethyl ether [23,38], light petroleum—toluene
[24,28], methanol-dichloromethane [25,26,29,30,
39], acetone [43-45,49], diethyl ether—methanol [32],
dichloromethane—hexane [34], acetone—hexane [35],
acetonitrile with dichloromethane or diethyl ether
[36], diethyl ether [46], ethanol [33,37], acetonitrile
[40], acetonitrile-water [41], water [42], light petro-
leum [47] and ethanol [50]).

Another system described is thermal desorption
[48], which has been applied for the determination
of some organochlorine pesticides. The extraction
column is introduced inside the GC oven. The de-
sorption process is similar to that in headspace
analysis. Thermal desorption can fail as a result of
the very strong interaction between the analyte and
the sorbent, as a temperature sufficient to desorb
the analyte might also destroy the sorbent, the ana-
lyte or both. If the analyte is thermally unstable,
thermal desorption can invalidate quantification
and introduce artefacts even if the analyte is only
weakly adsorbed.

The use of supercritical carbon dioxide to accom-
plish the desorption can provide solutions to these
last two problems. The application of this technique
to desorb spiked y-BHC, hexachlorobiphenyl and
parathion from Tenax [51] and polymides [52] may
become an attractive alternative to solvent and
thermal approaches in the future.

2.2, Partitioning

The development of surface-modified materials
for LC has opened up a new technology for applied
research [53]. The bonded phases were originally in-
troduced for use in LC to obviate the limitations of
silica gel when used to separate mixtures of highly
polar and ionic sustances [54,55]. These phases can
be prepared by reacting silica gel with an appropri-
ate organic mono-, di- or trichlorosilane, producing
a surface coating of organic material that replaces
the surface hydroxyl groups as the interacting moie-
ties of the stationary phase. The interacting organic
groups can be simple hydrocarbon chains, as with a
reversed-phase material, a hydrocarbon chain with

G. Font et al. | J. Chromatogr. 642 (1993) 135-161

a terminal polar functional group, as with a polar
bonded phase, or an ion-exchange moiety, as with
an ion-exchange bonded phase [56]. The first at-
tempts to use them as preconcentration media date
back to 1971 [57], but the modern technique had its
beginning in 1978 with the commercial introduction
of Sep-Pak cartridges (Waters, Milford, MA, USA)
[58].

Today, SPE has blossomed into a widely applied
technique: more than 30 suppliers offer phases
ranging from conventional HPLC phases, such as
C,s, Cs, cyano and amino, to reactive particles that
users can derivatize with a ligand of their choice
[59]. The bonded silica mostly used is that with the
octadecyl group [60—-63].

Table 3 presents procedures for the preconcentra-
tion of various types of pesticides from water sam-
ples on bonded silicas.

It is well known that simple extraction, evapora-
tion and other similar techniques share the disad-
vantage of a high risk of contamination from con-
tainers, solvents and laboratory surroundings, and
also the risk of degradation on evaporation to dry-
ness. Octadecyl-bonded SPE has been proposed by
the US Environmental Protection Agency (EPA) in
Method 525 [114].

Although an off-line SPE procedure usually
shortens the time of sample handling, a certain
amount of tedious labour remains. The means for
reducing this time-consuming work is to automate
the entire procedure as much as possible. The use of
precolumns makes it possible to employ on-line
concentration techniques on C;5 or Cg in conjunc-
tion with HPLC [66-69,71,74,75,103, 106—108] but
also with GC [70].

Automation of sample preparation for pesticide
analysis is essential when large water samples are
required. Manufacturers have met the needs of re-
sidue chemists for sampling automation by offering
laboratory robots with bonded silica cartridges.
The Varian AASP (advanced automated sample
processor) system has been proposed for pesticide
analysis of water [115,116].

A new generation of SPE devices have recently
emerged. Borrowing the disc configuration of mem-
brane filters, these devices include flat discs with
large cross-sectional areas that provide advantages
for on-line preconcentration and clean-up methods
with respect to sorption, capacity, back-pressure
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and stability after repeated use [71,109,110,112].

Immobilized liquid membranes for separations
have been developed in recent years. They have
most frequently been used for separations of metal
ions by facilitating transport mechanisms [117], but
also for separations of organic molecules [118]. Au-
dunsson [119] used immobilized liquid membranes
in a flow system for the determination of amines in
aqueous samples. A similar system was used by
Nilve and co-workers [120,121] for enriched phen-
oxyalkanoic acids and sulphonyl urea herbicides
prior to on-line determination by HPLC. With the
liquid membrane technique sample preparation is
performed in a flow system, which is easily auto-
mated.

3. FACTORS AFFECTING SOLID-PHASE EXTRACTION

The extraction recovery of pesticides from water
samples depends on a number of factors such as the
type of water samples (presence of particulate mat-
ter, ionic strength of the water), pH and sorbent
treatment.

3.1. Type of water

Unfortunately, experiments are usually carried
out on aqueous samples with low ionic strength and
free from colloidal particles, such as distilied, deion-
ized, tap or finished waters, representing a matrix
that is different from natural waters and particular-
ly from sea water [122]. Significant losses in recov-
ery tests on pesticides have been observed with SPE
when water samples with high contents of organic
matter have been analysed owing to competition for
the actives sites of the adsorbent between the chlor-
inated hydrocarbons and other hydrophobic
groups present in the sample [64,92,94,99].

On analyses of marine and surface waters con-
taining solid particles forming suspensions, the re-
coveries from unfiltered waters were found to be
substantially lower than expected for some pesti-
cides [48]. Humic substances in water can increase
the apparent solubility of these compounds, bind
organic compounds either with covalent bonds, as
charge-transfer complexes, by hydrogen bonding or
by Van der Waals interactions. These substances
are adsorbed on the suspended solid particles [123—
125].

G. Font et al. | J. Chromatogr. 642 (1993) 135-161

Detergents diminish the retention of the pesti-
cides in the solid phase, an effect probably due to an
increase in the solubility of the pesticides in water
[64,92-94].

An increase in the ionic strength of aqueous sam-
ples leads to weakening of the interaction between
undissociated molecules and water, resulting in an
increase in the extraction efficiency. A positive salt-
ing-out effect on adsorption on octadecylsilica has
been observed for some herbicides [75,104] and py-
razone [126] and on Wolfatit Y77 for organophos-
phorus compounds [50]. In another report [126], an
increase in ionic strength improved the retention for
hydrophobic organic solutes in the water—Amber-
lite XAD-8 system [127]. However, the addition of
NaCl or KCl had no significant effect on the extrac-
tion of a wide range of organic compounds on Cg
[64,90,92].

3.2. Sample volume

The effect of sample volume on SPE recovery is
of crucial importance for samples of environmental
interest. Extraction of a sample volume of 200 mi-1
1 is necessary in order to determine low levels of
pollutants. In SPE, the solvent in which the solute is
dissolved (i.e., water for environmental samples) is
capable of eluting the solute from the column; the
solute of interest has some finite capacity factor in
the sample solvent itself. If the number of column
volumes of water required to elute the solute from
the column, plus one column volume (the volume in
the column when the sample was introduced), is ex-
ceeded, then the solutes begin to elute from the col-
umn as more sample is being continuously added to
the head of the column; this results in decreased
recoveries. The maximum sample volume from
which 100% recovery can be achieved and beyond
which the solute of interest begins to elute from the
column is called the breakthrough volume. The
breakthrough volume is determined by the capacity
factor of the solute in the sample solvent, that is, the
sample solvent strength. For reversed-phase sor-
bents, the breakthrough volume is a function of the
hydrophobicity of the solute and the mass of sor-
bent used [45,84].
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3.3.pH

The effect of pH on the retention of compounds
on a solid phase can only be studied with stable and
non-ionic pesticides [45,49,84,90,94]. In addition, it
may be necessary to adjust the pH of the sample to
ensure that the compound is in the appropiate form
to achieve the efficient retention by the solid phase
[41-43,73,82-84,87].

Most synthetic polymers are unaffected by ex-
treme pH values, but some acrylates may be hydro-
lysed at high pH. Extreme pH values can change the
nature of bonded phases; the recommended pH val-
ues are between 2 and 8.

3.4. Sorbent treatment

A typical sorbent treatment sequence involves the
following steps: activation of the sorbent (wetting);
washing for bonded phases; elution of concentrated
pesticides; and regeneration of the column.

3.4.1. Activation

A requirement for effective adsorption is perfect
mutual contact between the solid and liquid phases.
The type of carbon generally used for pesticide en-
richment is granular activated carbon with a large
surface area (300-2000 m? g~') and a wide pore
diameter distribution, which does not require previ-
ous treatment. As more than 99% of the surface
area of a polymer sorbent is the internal area of the
pores, the need for penetration of liquid phase into
the pores is obvious. Complete permeation of the
water into all these pores of the hydrophobic poly-
mer is usually ensured by wetting the polymer first,
with an organic water-miscible solvent, which is
then replaced with water. Prewetting of chemically
bonded silicas causes opening of the hydrocarbon
chains, thus increasing its surface area.

3.4.2. Washing

After the sample has been extracted, potential in-
terferents can be removed by washing the column
with solvents of various strengths. For most non-
polar phases, water can be used to remove many of
the polar constituents of water samples without
eluting pesticides. Less polar contaminants may be
removed by adding relatively weak solutions of
methanol or acetonitrile in water. However, to en-
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sure that no breakthrough or loss of analytes occurs
during washing steps, preliminary analyses should
be carried out.

3.4.3. Desorption

Desorption is usually accomplished by the use of
solvents. When the extraction is finished, a small
volume of a liquid for which the partition coefficient
in a given solid phase—eluent system favours the
eluent is allowed to pass through the column
[90-92,95,110]. Experimental results from adsorp-
tion and partitioning TLC and LC can be applied to
the selection of the appropiate eluent [64].

The SPE column can be used more than once,
provided that it is regenerated with the solvent used
for its activation.

Preliminary studies with C;3 SPE columns re-
vealed the presence of interferents that co-eluted
with the analytes of interest. Plasticizers have been
reported to be frequent interferents [91,94,128] . Al-
though the size of the interferent peaks was reduced
by the precleaning procedure, they could not be
completely eliminated. This phemomenon has also
been observed with other polymeric sorbents [129].
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