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Preface

The synthesis, during the 1950s, of organophosphorus, carbamate, organochlorine, and
pyrethroid compounds, designed for preventing, destroying, repelling or mitigating
any pest, marked the beginning of the contemporary “pesticides era”. Users’ benefits,
because of the successful pesticides application for parasites control of field and fruit
crops leading to an increase of the agricultural production, became evident. However,
pesticides toxicity and indiscriminate usage caused risks to men and his environment.
Therefore, the World Health Organization (WHO), the Food and Agricultural Orga-
nization of the United Nations (FAO), the Codex Alimentarius Commission, the EU
Commission, and the U. S. Environmental Protection Agency (EPA), among others, en-
acted the allowable pesticide residue levels in food, drinking water and environmental
samples. The European Council Directive 98/83/EC on the quality of water intended for
human consumption sets the limit value of the individual pesticides in drinking water
at 0.1 og L-1 and of the total pesticides at 0.5 og L-1. According to the U.S. EPA Office of
Ground Water and Drinking Water (OGWDW), the health advisory levels for some or-
ganophosphorus pesticides in drinking water are: diazinon 3 og L-1, parathion-methyl
2 og L-1, disulfoton 1 og L-1, fenamiphos 2 og L-1, etc. At this time, EPA is reassessing
pesticide residue limits in food to ensure that they meet the safety standard estab-
lished by the Food Quality Protection Act of 1996.

The great public concern and the strict legislation incited the development of reliable,
specific, selective and sensitive analytical methods for pesticides monitoring. This
book presents some of them.

The first four chapters focus on sample preparation required by the chromatographic
pesticides analysis to eliminate interferences and to increase sensitivity. Chapter 1
discusses the current trends in liquid-liquid microextraction for analysis of pesticides
residues in food and water. Chapter 2 comments on a number of extraction proce-
dures, as liquid-liquid extraction, solid phase extraction, solid phase microextraction,
single drop microextraction, liquid-solid microextraction, microwave assisted solvent
extraction, supercritical fluid extraction, dispersive liquid-liquid microextraction and
accelerated solvent extraction. Chapter 3 points out on the application of miniaturized
ultrasonic extraction for residues analyses of organochlorine pesticides in water and
soil samples. Chapter 4 considers factors affecting the accurate quantification of pesti-
cide residues in non-fatty matrices, including effects due to solvent and other materials
applied for the residues extraction from the analyzed matrix, molecule polarity, matrix
chemical composition, etc.
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Preface

Chapters 5 to 11 are dedicated to the application of chromatographic techniques in
pesticides analysis. Chapter 5 focuses on issues related to the chromatography-mass
spectrometry and instrumental approaches to improve selectivity and sensitivity
of the determinations. Selectivity enhancement by the negative chemical ionization
approach is commented in Chapter 6. Applicability of fast GC for pesticide residues
in real-life samples is demonstrated, too. Chapter 7 introduces the principles of the
multidimensional chromatography applied in pesticides analyses. In Chapter 8 the
authors describe their “rapid and easy” multiresidue methods for determination of
pesticide residues in food using gas or liquid chromatography-tandem mass spectrom-
etry. Chapter 9 recommends the continuous human biomonitoring of organochlorine
pesticides used in human serum isotope dilution gas chromatography-high-resolution
mass spectrometric analysis. Analytical determination of urea pesticides is discussed
in Chapter 10. Studying lypophilic properties and bioactivity of pesticides by liquid
chromatography is the subject of Chapter 11.

Chapters 12 and 13 address the immunoassay- and biosensors-based techniques for
pesticides quantification. Chapter 14 is centered on the development of electrochemi-
cal sensors based on chemical or biological recognition processes and the advantages
provided by nanomaterials electrode modification. Chapter 15 reviews the principles
of the electrochemical biosensors-based methods for organophosphorus pesticides de-
termination as methods of choice for “in situ” and “on line” application. The recent
trends in the development of electrochemical biosensors, including nanomaterials
transducer modification and genetic engineering of the biological recognition element
are revised. Chapter 16 reports the results obtained by applying a gold-mercaptoben-
zothiazole-polyaniline-acetylcholinesterase-polyvinylacetate thick film amperometric
biosensor for the detection of selected organophosphorus and carbamates pesticide in
the nanomolar concentration range. Chapter 17 describes a miniaturized and portable
new conductometer coupled with haloalkane dehalogenase, an enzyme able to cleave
chlorinated chemicals, to detect pesticides applying a bipolar pulse technique.

The book contains up-to-date publications of leading experts. It addresses the key
problems in pesticide analysis related to the sample preparation techniques and the
application of the current chromatographic and alternative biosensors-based methods.
The references at the end of each chapter provide a starting point to acquire a deeper
knowledge on the state of the art. The edition is intended to furnish valuable recent
information to the professionals involved in pesticides analysis.

Finally, it is my pleasant duty to acknowledge each of the authors for contributing their
chapters to this volume.

Margarita Stoytcheva
Mexicali, Baja California
Mexico



Current Trends in Liquid-Liquid Microextraction
for Analysis of Pesticide Residues in
Food and Water

Sara C. Cunha, J.O. Fernandes and M. Beatriz P.P. Oliveira
REQUIMTE, Department of Bromatology, Faculty of Pharmacy,
University of Porto, Rua Anibal Cunha 164 4099-030 Porto

Portugal

1. Introduction

Since the middle of last century, the use of organic synthetic pesticides became a
widespread practice, in order to better prevent, control and destroy pests. Despite their
usefulness in the increment of food production, the extensive use of pesticides during
production, processing, storage, transport or marketing of agricultural commodities can led
to environmental contamination and to the presence of residues in food. Real and perceived
concerns about pesticide toxicity have promoted their strict regulation in order to protect
consumers, environment and also the users of pesticides. Thus, reliable and accurate
analytical methods are essential to protect human health and to support the compliance and
enforcement of laws and regulations pertaining to food safety.

The first analytical methods for pesticide analysis were developed in the years 1960s,
employing an initial extraction with acetone, followed by a partitioning step upon addition
of a non-polar solvent and salt; these methods involved complex and solvent-intensive
cleanup steps. Moreover, the instruments available for analysis of the target compounds had
a relative low selectivity and sensitivity. The development of technology and robotic in the
1990s allied to the aim to reduce manual interference and to allow sample preparation
during non-working time, has boosted the development of automated sample preparation
techniques such as supercritical fluid extraction and pressure liquid extraction. Though
initially very promising, these techniques have not succeeded in the field of pesticides
analysis for various reasons, namely high price and low reliability of the instruments, and
inability to extract different pesticide classes in foods with the same efficiency, often
requiring separate optimization for different analytes. Later, a successful simplification of
“traditional” solvent sample preparation, QUEChERS (quick, easy, cheap, effective, rugged,
and safe) was presented by Lehotay and collaborators (Anastassiades et al., 2003). This
procedure, involving a simple extraction/ partition using acetonitrile and salts followed by a
simple dispersive cleanup, has been adopted for the analysis of many pesticide residues in
food (Cunha et al, 2010). Two similar QUEChERS methods achieved the status of Official
Method of the AOAC International (Lehotay, 2007) and European Committee for
Standardization (CEN) standard method EN 15662 (Standard Method EN 15662).
Unfortunately, the analysis of QUEChERS extracts in acetonitrile by GC-MS is not totally
straightforward. Several facts can occur: degradation of the GC column by the polar solvent,
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vapor overload of the insert liner due to the high thermal expansion coefficient,
contamination of the system by co-extractives (Hetmanski et al, 2010), and reduced
enrichment factors.

Recently, the development of new analytical equipment, namely tandem mass
spectrometers coupled to LC and GC systems, allowed improvements in the sensitivity,
selectivity, and speed of analysis. Although the prohibitive costs of such equipments make
them unattainable to many groups working in this field. Such improvements in sensitivity
and selectivity could also be accomplished by innovative sample preparation techniques
recently introduced, most of them with the added benefit to be easy to execute, cost-
effective, and environmental friendly. Cloud point extraction, single-drop microextraction,
hollow fiber liquid phase microextraction, and dispersive liquid-liquid microextraction, are
examples of liquid-liquid microextraction techniques that have emerged in recent years in
the field of sample preparation and are being used increasingly. The major advantage of
microextractive techniques is the use of only microliters of solvents instead of several
hundred mililiters in the classical liquid-liquid extraction. In addition, due to the
compatibility of the solvents used and the low volumes involved, samples are easily
transferred to the next step of analysis, liquid or gas chromatography. The aim of this work
is to review the application of liquid-liquid microextraction techniques in the analysis of
pesticide residues in food and water and to compare its use with other well-established
sample preparation techniques. Special emphasis will be given to articles published in the
last four years. Principles, advantages and relative merits of each technique will be also
summarized and discussed.

2. Analytical tools for determination of pesticide residues in food and water

Pesticide analysis is almost invariably accomplished by means of a chromatographic
technique, either GC or LC coupled to universal (MS, MS/MS) or selective detectors (ECD,
electron-capture detector; NPD, nitrogen phosphorus detector; FPD, flame photometric
detector; UV, ultraviolet detector; and FLD, fluorimetric detector), following an adequate
sample preparation step. Regardless the type of chromatographic technique employed,
sample preparation remains as the limiting step to reach desired performance parameters,
due to the low legally established levels and the complex nature of the matrices in which the
target compounds are present typically in low amounts. As a rule, the physico-chemical
methods used to obtain a pesticide extract able to be chromatographically analyzed consist
in the extraction/isolation of the target analytes by an appropriate extraction technique
followed by some purification and concentration steps. The classical procedures are often
time consuming, laborious and environmental unfriendly, taking into account the large
volume of organic solvents usually required. Recently, as referred in the Introduction
section, new techniques have been introduced, offering consistently high enrichment factors
and consequently higher sensitivity for the analytes of interest, together with a significant
reduction of organic solvent consumption as well as extraction time. The most relevant
techniques in this field are further detailed in the following sections.

2.1 Sample preparation

2.1.1 Cloud-point extraction (CPE)

Watanabe and collaborators, introduced in 1976 cloud-point extraction (CPE), a promising
new separation and extraction technique, as an alternative to classical procedures with
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organic solvents (Paleologos et al., 2005). CPE or micelle-mediated extraction, is based on
the capacity exhibited by aqueous micellar solutions of some surfactants to form the cloud
point, or turbidity, phenomenon that occur when the solution is heated or cooled above or
below certain temperature. The temperature at which this phenomenon occurs is known as
the cloud-point temperature or micelle-mediated extraction (Carabias-Martinez et al., 2000).
Surfactants are amphiphilic molecules, which have a polar moiety (the head), hydrophilic in
nature, linked to a hydrophobic portion (the tail). In aqueous solution, and at low
concentrations, surfactant molecules are found in monomer form, although dimers and
trimers have also been detected (Paleologos et al., 2005).

When the surfactant concentration is increased above a certain threshold, called “critical
micellar concentration” (CMC), the surfactant molecules become dynamically associated to
form molecular aggregates of colloidal size. These aggregates, containing between 60 and - 100
monomers, are called micelles and are at equilibrium with a surfactant concentration in the
solution close to the CMC. Depending on the nature and concentration of the surfactant, as
well as on the solvent used, another series of structures may be formed, organized as inverse
micelles, microemulsions, vesicles, monolayers, or bilayers (Carabias-Martinez et al., 2000).

To date, liquid-liquid phase separation based on non-ionic or zwitterionic surfactant
micelles (i.e.,, CPE) are employed, while the use of charged surfactant species is still scarce
(Paleologos et al, 2005). Sanz et al. (2004) used non-ionic surfactants such as
polyoxyethylene 10 lauryl ether and oligoethylene glycolmonoalkyl ether (GenapolX-080) at
95°C for 15 min to extract eight organophosphorus pesticide residues (chlorpyrifos,
diazinon, dimethoate, ethoprophos, malathion, methidathion, parathion methyl and
paration ethyl) from water, which were analyzed by HPLC-UV. The authors obtained a
enrichment factor of 20, recoveries between 27 and 105%, and limits of detection (LOD)
lower than 30 pg/L. In 2008, Santalad et al. presented a simple and rapid spectrophotometry
method based on acid-induced anionic surfactant micelle-mediated extraction (acid-induced
cloud-point extraction) coupled to derivatization with 2-naphthylamine-1-sulfonic acid to
determine carbaryl residues in water and vegetables. In this work, sodium dodecyl sulphate
(the extractant), was combined with 2-naphthylamine-1-sulfonic acid derivatization,
allowing the extraction at low temperature (45°C). The proposed method showed good
analytical features with low LOD (50 pg/L), good precision with a relative standard
deviation (RSD) of 2.3%, and high recoveries when applied in samples (85%).
Notwithstanding the capacity to concentrate the analytes and the good recoveries achieved
with CPE, its application in the extraction of pesticide residues in food matrices is restricted,
in part due to the physico-chemical properties of the surfactant. As it is viscous, it cannot be
injected directly to conventional analytical instruments, so it has to be diluted with an
aqueous or organic solvent to reduce its viscosity, thus impairing the anticipated theoretical
preconcentration factors. Moreover, surfactant-bearing chromophores interfere with UV
detection by overlapping with the analyte signal. This problem can be solved by diluting the
surfactant-rich phase with an organic solvent prior to injection into the chromatographic
column, increasing the portion of organic solvent in LC mobile phases or using fluorescence
detection (Paleologos et al., 2005).

2.1.2 Single drop microextraction (SDME)
Drop-drop microextraction was first introduced, in 1996, by Liu & Dasgupta, (1996). They
extracted sodium dodecyl sulphate ion pairs by a microdrop (1.3 pL) of a water-immiscible
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organic solvent, suspended in a larger aqueous drop. At the same year, Jeannot and
Cantwell introduced a technique that they termed as solvent microextraction in which the
extraction medium was a droplet (8 uL) of 1-octanol held at the end of a Teflon rod and
suspended in a stirred aqueous sample solution. After extraction for a prescribed time, the
Teflon rod was withdrawn from the aqueous solution; the organic phase sampled with a
microsyringe and injected into a GC system. In this work, the authors also proposed
equilibrium and kinetic theories to explain this microextraction procedure. Subsequently,
the technique was changed to allow simultaneous extraction and injection of analytes, by
introducing as support a microsyringe, where the organic phase was suspended at the
needle tip (Jeannot & Cantwell, 1997) (Figure 1).

GC microsyringe —»

Aqueous
Sample

—

| +«—— Stirrer

Fig. 1. Schematic illustration of direct immersion single-drop microextraction (from Xu et al.,
2007).

One advantage of SDME over other liquid extraction techniques is the small volume of
organic solvent required. Additionally, in this technique, analytes with high partition
coefficient can reach high concentrations, since they are transferred by diffusion from a
significant volume of sample (1-5 mL) to a small micro-extract (5-50 puL).

Since its introduction, different modes of SMDE have been developed, in order to improve
extraction efficiency, such as direct SDME, headspace SDME (HS-SDME) and continuous-
flow microextraction (CFME).

Direct SDME consists of suspending a microdrop of organic solvent at the tip of a syringe,
which is immersed in the aqueous sample. An alternative approach was described as
dynamic technique by He & Lee (1997), in which organic solvent repetitively forms a film
inside the syringe barrel by continuously pulling and pushing of the syringe plunger.
Extraction takes place between the sample solution and the organic film (He & Lee, 2006).
Direct SDME has extensively been used for the direct extraction of pesticide residues from
aqueous samples (Table 1). Xiao et al. (2006) evaluated two types of SDME, static and
dynamic, in extraction of six organophosphorus pesticides (OPPs) (dichlorvos, phorate,
fenitrothion, malathion, parathion, quinalphos) from water and fruit juice. Significant
parameters affecting SDME performance such as extractant solvent, solvent volume, stirring
rate, sample pH and ionic strenght were evaluated. The authors verified that static SDME



Current Trends in Liquid-Liquid Microextraction for
Analysis of Pesticide Residues in Food and Water 5

procedure allowed an enrichment factor of the six OPPs nearly 100 fold, which were much
better than the results obtained with the dynamic mode. The optimized static SDME
procedure in conjugation with GC-FPD allowed good detection limits ranging from 0.21 to
0.56 ng/L. In the same year, Zhao et al. (2006) also optimized a SDME procedure for
extraction of seven OPPs (ethoprophos, diazinon, parathion methyl, fenitrothion, malathion,
isocarbophos and quinalphos) in orange juices with analysis under GC-FPD. An effective
extraction was achieved by suspending during 15 min a 1.6 uL drop of toluene to the tip of a
microsyringe immersed in a 5 mL donor aqueous solution with 5 % (w/v) NaCl and stirred
at 400 rpm. The seven OPPs were extracted from orange juice samples with good limits of
detection (below 5 pg/L). However, better detection limits for 13 OPPs pesticides (ranging
from 0.001 to 0.005 pg/L) in water were obtained by Ahmadi et al. (2006) using SMDE with
a modified 1.0 pL microsyringe and GC-FPD, compared to 10 pl microsyringe used in the
works above referred. By using a 1.0 pL microsyringe the repeatability of the drop volume
and the injection were improved, due to the maximum volume of microsyringe without
dead volume. On the other hand, the modification of the needle tip caused increasing cross
section of it and increasing adhesion force between needle tip and drop, thereby increasing
drop stability and allowing a higher stirrer speed (up to 1700 rpm). The method used 0.9 pl
of carbon tetrachloride as extractant solvent, 40 min of extraction time, stirring at 1300 rpm
and no salt addition. The potential of SMDE was also investigated by Liu et al. (2006) in the
extraction of four fungicides from water and wine samples. Additionally, SDME has been
applied in the extraction of organochlorine pesticides (OCPs) in various matrices (Table 1).
Qia & He (2006) introduced a funnel from SDME to extract 11 OCPs and 2 pyrethroid
pesticides from tea samples and analyze by GC-ECD. More recently, Cortada et al. (2009a)
proposed a SDME procedure comprising a 2 uL. toluene microdrop exposed for 37 min to 10
mL aqueous sample without salt addition and stirred at 380 rpm to extract eight OCPs from
wastewater followed by GC-MS analysis.

Contrary to the aqueous samples, vegetable and fruits, being mostly in solid or
heterogeneous form do not allow direct extraction with SDME. However, it is possible to
use SDME after a previous pretreatment. Nine OCPs (3-,A-,a-, o- BHC, dicofol, dieldrin,
DDD, DDE, and DDT) were extracted with SDME from fresh vegetable (cabbage,
cauliflower, Chinese cabbage) after an adequate mixture of sample aliquots with acetone
using a ultra-sonic vibrator. An effective extraction was achieved by suspending a 1.0 pL
mixed drop of p-xylene and acetone (8:2 w/v) to the tip of a microsyringe immersed in a 2
mL donor sample solution and stirred at 400 rpm (Zhang et al.,, 2008). SDME technique
coupled with GC-NPD and GC-ECD has also been successfully applied for the
determination of multiclass pesticides in vegetable samples (tomato and courgette) by
Amvrazi & Tsiropoulos (2009). Donor sample solution preparation from solid vegetable
tissues was achieved in one step with the minimum amount of organic solvent (10% acetone
in water) and optimum SDME was accomplished using a toluene drop (1.6 uL) under mild
stirring for 25 min.

HS-SDME is very similar to direct SDME except that a microdrop of a high boiling
extracting solvent is exposed to the headspace of a sample. This technique allows rapid
stirring of the sample solution with no adverse impact on the stability of the droplet.
Additionally, as in headspace-solid phase microextraction (HS-SPME), non-volatile matrix
interferences are strongly reduced, if not totally eliminated. In this mode, the analytes are
distributed among three phases, the water sample, the headspace and the organic drop (Xu
et al.,, 2007). Aqueous phase mass transfer is the rate determining step in the extraction



6 Pesticides - Strategies for Pesticides Analysis

process as explained by Theis et al. (2001). Hence, a high stirring speed of the sample
solution facilitates mass transfer among the three phases. A H5-SDME was optimized for
the extraction of organochlorine and organophosphorous pesticide residues in food matrices
(cucumbers and strawberries) (Kin & Huat, 2009). The extraction was achieved by exposing
1.5 uL toluene drop to the headspace of a 5 mL aqueous solution in a 15 mL vial and stirred
at 800 rpm. The analytical parameters, such as linearity, precision, LOD, limits of
quantification (LOQ), and recovery, were compared with those obtained by HS-SPME and
solid-phase extraction. The mean recoveries for all three methods were all above 70% and
below 104%. HS-SPME was the best method with the lowest LOD and LOQ values. Overall,
the proposed HS-SDME- GC-ECD method was acceptable for the analysis of pesticide
residues in food matrices.

CEME was introduced by Liu & Lee, 2000, in order to improve the mass transfer between
aqueous and organic phases. The technique is based in the continually refreshing of the
surface of the immobilized organic drop used as extractant solvent by a constant flow of
sample solution delivered by an HPLC pumping system (Xu et al., 2007). Both diffusion and
molecular momentum resulting from mechanical forces contribute to its effectiveness. With
the use of an HPLC injection valve, precise control of the solvent drop size could be
achieved, avoiding the introduction of undesirable air bubbles. Another advantage was the
high enrichment factor that can be achieved, requiring smaller volumes of aqueous samples
for extraction (Xu et al.,, 2007). He & Lee (2006) reported the combination of CFME with
HPLC to extract and determine the widely-used organonitrogens and OPPs (simazine,
fensulfothion, etridiazole, mepronil and bensulide) (Table 1). CEME employs a single
organic solvent drop of carbon tetrachloride (3 uL) positioned at the tip of a polyether ether
ketone (PEEK) tubing, which is immersed in a continuous flowing aqueous sample solution
in a 0.5-mL glass chamber. The PEEK tubing acts as the organic drop holder and fluid
delivery duct. Analytes are partitioned between the organic drop and the bulk sample
solution. Important extraction parameters including type of solvent, volume, sample
solution flow rate, extraction time, pH and the addition of salts were investigated. Detection
limits lower than 4 png/L were obtained for all analytes.

As mentioned above several parameters affect the rates and efficiencies of SDME techniques
such as: i) analyte properties, ii) solvent acceptor, iii) drop volume, iv) agitation, v) ionic
strength, vi) extraction time. A detailed discussion of these important parameters can be
found in the literature (Jeannota et al., 2010). i) Analyte properties: low molecular weight,
volatile and semi volatile analytes are extractable by headspace (HS-SDME). Direct
immersion (DI-SDME) extraction is appropriate for non polar or moderately polar high
molecular weight, semi volatile chemicals. Highly polar chemicals may need to be
derivatized to ensure recovery, especially when the matrix is aqueous. ii) Extractant solvent:
the extractant solvent in SDME is usually a pure or mixed hydrophobic solvent (n-hexane,
benzene, toluene, dichloromethane, n-butanol, etc.), although some authors have reported
the use of a hydrophilic solvent mixture as extractant solvent (p-xylene:acetone). iii) Drop
volume: the use of a large drop results in an increase of analyte extracted. However, larger
drops (>3 pL) are difficult to manipulate and less reliable. Difficulties with drop size
variations are minimized if the drop size used is about 1 pL. iv) Ionic strength: addition of
salts (such as NaCl or NaySOy) to the sample may improve the extraction of analytes since
high ionic strength reduces their water solubility. However, apart from the salting-out
effect, the presence of salt can change the physical properties of the extraction film, thus
reducing the diffusion rates of the analytes into the drop. v) Agitation of the sample: the
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time required to thermodynamic equilibrium can be reduced by agitation. Three sample
agitation methods are available: stirring, vibration and vortexing. Stirring, using a magnetic
stir bar, is effective with stirring rates of 300-600 rpm for DI-SDME and 500-1000 rpm for
HS-SDME. The limitations of higher stirring rates are the dislodgement of the drop by the
sample solution or splashing when using headspace. Vibration and vortex stirring, used
with some autosamplers, are also effective, with the limitation that the agitation cannot
occur while the drop is exposed at the needle tip. vi) Extraction time: extraction efficiency
increases with longer extraction times in most of SDME techniques. The extraction time
should be enough to extract an adequate amount of analyte by the microdrops. Times
between 5 and 45 min are commonly used, longer times may cause drop dissolution.

Despite its simplicity, easy implementation, and low cost, SDME techniques have some
limitations, for example: i) direct immersion requires careful and intricate manual operation
because of problems of drop dislodgment and instability; ii) complex matrices requires a
pretreatment or extra filtration step; iii) sensitivity and precision of SDME methods even
acceptable need further improvement. The main issue lies with the adverse consequences of
prolonged extraction time and fast stirring rate, since they may result in drop dissolution
and/or dislodgement; and iv) SDME is not yet suitable as routinely applicable online
preconcentration procedure (Xu et al., 2007).

2.1.3 Hollow-fiber liquid-phase microextraction (HP-LPME)

Pedersen-Bjergaard & Rasmussen introduced hollow-fiber based liquid-phase
microextraction (HP-LPME) in 1999, to improve the stability and reliability of SDME
techniques (Pedersen-Bjergaard & Rasmussen, 1999). In HP-LPME the extracting phase was
placed inside the lumen of a porous polypropylene hollow fiber. The fiber had a porosity of
70% with a pore size of 0.2 pm, a wall thickness of 200 pm and an internal diameter of 600
pum. A supported liquid membrane was formed by dipping the hollow fiber into a suitable
organic solvent. The solvent penetrates the pores of the hollow fiber and bound by capillary
forces to the polypropylene network comprising the fiber wall. The high porosity enabled
immobilization of a considerable volume of solvent as a thin film, e.g. a 1 cm length of the
fiber was able to immobilize ca. 8 pL of solvent as a 200 pm film within the polypropylene
network. The extracting phase (acceptor solution) which was placed into the lumen of the
fiber was mechanically protected inside the hollow fiber and it was separated from the
sample by the supported liquid membrane (organic solvent), thus preventing its dissolution
into the aqueous sample. In LPME (HP-LPME), analytes are extracted from an aqueous
sample, through the organic solvent immobilized as supported liquid membrane (SLM),
into the acceptor solution placed inside the lumen of the hollow fiber. Subsequently, the
acceptor solution is removed by a micro-syringe and further analyzed (Pedersen-Bjergaard
& Rasmussen, 2008). Chemical principles of HP-LPME are similar to those employed in
supported liquid membrane (SLM), but the techniques differ in terms of instrumentation
and operation.

According to the analyte to be extracted, HP-LPME can be performed either in two-phase or
three-phase modes. In the two-phase LPME sampling mode, analyte is extracted from an
aqueous sample (donor phase) through a water-immiscible solvent immobilized in the pores
of the hollow fiber into the organic solvent (acceptor phase) present inside the hollow fiber
(Figure 2). In the three-phase LPME sampling mode, analyte is extracted from an aqueous
solution (donor phase) through the organic solvent immobilized in the pores of the hollow
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Table 1. Applications of SDME in the extraction of pesticide residues.
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fiber (organic phase) into another aqueous phase (acceptor phase) present inside the lumen
of the hollow fiber (Figure 2). The organic phase serves in this case as a barrier between the
acceptor and the donor aqueous solutions, preventing mixing of these two phases. Whereas
two-phase mode has been mainly used for hydrophobic compounds, further analyzed by
GC, three-phase mode has been preferably used for ionisable compounds, using LC or
capillary electrophoresis (CE) as analytical techniques (Psillakis & Kalogerakis, 2003).

Fitre walls Fibre walls
impregnated with impregrated with
organic salvent organic salvent

A

Aruacus Aguaous 2 Afqueaus
Sample Sample 228 Sample
Daner S| B Donor Donor
Phase = [§| Fhase Phase
Chrganic solvent Agueouws salutan
{accepbor phase) [acceptor phase)
inside the fikre inside the fibre
(i} Two-phase system {ii} Three-phase system

Fig. 2. Schematic illustration of 2- and 3-phase LPME (from Pedersen-Bjergaard &
Rasmussen, 2008).

HP-LPME even providing high enrichment, an easy cleanup, low solvent consumption and
making possible the direct analysis by chromatography of the acceptor phase requires long
extraction times, which is perhaps the major disadvantage of the technique. Normally,
extraction time range between 15 and 45 min for sample volumes below 2 mL, whereas for 1
L samples even 2 h may be required to reach equilibrium (Pedersen-Bjergaard &
Rasmussen, 2008).

Recently, some proposals have been made in order to speed up the throughput of the
procedure, either by treating many samples in parallel, carrying out the extraction under
non-equilibrium condition (Ho et al. 2002), or using the so called dynamic hollow fiber
protected liquid phase microextraction (DHFP-LPME). The latter technique was successful
applied by Huang & Huang (2006) in the extraction of OCPs from green tea leaves and
ready-to-drink tea prior to GC-ECD analysis. In this work, six OCPs (heptachlor, aldrin,
endosulfan, p,p’-DDE, dieldrin and o,p"-DDT) were extracted and concentrated to a volume
of 3 pL of organic extracting solvent (1-octanol) confined within a 1.5 cm length of hollow
fiber. The effects of extractant solvent, extraction time and temperature, sample agitation,
plunger speed, and salt concentration on the extraction performance were investigated.
Good enrichments were achieved (34-297 fold) with this method, and good repeatabilities of
extraction were obtained, with RSDs below 12.57%. Detection limits were below 1 ng/L for
ready-to-drink tea and below 1 ng/g for green tea leaves. The application of HP-LPME to a
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large number of pesticides representatives of several chemical classes was reported by
Bolafios et al. 2008. In this study 50 pesticides were extracted from alcoholic beverages (wine
and beer) to a volume of 5 pl of organic extracting solvent (1-octanol) confined within a 2 cm
length of hollow fiber followed by ultra-high pressure liquid chromatography coupled to
tandem mass spectrometry (UHPLC-MS/MS), without any further clean-up step. Using
optimized conditions, low detection limits (0.01-5.6 pg/L) and acceptable linearity (R? >
0.95) were obtained. Recently, a liquid-phase microextraction (LPME) based on
polypropylene hollow fiber was evaluated for the extraction of the fungicides
(thiabendazole, carbendazim and imazalil) from orange juices (Barahona et al., 2010). Each
sample aliquot (3 mL) was previously alkalinized with NaOH until reach a pH of 10-11, and
the analytes were further extracted through a supported liquid membrane (SLM) of 2-
octanone into 20 pL of a stagnant aqueous solution of 10 mM HCI inside the lumen of the
hollow fibre. Subsequently, the acceptor solution was directly subjected to analysis by LC-
MS and capillary electrophoresis (CE). The LC-MS provided better sensitivity than CE
allowing a LODs below 0.1 pg/L.

As described in the works above mentioned several parameters should be optimized in
order to obtain the maximum efficiency such as i) fiber, ii) organic solvent, iii) extraction
time, iv) temperature, v) agitation, vi) ionic strength and vii) pH (Psillakis & Kalogerakis,
2003). i) Fiber: the fiber should be hydrophobic and compatible with the organic solvents
used. Such requirements are met by fibers based on polypropylene; most of them have 600
mm of inner diameter, compatible with the volumes (uL) of the acceptor solution required
for microextraction. ii) Organic solvent: a fundamental step in the optimization of the LPME
methods is the selection of the organic solvent. Some properties need to be considered in
their choice including: water-immiscibility, to prevent the organic phase dissolution in the
aqueous (donor) phase; low volatility, to avoid organic phase loss during extraction;
compatibility with the fiber used; easy immobilization within the pores of the hollow fiber;
and high solubility for target analytes. iii) Extraction time: mass-transfer is a time-dependent
process, increasing with the time of extraction. In practice to ensure high sample
throughputs sampling times are shorter than the total chromatographic run time. iv)
Agitation: agitation of the sample is routinely applied to accelerate the extraction kinetics.
Increasing the agitation rate of the donor solution enhances extraction, the diffusion of
analytes through the interfacial layer of the hollow fiber is facilitated, and the repeatability
of the extraction method is improved. v) Temperature: with increasing temperature, the
diffusion coefficients also increase in response to decreased viscosity. Thus the time
required to reach equilibrium decrease. On the other hand, partition coefficients for the
acceptor phase decrease, reducing the amount of analyte extracted. Therefore, the speed of
extraction could be improved at costs of a loss of sensitivity. Typically, LPME is performed
at room temperature in order to avoid possible bubbles problems and evaporation of the
solvent during extraction, since the amount of solvent used is very small (20 pL). vi) lonic
strength: depending on the nature of the target analytes, addition of salt to the sample
solution can decrease their solubility and therefore enhance extraction because of the
salting-out effect, in particular for polar analytes. Among the salts mainly used sodium
chloride is the most common. vii) pH: sample pH is crucial for efficient extraction of acidic
and basic analytes. pH adjusting results in a greater ratio of distribution, ensures high
enrichment factors and high recovery of the analytes of interest. Adjustments in pH can
increase the extraction efficiency, since both the balance dissociation and the solubility of
acids and bases are directly affected by sample pH.
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HP-LPME provides in general an acceptable sensitivity in the analysis of pesticide residues.
However, extraction procedure requires the presence of the analytes in liquid solutions,
being its application usually restricted to liquid samples. Moreover the technique is difficult
or even impossible to automate, the time of extraction could be considered too long and the
operator skills should be high in order to get reproducible results.

2.1.4 Dispersive liquid-liquid microextraction (DLLME)

Dispersive liquid-liquid microextraction (DLLME) was developed by Assai and co-workers
in 2006 (Rezaee et al.,, 2006). Consists in the rapid addition to an aqueous sample (in a
conical test tube) of a mixture of two selected solvents (few microliters of a water-immiscible
high density extractant solvent jointly with a dispersive solvent with high miscibility in both
extractant and water phases). The aim is to form a cloudy solution of small droplets of
extractant solvent which are dispersed throughout the aqueous phase. In consequence of the
very large surface area formed between the two phases, hydrophobic solutes are rapidly
and efficiently enriched in the extractant solvent and, after centrifugation, they can be
determined in the phase settled at the bottom of the tube. The resultant sedimented phase is
read for direct analysis by GC or LC.

Since its introduction, DLLME has gained popularity as a simple, fast and reliable tool for
sampling preparation of a variety of analytes, as can be seen in recent reviews (Xiao-Huan et
al., 2009; Ojeda & Rojas, 2009; Rezaee et al. 2010; Herrera-Herrera et al., 2010). DLLME has
extensively been used for direct extraction of pesticides from aqueous samples such water,
fruit juice and wine (Table 2). The first study using DLLME in pesticide residues was
applied in the extraction of 13 OPPs (phorate, diazinon, disolfotane, methyl parathion,
sumithion, chloropyrifos, malathion, fenthion, profenphose, ethion, phosalone, azinphose-
methyl, co-ral) from river water (Berijani et al., 2006). In this study a mixture of 12.0 pL of
chlorobenzene (extractant solvent) and 1.00 mL of acetone (dispersive solvent) was rapidly
injected in 5 mL of aqueous sample. The sedimented phase (about 5 pL) collected after
centrifugation (2 min at 5000 rpm) was analyzed by GC-FPD. Some important parameters,
such as kind of extractant and dispersive solvents and their volumes, extraction time,
temperature and salt effect were investigated. Under the optimized conditions, enrichment
factors and extraction recoveries were high, ranging between 789-1070 and 78.9-107%,
respectively. LODs ranged between 3 and 20 pg/mL for most of the analytes. Other classes
of pesticides were extracted by DLLME from water such as triazine herbicides, amide
herbicides, phenylurea herbicides, organochlorines, pyretroids and carbamates (Table 2). In
most of the reported studies only one chemical class of pesticides was evaluated, being the
number of pesticide residues scarce (less than eighteen analytes). However, in a recent
publication different classes of pesticides namely triazole fungicides, isoxazolidinone
herbicides and carbamates were simultaneously evaluated, although the number of analytes
pertaining at each class has been reduced (three) (Caldas et al., 2010). After optimization of
the parameters that influence the extraction efficiency, such as the type and volume of the
dispersive and extractant solvents, extraction time, speed of centrifugation, pH and addition
of salt, the extraction of pesticide residues from 5 mL of water was achieved with a mixture
of 2.0 mL acetonitrile (dispersive solvent) containing 60 pL of carbon tetrachloride
(extractant solvent), followed by centrifugation at 2000 rpm for 5 min; the analysis was
performed by LC-MS/MS. The recoveries of pesticides in water at spiking levels between
0.02 and 2.0 pg/L ranged from 62.7% to 120.0%. RSDs varied between 1.9% and 9.1%. LOQs
of the method considering a 50-fold preconcentration step were 0.02 pg/L. The LODs of the
method were not reported in this study.
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The application of the DLLME procedure in the extraction of pesticide residues in food
samples is reported in only few papers, probably due to the complexity of food matrices
(Table 2). Montes et al. (2009) used DLLME for preconcentration of seven fungicides
(metalaxyl-M, penconazole, folpet, diniconazole, propiconazole, difenoconazole and
azoxystrobin) in wine samples after extraction with SPE. A direct use of DLLME as
extraction procedure followed by GC-MS analysis was performed by Cunha et al. (2009) to
determine 24 pesticide residues, belonging at eight different chemical classes, in juice fruits.
In order to avoid the precipitation of some components of the matrix, which make
unsuitable the application of DLLME as referred by Montes et al (2009), samples were
centrifuged prior extraction. As can be seen in Figure 3, the optimized DLLME procedure

—

5 mL of Add 400 pL of ~ Centrifuge 2 min Remove the sedimented phase (85 pl)

sample  acetone with100 pL  at2000 rpm  and transfer into an autosampler vial
of provided with an insert

carbon tetrachloride

Fig. 3. Diagram of the dispersive liquid-liquid microextraction procedure used by Cunha et
al. (2009).

consisted in the formation of a cloudy solution promoted by the fast addition to the sample
(5 mL) of a mixture of carbon tetrachloride (extractant solvent, 100 pL) and acetone
(dispersive solvent, 400 uL). The tiny droplets formed and dispersed were sedimented (85
pL) in the bottom of the conical test tube after centrifugation at 2000 rpm for 2 min. More
than the parameters that influence the extraction efficiency of DLLME such as type and
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volume of extractant solvent, type and volume of dispersive solvent and salt addition, other
factors that could restrict the analytical performance, such as matrix effects or robustness of
the method were evaluated according the Sanco guidelines (2007). Under the optimized
conditions mean recoveries for apple juice spiked at three concentration levels ranged from
60% to 105% and the intra-repeatability ranged from 1% to 21%. The LODs of the 24
pesticides ranged from 0.06 to 2.20 pg/L. In 2 of a total of 28 analysed fruit juice samples
residues of captan were found, although at levels below the maximum legal limit
established by European Union (Figure 4).

DLLME is more suitable for the extraction of analytes from aqueous samples; nonetheless,
some authors have applied this process in solid samples after an adequate pretreatment.
Zhao et al. (2007) applied DLLME as a concentration procedure after a previous extraction
with QuEChERS of OPPs (ethoprophos, parathion methyl, fenitrothion, malathion,
chlorpyrifos and profenofos) from watermelon and cucumber. Hence, 1 mL of the extract
obtained after homogenization of 10 g of sample with 10 mL of acetonitrile, 4 g MgSO,, and
1 g NaCl, was added with 27 uL of chlorobenzene and rapidly injected in 5 mL of water.
Then 1 pL of 18 pL of sedimented phase obtained by centrifugation of the mixture at 4000
rpm for 3 min was analyzed by GC-FPD. The optimized method allowed recoveries between
67 and 111%, repeatability between 2 and 9% and LODs ranging from 0.010 to 0.190 pg/kg,
for all the target pesticides. In other study, Zang et al. (2008) applied the DLLME procedure
directly in the extraction of captan, folpet and captafol from apples. The developed
procedure consisted in the injection of a mixture containing chlorobenzene (extractive), and
acetone (dispersive) directly into an aqueous extract of apple samples, obtained after
homogenization with a solution of zinc acetate dehydrate and dilution with water. Under
the optimum conditions, high enrichment factors for the targets were achieved ranging from
824 to 912. The recoveries of fungicides in apples ranged from 93.0 to 109.5% and the RSD
ranged from 3.8 to 4.9%. The LODs were between 3.0 and 8.0 pg/kg.

To date, the majority of the applications related to DLLME involve the use of solvents of
high, density commonly chlorinated solvents (e.g. chlorobenzene, carbon tetrachloride and
tetrachloroethylene) as extractant solvents. However, the use of ionic liquids (IL) as
extractants has been found to be especially important in DLLME as well as in other
microextraction procedures (in order to replace the volatile ones used during sample
preparation procedures) because of their negligible vapor pressure, good solubility for
organic and inorganic compounds, no flammability, high thermal stability, wide
temperature range as a liquid phase, etc. (Han & Armstrong, 2007; Ravelo-Pérez et al., 2009).
One of the main drawback of the use of IL in DLLME is the impossibility to make use of GC
in the analysis, due to the adverse effects of these solvents in the chromatographic system.
IL-DLLME has been applied in the extraction of a high variety of pesticides in water and
food matrices such as fruits and honey, as can be seen in Table 2. DLLME based on IL was
initially applied by Zhou et al. (2008a), to extract five pyrethroid pesticides (cyhalothrin,
deltamethrin, fenvalerate, taufluvalinate and biphenthrin) in different types of water
samples (tap, river and reservoir water, and groundwater). In this study, the sample (10 mL)
was heated at 80 °C after addition of 45 pL of 1-hexyl-3 methylimidazolium
hexafluorophosphate [C6MIM][PF6]. The IL mixed with the solution entirely at this
temperature and thereafter the solution was cooled with ice-water for a certain time. The IL
and the aqueous phase were separated after centrifugation and the IL phase injected into the
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Fig. 4.A) Chromatogram of spiked blank apple juice with 24 OPPs B) Overlay of extracted
ion chromatograms in SIM mode for captan (ion 149) obtained in not contaminated (- - -)
and contaminated (—) (0.541 pg/L) apple juice samples using DLLEM extraction and
MDGC-MS analysis (from Cunha et al., 2009).

HPLC-UV. In this study good recoveries were obtained (76.7- 135.6%) and LODs were in
the range 0.28-0.6 pg/L. In a further work, the same group used a similar procedure, using
[C6MIM][PF6] as extractant solvent in DLLME at 80°C for determine traces of
methylparathion and phoxim in water (Zhou et al., 2008b). A new IL-DLLME procedure
was introduced by Liu et al. (2009) for the extraction of four insecticides (fipronil,
chlorfenapyr, buprofezin, and hexythiazox) from water. The proposed procedure combined
extraction and concentration of the analytes into one step, avoiding heating and cooling
steps, so reducing extraction time. Thus, a mixture of 0.052 g [C6MIM][PF6] and 0.50 mL
methanol (dispersive solvent) was quickly injected into the sample (5.0 mL). Then, the
mixture was centrifugated at 4000 rpm for 10.0 min, and 19 pL of sedimented phase were
diluted with 50 pL methanol and 10 pL of the misture analysed by HPLC-UV. Under the
optimized conditions, good enrichment factors (209-276) and accepted recoveries (79-110%)
were obtained for the extraction of the target analytes in water samples. The LODs for the
four insecticides ranged from 0.53 to 1.28 pg/L.

The application of IL-DLLME to solid samples is scarce as referred above for the classical
DLLME. Usually, it is necessary a previous pretreatment of the sample in order to obtain an
aqueous extract before extraction. In a recent work Wang et al. (2010) developed an IL-
DLLME/HPLC-UV method for the extraction and determination of triazines in honey. A
mixture of 175 uL of [COMIM][PF6] (extractant solvent) and 50 pL of 10% Triton X 114
(dispersive solvent) was rapidly injected into 20 mL aqueous honey sample, obtained by
dissolution of 2 g of honey with 20 mL of water. The detection limits for chlortoluron,
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prometon, propazine, linuron and prebane were 6.92, 5.84, 8.55, 8.59 and 5.31 ng/kg,
respectively.

Another type of extractant solvents used in DLLME are low density solvents such as
undecanol, 1-dodecanol, 2-dodecanol and n-hexadecane, which are usually less toxic than
the chlorinated solvents. An interesting work was developed by Leong & Huang (2009) for
the determination of OCPs in water samples. The method is based on the solidification of a
floating organic drop (DLLME-SFO) and it is combined with GC-ECD. The dispersive
solvent (200 pL of acetonitrile) containing 10 pL of hexadecane (HEX) was rapidly injected
into 5.0 mL water sample. After centrifugation, the fine HEX droplets (620.5 uL) floating at
the top of the screw-capped tube were solidified through ice and then transferred into a vial
to be injected into GC. Under optimum conditions, enrichment factors and extraction
recoveries are high ranging between 37-872 and 82.9-102.5%, respectively. LODs ranged
between 0.011 and 0.110 pg/L for most of the analytes. Recently Chen et al. (2010) reported a
low-density extractant solvent-based, termed solvent terminated (ST) DLLME to determine
carbamate pesticides (carbofuran, tsumacide, isoprocarb, and pirimicarb) in water by GC-
MS/MS. Hence, 0.50 mL of acetonitrile containing 15 pL of toluene were rapidly injected in
5 mL of water. After dispersing, the obtained emulsion was quickly cleared into two phases
when an aliquot of acetonitrile (0.5 mL) was introduced as a chemical demulsifier into the
aqueous bulk. Therefore, the developed procedure does not need centrifugation to achieve
phase separation. Under the optimized conditions, the LODs for all the target carbamate
pesticides were in the range of 0.001-0.50 pg/L and the precisions were in the range of 2.3-
6.8%.

In order to achieve such a wide range of applications, several parameters have to be taken
into account to optimize DLLME to extract pesticide residues, such as i) type and volume of
extractant solvent, ii) type and volume of dispersive solvent, iii) extraction time, and iv)
effect of salt addition. i) Extractant solvent: the extractant solvents should be immiscible
with water, and they must possess both good solubility for analytes and good
chromatographic behavior. They can either have higher or lower density than water and the
volume used ranged between 10 to 100 pL. Lower volumes of extractant solvent enhance
enrichment factor, although reducing the volume of sedimented phase, could give problems
of reproducibility. ii) Dispersive solvent: the dispersive solvent should be miscible with both
aqueous sample and extractant solvent and possess the capacity to decrease the interfacial
tension of extractant solvent in order to make the droplet size smaller, increasing the
extraction efficiency. Acetone, methanol and acetonitrile can be used as dispersive solvents
at volumes ranging from 0.5 mL to 2 mL. iii) Extraction time: in DLLME after mixture of the
three components (sample, extractant and dispersive solvent) the equilibrium is achieved in
few seconds due to the large contact surface between tiny drops of extractant solvent and
the sample. Nevertheless, in most of the studies the extraction time ranged from 1 to 5 min.
iv) Salt addition: salt addition can improve extraction yield in DLLME, particularly for those
analytes with lower solubility, as a result of a “salting out” effect. This effect is prevailing in
DLLME when NaCl is employed.

DLLME has generally showed a very good performance to extract pesticide residues from
water and aqueous extracts of food samples, but it is desirable to extend this application to
more complex matrices and to a large number of pesticide residues using standard
guidelines for the validation of the methods.
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2.2. Analysis

The determination of pesticide residues in water and food matrices has traditionally been
performed by GC, due the high number of theoretical plates of the columns employed and
the variety and selectivity capabilities of the detectors than can be coupled such as ECD,
NPD, and FPD. Among the detectors used, MS is the preferred tool for determination of
multi class pesticide residues because it permits: i) the simultaneous quantification and
identification of detected analytes; ii) the detection of a wide range of analytes
independently of its elemental composition; iii) mass-spectrometric resolution of co-eluting
peaks; and iv) potentially faster analysis time (Cunha et al., 2010).

To increase sample throughput during GC analysis, which would consequently reduce the
laboratory operating costs, several approaches were evaluated such as the reduction of:
column length, column inner diameter or column stationary film thickness; and the
utilization of fast temperature programming, low-pressure and multicapillary columns
(Mastovska & Lehotay 2003). In practice a combination of two or more approaches is very
often applied to enhance the speeding-up effect with the less sacrifice in sample capacity
and/or separation efficiency. Sample capacity influences the limit of detection and the
sensitivity, for example. Separation efficiency influences performance characteristics such as
selectivity, detection limit (through the level of chemical noise) and, of course, accuracy of
the analytical results. Multidimensional GC system with Deans switch heart-cutting
represents a very interesting technical solution, which not only responds adequately to the
demand of increased speed of analysis, capacity and separation efficiency, but also provided
an enhancement in robustness. This technique is based essentially on the transfer of selected
effluent fractions from a first to a second column for MS analysis and transfer of fractions
without analytical interest to a restrictor column for waste (see Figure 5) (Cunha et al., 2009;
Cunha & Fernandes, 2010 ). A devoted transfer device (Deans switch), situated between the
two columns, enables the entire procedure.

Recently a dual GC column system involving a short wide-bore capillary column connected
by a Deans switch device to a narrower and longer second chromatographic column was
successful applied in determination of 24 pesticide residues in fruit juice (Cunha et al., 2009).
This system allowed a gain in the speed of chromatographic analysis, providing an efficient
sample injection and column introduction of the analytes with limited interferences, high
sample capacity, and sharp and symmetric peak shapes without loss of resolution.
Notwithstanding the recent advances in GC-MS systems, the analysis of polar, non-volatile
or/and thermally labile pesticides by this technique is limited, usually requiring chemical
derivatization. LC-MS/MS has become a standard approach in developed countries to
expand the range of pesticides quantified and identified in complex matrices.

3. Conclusions

Microextraction methods usually require both smaller sample size and organic solvent
volumes when compared with the conventional methods. The main advantages of these
procedures are the high degree of enrichment for the analytes in complex matrices, which
enable detection limits down to the levels required by the regulatory bodies to the analysis
of pesticide residues in water and food. Additionally, given the compatibility of the solvents
used, and the low volumes involved, the procedures are easily associated with gas or liquid
chromatography. Most of microextraction applications are employed in aqueous samples for
the extraction of nonpolar or moderately polar high molecular weight analytes. Although
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Fig. 5. Deans switch GC-MS system. (A) The solenoid valve is in the on position, allowing
effluent to flow to the 2D GC separation column prior to MS detection. (B) The solenoid
valve is in the off position and effluent from the primary column is flowing to the exit gas
line. (Adapted from Agilent).
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some attempts were made for the extraction of analytes in solid matrices and also for the
extraction of polar analytes, is still expected an increment along this line in the future. On
other hand, despite their high-throughput, the automation of most of microextraction
procedures presented seems to be very difficult and has not yet been achieved, thus new
developments in this area are required.
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1. Introduction

Food samples present an enormous challenge to analytical chemists in their efforts to
determine residues of pesticides at trace levels to satisfy food safety regulations in EU, USA
and Japan. The wide array of food matrices from liquids to solids require different sample
preparation techniques for accurate and reproducible results with chromatographic
techniques such as Gas chromatography(GC) and High Performance Liquid
Chromatography (HPLC). In addition, there exists a wide range of pesticides which are used
legally for crop protection and their residue content in food must be accurately monitored
for safe consumption. The GC and HPLC techniques with different types of detector
systems can provide such analysis at trace levels to fulfill the maximum residue levels(MRL)
as per the food safety regulations in these countries. However, the accurate and
reproducible results often depend upon the sample preparation techniques associated with
the different food matrices.
Sample preparation has always been regarded as the bottleneck in the analytical laboratory
performing numerous analyses, but it is the key to accurate analysis. In this regard, as per
pesticide residue analysis, where not only the physical volume of the analyses can be
enormous but also the number of pesticides involved can range from a selected few to a
broad spectrum depending on the food source. This will usually necessitate the employment
of different sample preparation methods for different targeted pesticides as well as the
multitude of food matrices.
It has been estimated that the sample preparation step in most determinations consume
approximately 60 - 70 % of the total time required for the analysis. It must be able to
produce analytically accurate results and be economically efficient for routine analysis. In
addition, it must be safe and easy to perform.
Most sample preparation procedures for GC and HPLC determination follow the basic steps
as outlined below:
1. The food sample is homogenized or blended to obtain a uniform matrix.
2. This will be followed by extraction of the pesticide residue with solvents.
3. A cleanup step is employed to remove interfering matrix components from the GC or
HPLC chromatograms.
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4. The elution and/or fractionation of the extracted analytes.

5. Concentrate the eluent and re-constitute in a solvent which is compatible with the GC
or HPLC conditions.

6. Finally, the solution containing the pesticide can be introduced into the GC or HPLC.

The different types of sample preparation for such analyses will be presented . These are

liquid-liquid extraction, solid phase extraction, solid phase microextraction, single drop

microextraction, liquid-solid extraction, microwave assisted solvent extraction, supercritical

fluid extraction, dispersive liquid-liquid microextraction and accelerated solvent extraction.

2. Liquid-liquid Extraction (LLE)

Analytes in solutions or liquid samples can be extracted by direct partitioning with an
immiscible solvent. Liquid-liquid extraction (LLE) is based on the relative solubility of an
analyte in two immiscible phases and is governed by the equilibrium distribution/partition
coefficient. Extraction of an analyte is achieved by the differences in the solubilising power
(polarity) of the two immiscible liquid phases.

LLE is traditionally one of the most common methods of extraction, particularly for organic
compounds from aqueous matrices. Typically a separating funnel is used and the two
immiscible phases are mixed by shaking and then allowed to separate. To avoid emulsions,
in some cases, a salt may be added and centrifugation can be used if necessary. Alternatively
a matrix solid-phase dispersion(MSPD) approach can be used to avoid emulsions. Both
layers can be collected for further analysis. To ensure the complete extraction of an analyte
into the required phase, multiple extractions may be necessary. Due to the limited
selectivity, particularly for trace level analysis, there is a need for cleanup or analyte
enrichment and concentration steps prior to instrumental analysis.

In the case of multiresidue methods, the extracting solvent has to be suitable for the
extraction of compounds within a wide polarity range from a variety of matrices containing
different amounts of water, fats, sugars and other substances. The usual way for extracting
pesticide residues from the sample is by thorough disintegration of the matrix in a high
speed homogenizer in the presence of the solvent or solvent mixture. In this way, even the
AOAC method, which is one of the most commonly instituted methods, has been modified.
The original methods which were extraction with acetonitrile, followed by liquid-liquid
partitioning with petroleum ether/dichloromethane and a laborious florisil column cleanup,
was modified in 1985 to include acetone instead of acetonitrile (Torres ef al., 1996).

Acetone extraction is usually preferred since it is suitable for both non-polar and polar
pesticides, as has been demonstrated in many comparative studies performed by GC and
HPLC. In addition, acetone has low toxicity, is easy to purify, evaporate and filter and is
inexpensive. Fruit and vegetable extracts in acetone are usually cleaner than those obtained
with other solvents of similar polarity (Torres et al., 1996).

A rapid and efficient multiresidue extraction procedure using ethyl acetate and sodium
sulphate, followed by GPC on an SX-3 column, was first reported by Roos et al. (1987).
Recoveries better than 90% were obtained for organochlorine(OC) and organophophorous
(OP) pesticides, fungicides and chlorobiphenyls. The ethyl acetate and sodium sulphate
extraction without further cleanup was applied as a screening method for the analysis of
eight OP pesticides with varying polarities in different types of vegetables using gas
chromatography coupled to the flame photometric and nitrogen-phosphorous(GC-FPD, GC-
NPD) detectors. With the use of specific detectors, interfering chromatographic peaks were
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reduced and the analysis time and solvent usage were also minimized, resulting in lower-
cost analyses (Cai et al., 1995).

In another study, Castro et al. (2002) developed a rapid LLE method for the determination of
endosulfan isomers and endosulfan-sulfate in plant samples. Tomato leaf samples were
homogenized with ethyl acetate and extracts cleaned-up on an aluminium oxide column.
The pesticides were eluted with a hexane-ethyl acetate (80:20, v/v) mixture. Recoveries
obtained from plant samples were higher than 78% with an RSD lower than 14% and
detection limits were 0.02 ng/g for each pesticide. Barriada-Pereira et al. (2004) compared
the use of cartridges filled with four different sorbents: florisil, a tandem of florisil and
alumina, silica, and carbon black to clean up plant leaf extracts prior to OC pesticides
determination. Carbon black was shown to be the preferred sorbent, providing colorless
eluates, cleaner chromatograms and fewer interferences. Jansson et al. (2004) used the
National Food Administration (NFA) ethyl acetate extraction to determine 57 different
pesticides and metabolites in a wide variety of fruits and vegetables by LC-MS/MS. The
recoveries obtained were in the range 70 - 100%. The proposed method is quick and
straightforward and no additional clean-up steps are needed.

3. Solid-phase Extraction (SPE)

Solid phase extraction (SPE) was developed in the mid-1970 as an alternative approach to
LLE for separation, purification, pre-concentration and solvent exchange of solutes for
solution (Thurman and Mills, 1998). SPE can be used directly as an extraction technique for
liquid matrices, or as a cleanup method for solvent extracts.

An SPE method always consists of three to four successive steps, as illustrated in Figure 1.
First, the solid sorbent should be conditioned using an appropriate solvent. This step is
crucial, as it enables the wetting of the packing material and the solvation of the functional
groups. In addition, it removes possible impurities initially contained in the sorbent or the
packaging. Also, this step removes the air present in the column and fills the void volume
with solvent. The nature of the conditioning solvent depends on the type of the solid
sorbent. Typically, for reversed phase sorbent, methanol is frequently used, followed by
water or an aqueous buffer whose pH and ionic strength are similar to that of the sample.
Precautionary steps are taken to prevent the solid sorbent from drying in between the
conditioning and the sample treatment steps, otherwise the analytes will not be efficiently
retained giving rise to poor recoveries. If the sorbent is dry for more than several minutes, it
must be reconditioned.

The second step is the percolation of the sample through the solid sorbent. Depending on
the system used, the volumes used can range from 1 mL to 1 L. The sample may be applied
to the column by gravity, pumping, aspirated by vacuum or by an automated system. The
sample flow rate through the sorbent should be low enough to enable efficient retention of
the analytes, and high enough to avoid excessive retention. During this step, the analytes are
concentrated on the sorbent. Even though the matrix components may also be retained by
the solid sorbent, some of them could pass through, thus enabling some purification (matrix
separation) of the sample.

The third step (which is optional) may be the washing of the solid sorbent with an
appropriate solvent, having low elution strength, to eliminate matrix components which
have been retained by the solid sorbent, without displacing the analytes. A drying step may
also be advisable, especially for aqueous matrices, to remove traces of water from the solid
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sorbent. This will eliminate the presence of water in the final extract, which, in some cases,
may hinder the subsequent concentration of the extract and the analysis.

Washing /
conditioning

Loading Washing Elution
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Fig. 1. SPE Operation Procedures

The final step is the elution of the analytes of interest by an appropriate solvent, without
removing the retained matrix components. The solvent volume should be adjusted so that
quantitative recovery of the analytes is achieved with a subsequent low dilution. In
addition, the flow rate should be correctly adjusted to ensure efficient elution. It is often
recommended that the solvent volume be fractionated into two aliquots, and to allow the
solvent to soak into the solid sorbent before the elution.

The SPE cartridge possesses two important features, standardization and hence greater
reproducibility, which includes a wide range of phases, from normal phase, reversed phase
to ion-exchange materials thus enabling aqueous solutions to be treated and employing
additional trapping mechanisms.

The sorbents come in different packaging: filled micro-columns, cartridge, syringe barrels
and discs. The disposable sorbent containers are illustrated in Figure 2. Although the
cartridges are for single use only and disposable, thus representing a significant consumable
cost, this has been shown to be much lower than the cost of chemicals and the manpower
needed for the corresponding traditional solvent extraction methods. Other types of SPE
have also been developed, including flat disks with the stationary phase particles supported
on a mesh, enabling very large volumes to be rapidly extracted. Recent use of high flow
rates through extraction cartridges has been shown to give improved extraction but such
“turbulent flow extractions” were very similar to conventional extractions.

Many of the published methods for pesticide determination in fresh fruits and vegetables
use a combination of two or more commercially available SPE columns for cleanup in the
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Fig. 2. Disposable SPE Sorbent Containers

normal-phase (NP) mode. Weak anion-exchange sorbents such as primary secondary amine
(PSA), aminopropyl (NHz), or diethylaminopropyl (DEA) modified silica are often used for
cleanup of food samples together with strong anion-exchange sorbents (SAX) (Sharif ef al.,
2006). Other SPE cleanup approaches include the combination of GCB (graphitized carbon
black) and PSA columns (Abhilash et al., 2007). In addition, there are other applications
using reversed-phase (RP) SPE for pre-concentration / cleanup of pesticide residues from
fruit and vegetable samples.

Before the SPE technique can be applied to a solid matrix such as fruits and vegetables, a
separate homogenization step and often filtration, sonication, centrifugation and liquid-
liquid cleanup are required. Stajnbaher and Zupancic-Kralj (2003) used solid-phase
extraction on a highly cross-linked polystryrene divinylbenzene column (LiChrolut EN) for
the simultaneous isolation of 90 pesticides of different physico-chemical properties from
fruits and vegetables and pre-concentration of the pesticides from the water-diluted acetone
extract. It only used small volumes of solvent per sample (30 ml acetone and 14 ml ethyl
acetate, 6 ml methanol). The majority of pesticide recoveries for various fruits and
vegetables exceeded 80% in the concentration range from 0.01 to 0.50 mg/kg.

Hernandez et al. (2006) determined pesticide residues in fruits and vegetables by SPE. 20 g
of homogenized sample was mixed in 60 mL of methanol:water (80:20, v/v) 0.1% HCOOH.
The mixture was extracted for 2 min at 8000 rpm and filtered. The filtrate was diluted with
MeOH:H20 (80:20, v/v) 0.1% HCOOH to 100 mL. Then, the extract was diluted eight times
with LC-grade water. 2.5 mL aliquot was taken and diluted to 20 mL. 5 mL of diluted extract
was passed through a SPE cartridge, preconditioned with 5 mL of MeOH, 5 mL of
methanol:methyl tert buthyl ether (10:90, v/v) 0.1% HCOOH, 5 mL of MeOH 0.1% HCOOH
and finally with 5 mL of acidified water. The cartridge was dried for 1 hour before the
sample was loaded and eluted with 5 mL MeOH:MTBE (10:90, v/v) 0.1% HCOOH. The
recoveries ranged from 70% to 110% with satisfactory precision (< 15%) that could be used
for the accurate determination of 52 pesticides and metabolites in one single determination
step at the 0.01 mg/kg level.

Shimelis et al. (2007) evaluated the performance of different sorbents for cleanup of oily
vegetable matrices. The authors highlighted the use of a dual-layer SPE, using a
combination of PSA with GCB for sample cleanup during multi-residue pesticide screening
of agricultural and food products. The retention of fatty acids by the PSA sorbent was
quantified and the effect of the elution solvent on the retention of fatty acid on the SPE
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cartridge was evaluated. The use of stronger elution solvents to elute certain pesticides from
graphitized carbon was shown to interfere with the capacity of PSA to bind fatty acids. The
ability of the PSA to retain fatty acids was found to be highly dependent on the conditioning
and elution protocols. A necessity to use a stronger solvent in order to elute polar pesticides
from dual-layer GCB/PSA SPE weaken the capacity of the PSA for removal of fatty acids
from the samples. Therefore, practical applications of dual-layer GCB/PSA cartridges
should be limited to food samples with lower levels of fatty acids.

Stajnbaher and Zupancic-Kralji (2008) determined 24 pesticides representing different
chemical classess (OPPs, OCPs, carbamates and pyrethroids) in fruits and vegetables using
GC-MS. The samples were homogenized and extracted by adding 18mL acetone. The
sample was thoroughly mixed in a vortex for 2 min and the extract was centrifuged for 10
min at 4000 rpm. The supernatant was transferred to a volumetric tube and acetone:water
(21, v/v) mixture was added. After shaking, a 2.5 mL aliquot corresponding to 1g of sample
was transferred to a 15 mL reservoir of a funnel shaped SPE column filled with 150 mg of
LiChrolut EN sorbent which was washed with 4 mL of ethyl acetate and preconditioned
with 4 mL of methanol followed by 5 mL of deionized water. The pesticides retained were
then eluted with 4 mL of ethyl acetate. Recoveries were found to be between 70% and 110%
for most of the pesticides. It was reported that the miniaturized SPE method in connection
with programmed temperature vaporizing (PTV)-based large volume injection was faster in
sample preparation and economically beneficial as it reduced the costs of the SPE material
and use of solvents.

In comparison with traditional liquid extraction techniques, SPE is simpler, more
convenient, and easier to automate. In addition, SPE possesses other distinct advantages
including: (1) requires a lower volume of solvent than traditional liquid-liquid extractions;
(2) involves simple manipulations which are not time consuming and makes it possible for
field treatment of samples; (3) the SPE cartridges can be used for short-term storage of the
compounds; (4) provides high enhancement factors proportional to the volume of water
passed through the SPE cartridges. One of the drawbacks of the SPE method is that the
packing must be uniform to avoid poor efficiency and although the pre-packed commercial
cartridges are now considered reliable, solid and oily components in a sample matrix may
plug the SPE cartridge or block pores in the sorbent causing it to become overloaded and
also automated systems can have difficulties with reproducibility for some sample types.
The sample matrix can also affect the ability of the sorbent to extract the analyte due
to competition for retention. Many traditional sorbents are limited in terms of selectivity
and insufficient retention of very polar compounds can pose a problem. The use of
hydrophilic materials for the improved extraction of the more polar compounds by SPE was
detailed by Fontanals et al. (2005). A comprehensive review, covering trends, method
development, coupled with liquid chromatography and different types of SPE sorbent
materials was published by Hennion (1999) and some examples of the use of SPE in food
analysis were given in a review by Buldini et al. (2002).

4. Solid-phase Microextraction (SPME)

Solid-phase microextraction (SPME), was developed by Pawliszyn and co-workers in 1990
in an attempt to redress the limitations inherent in SPE and LLE (Kataoka et al., 2000). It is a
new sample preparation technique using a fused-silica fiber that is coated on the outside
with an appropriate stationary phase. The analyte in the sample is directly extracted and



Sample Preparation in the Analysis of Pesticides Residue in Food by Chromatographic Techniques 33

concentrated onto the fiber coating. The method saves preparation time, solvent usage and
disposal costs, and can improve the detection limits (Pawliszyn, 1997). It has been used
routinely in combination with GC and HPLC, and successfully applied to a wide variety of
compounds, especially for the extraction of volatile and semivolatile organic compounds
from environmental, biological and food samples (Eisert and Levsen, 1996; Pawliszyn, 1997;
Prosen and Zupancic-Kralj, 1999). The main advantages of SPME extraction compared to
solvent extraction are the reduction in solvent use, the combination of sampling and
extraction into one step and the ability to examine smaller sample sizes. It can also have
high sensitivity and can be used for polar and non-polar analytes in a wide range of
matrices by linking to both GC and LC.

There are currently three SPME modes that require either fused-silica fibers or GC capillary
columns. Headspace (HS) and direct immersion (DI) SPME are the two fiber extraction
modes, while the in-tube SPME mode is applied in the LC or HPLC instrument.

In the DI-SPME mode, the fiber is inserted into the sample medium and the analytes are
transported directly to the extraction phase. For aqueous matrices, more efficient agitation
techniques, such as fast sample flow, rapid fiber or vial movement, stirring or sonication are
required. These actions are undertaken to reduce the effect caused by the “depletion zone”
which occurs close to the fiber as a result of fluid shielding and slow diffusion of analytes in
the liquid media. DI-SPME is the most common mode for pesticide analysis, and is
conducted by directly inserting the fiber into the sample matrix. A method for the
determination of seven OP pesticides in fruits and fruit juice samples was developed and
validated by Simplicio and Boas (1999). Mean recoveries were all above 75.9% and below
102.6% for juice and between 70% and 99% for the fruit samples. Limits of detection of the
method for fruits and fruit juice matrices were below 2 pg/kg for all pesticides. Beltran et al.
(2003) has developed a DI-SPME method for the determination of seven pyrethroid
pesticides in tomatoes and strawberries. Detection limits for tomato and strawberry samples
were between 0.003 and 0.025 mg/kg with RSD values of less than 25%. Residues of
metobromuron, monolinuron and linuron herbicides and their aniline homologs in carrots,
onions and potatoes have been quantified with DI-SPME with the polyacrylate (PA) fiber. A
juice was obtained from samples, then diluted, added with sodium chloride and buffered.
Recoveries obtained were between 76 - 95% with RSD values of less than 10% (Berrada et al.,
2004). Sagratini et al. (2007) developed a new analysis method to detect carbamates and
phenylurea pesticide residues in fruit juices using DI-SPME coupled with LC/MS and
LC/QIT-MS. The pesticide residues present in watery matrices such as fruit juices were
extracted using three types of fibers: 50-pm Carbowax/templated resin (CW/TPR), 60-um
poly(dimethylsiloxane) /divinylbenzene (PDMS/DVB) and 85-pm polyacrylate. After
extraction, the desorption (in a static mode) was performed in the specific interface chamber
SPME/HPLC, previously filled with 70% methanol and 30% water. The best recoveries,
evaluated at two fortification levels (0.2 and 0.5 mg kg-1) in fruit juices, were obtained using
PDMS/DVB and CW/TPR fibers, and ranged from 25 to 82% (monolinuron, diuron and
diethofencarb), with relative standard deviations (RSDs) from 1 to 17%. All the limits of
quantification (LOQs) were in the range of 0.005-0.05 pg ml-1 which are equal to, or lower
than the maximum residue limits (MRLs) established by the Italian and Spanish legislations.
A new vanguard-rearguard analytical method for determining 54 pesticide residues in
different fruit juices (natural and commercial orange, peach and pineapple juices were
tested) is proposed by Cortés-Aguado et al. (2008). First, pesticides are quickly extracted
with ethyl acetate in a test tube, transferred to a mixture of water:acetone 9:1 (v/v), and
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isolated by solid-phase microextraction (SPME). Only 1 mL of juice sample is required for
the analysis. The combination of a solvent and SPME extractions offer a significant
selectivity and sensitivity with a proven reduction of false-positive and false-negative cases.
The use of a vanguard-rearguard strategy can reduce by 50%, the total time required for
routine determination of juice samples in a laboratory following the accepted strategy of
identification, confirmation and quantification of the pesticides in the samples by a
conventional analytical method.

In the headspace sampling mode, the analyte is transported through a layer of gas before
reaching the coating. This protects the fiber coating from damage by high molecular weight
substances and other non-volatile concomitants present in the liquid sample matrix, such as
humic materials or proteins. The amount of analyte extracted at equilibrium using DI or HS
sampling are identical as long as the sample and gaseous headspace volumes are the same.
This is a result of the equilibrium concentration being independent of the fiber location in
the sample/headspace system. If the above condition is not satisfied, a significant sensitivity
difference between the direct and headspace technique exists only for very volatile analytes.
The choice of sampling mode has a significant impact on the extraction kinetics. When the
fiber coating is in the headspace, the analytes are removed from the headspace first,
followed by indirect extraction from the matrix. Therefore, volatile analytes are extracted
faster than semivolatile components since they are at a higher concentration in the
headspace, which contributes to faster mass transport rates through the headspace. The
temperature has a significant effect on the kinetics of the process by determining the vapor
pressure of the analytes. The equilibrium times for volatile components are shorter in the
headspace SPME mode than for direct extraction under similar agitation conditions. This
outcome occurs as a result of two factors: a substantial portion of the analyte is in the
headspace prior to extraction, and the diffusion coefficients in the gas phase are about four
orders of magnitude greater than in the liquid media. Navalon et al. (2002) determined the
fungicides, pyrimethanil and kresoxim-methyl in green groceries by HS-SPME. The analysis
yielded good reproducibility with the RSD values between 7.4% and 15%. Lambropoulou
and Albanis (2003) extracted and quantified seven OP pesticide residues in strawberries and
cherries in the HS-SPME at an LOD < 13 pg/kg. HS-SPME has been used to quantify eight
pesticides in wine and fruit juices (Zambonin ef al., 2004).

Chai M.K,, Tan, G.H., & Asha, L. (2008) and Chai, M.K. and Tan, G.H. (2009) optimized and
evaluated the headspace solid-phase microextraction (HS-SPME) for the simultaneous
determination of multiclass pesticide residues in fruits and vegetables by GC-ECD. The
average recoveries obtained for each pesticide ranged between 71% and 98% at three
fortification levels with the relative standard deviation of less than 5%. Repeatability (0.3-
3.7%) and intermediate precision (0.8-2.5%) were shown to be satisfactory. The limits of
detection (0.01-1 pg L—1) and the limits of quantification (0.05-5 pg L-1) of these pesticides
were much lower than the maximum residue levels (MRL), allowed for fruits and vegetables
in Malaysia.

In-tube SPME using an open tubular capillary column as the SPME device was developed to
couple directly with an HPLC or LC-MS. It is suitable for automation, and can continuously
perform extraction, desorption and injection using a standard autosampler. With the in-tube
SPME technique, organic compounds in aqueous samples are directly extracted from the
sample into the internally coated stationary phase of a capillary column, and then desorbed
by introducing a moving stream of mobile phase or static desorption solvent when the
analytes are more strongly absorbed onto the capillary coating. The capillaries selected have
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coatings similar to those of commercially available SPME fibers. The capillary column is
placed between the injector loop and the injection needle of the HPLC autosampler. While
the injection syringe repeatedly draws and ejects samples from the vial under computer
control, the analytes partition from the sample matrix into the stationary phase until
equilibrium is reached.

Subsequently, the extracted analytes are directly desorbed from the capillary coating by
mobile phase flow or by aspirating a desorption solvent. The desorbed analytes are
transported to the HPLC column for separation, and then detected with the UV or mass
selective detection. Mitani ef al. (2003) applied an automated on-line method for the
determination of the isoflavones, daidzein and genistein in soybean foods by using in-tube
SPME coupled to HPLC. The detection limits obtained were 0.4 - 0.5 ng/mL and the
recoveries were above 97%. Another potential advantage of in-tube SPME is that it can be
easily coupled to miniaturized chromatographic systems thus enhancing the sensitivity.
This has been illustrated for triazines by Chafer-Pericas et al. (2006). The limits of detections
obtained for such pesticides were about 250 - 500 times lower than those achieved by using
on-fibre SPME combined with conventional LC.

The fiber used in SPME is coated with a thin polymeric film, which concentrates the organic
analytes during absorption or adsorption from the sample matrix. There are two
mechanisms, absorption or adsorption according to the nature of the fiber. If the fiber is a
liquid phase, the analyte are extracted by absorption; if the fiber is a porous particle blend,
the analytes are extracted by adsorption. Absorption is a non-competitive process where
analyte dissolve into the bulk of the liquid, whereas adsorption is a competitive process
where analytes bind to the surface of the solid (Pawliszyn, 1999). In the adsorption case,
there are a limited number of sites where analytes can bind to. When all the sites are
occupied, the fiber is saturated. Therefore the linear range of the adsorption-type fibers is
smaller than the one for absorption-type fibers. In a competitive process, analytes of higher
affinity for the coating can displace analytes of lower affinity for the fiber. A large number of
fiber coatings based on solid sorbents are now available, in addition to the original general-
purpose poly(dimethylsiloxane) (PDMS) and poly(acrilate) (PA) coated fibers, namely:
PDMS/divinylbenzene (DVB), Carbowax/DVB, Carbowax/template resin (TR),
Carbowax/PDMS, and DVB/Carboxen/PDMS-coated fibers. Extraction of analytes by the
new porous polymer SPME fibers with mixed coating is primarily based on adsorption
rather than absorption. Some of these porous polymer SPME fibers with bipolar
characteristics can be very useful for the simultaneous analysis of pesticides, enlarging the
spectrum of SPME applications (Cai et al., 2006).

Menezes-Filhoa et al. (2010) developed a method for the simultaneous analysis of 14
pesticide residues (clofentezine, carbofuran, diazinon, methyl parathion, malathion,
fenthion, thiabendazole, imazalil, bifenthrin, permethrin, prochloraz, pyraclostrobin,
difenoconazole and azoxystrobin) in mango fruit, based on SPME coupled to GC-MS.
Different parameters of the method were evaluated. The best results were obtained using
polyacrylate fiber and direct immersion mode at 50 °C for 30 min, along with stirring at
250rpm and desorption for 5 min at 280 °C. The method was validated using mango samples
spiked with pesticides at concentration levels ranging from 33.3 to 333.3 ugkg-1. The average
recoveries (n = 3) for the lowest concentration level ranged from 71.6 to 117.5%, with RSD
between 3.1and 12.3%, respectively. Detection and quantification limits ranged from 1.0 to
3.3 ugkg1 and from 3.33 to 33.33 ugkg1, respectively.
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Amongst the advantages it should be stated that the SPME method has a higher degree of
automation when compared to other more laborious protocols. The procedure can be
completely automated using an autosampler with SPME equipment. Other advantages of
SPME are the inherent high sensitivity and the absence of solvents and sample pre-
treatment required, thus minimizing the sample manipulation and contamination. The main
disadvantages include poor fiber-to-fiber reproducibility, and poor precision and
ruggedness on the determination. The technique is limited to relatively semi-volatile or
volatile compounds, and matrix-effects showed up in complex matrices. Finally, relatively
expensive consumables and a dedicated and skilled optimization of different experimental
conditions and parameters are required, making the SPME method not as straightforward
for multi-residue method development.

5. Matrix Solid-phase Dispersion (MSPD)

Since its introduction in 1989, matrix solid phase dispersion (MSPD) has been cited as the
extraction method employed in over 250 studies (Barker, 2007). It has proven to be an
efficient and somewhat generic technique for the isolation of a wide range of drugs,
pesticides, naturally occurring constituents and other compounds for a wide variety of
complex plant and animal samples. MSPD combines aspects of several analytical
techniques, performing sample disruption while dispersing the components of the sample
on and into a solid support, thereby generating a chromatographic material that possesses a
particular character for the extraction of compounds form the dispersed sample.
In the MSPD process, a sample (liquid, semi-solid or solid) is placed in a glass or agate
mortar containing an appropriate bonded-phase or other solid support material such as
octadecylsiloxane (ODS) and derivatized silica (Cig) or other suitable support materials
(Figure 3).
The solid support and sample are manually blended together using a glass or agate pestle, a
step that takes about 30 seconds. When blending is complete, the sample is then packed into
an empty column or on top of a solid-phase extraction (SPE) sorbent without any further
drying or cleanup prior to elution. The column is often an empty syringe barrel or a
cartridge with a stainless-steel or polypropylene frit, cellulose filter or a plug of silanized
glass wool at the bottom. A second frit or plug is often placed on top of the sample before
compression with a syringe plunger. The main difference between MSPD and SPE is that the
sample is dispersed throughout the column and not retained in only the first few
millimeters. As regards elution, there are two possibilities: (a) the target analytes are
retained on the column and interfering compounds are eluted in a washing step, followed
by the target analytes being eluted by a different solvent; or (b) the interfering matrix
components are selectively retained on the column and the target analytes directly eluted.
Finally, additional cleanup is performed or the sample is directly analyzed. Sometimes, the
MSPD column is coupled on line with an SPE column or, as in several recent applications;
the SPE sorbent is packed in the bottom part of the MSPD column to remove interfering
matrix components (Kristenson et al., 2006).
Several factors have been examined for their effects in the MSPD extraction. These include:
a. the effects of average particle size diameter, where as expected, very small particle sizes
(3 - 10 um) would lead to extended solvent elution times and the need for excessive
pressures or vacuum to obtain an adequate flow. A blend of silicas possessing a range
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of particle sizes (40 - 100 um) works quite well and such materials also tend to be less
expensive.

b. the character of the bonded-phase. Depending on the polarity of the phase chosen,
various effects on the results may be observed. Applications requiring a lipophilic
bonded-phase employ Cis and Cs materials interchangeably.

Transfer
Blend with pestle

Solid support
Blended sample

Frit and co-column

=<—— Compress with plunger

Sample for analysis

Fig. 3. MSPD Extraction Procedures (Barker, 2007)

c. the use of underivatized silica or other solid support materials. Use of unmodified or
underivatized solids, such as sand to blend samples do not work in exactly the same
manner as originally described for the bonded-phase solid support, such as ODS. Silica-
based support materials (derivatized silica, silica gel, sand, florisil) are still being used
almost exclusively in MSPD. Blasco et al. (2004) have demonstrated the use of an
activated carbon fiber for the isolation of dithiocarbamates from fruits, vegetables and
cereals.

d. the best proportion ratio of sample to solid support material. The most often applied is
1 to 4, respectively, but it can vary from application to application. This ratio is
dependent on the method employed. Both smaller and greater ratios have been used
successfully.

e. Chemical modification of the matrix or matrix solid support blend. Addition of
chelating agents such as acids and bases at the time of blending would affect the



38 Pesticides - Strategies for Pesticides Analysis

distribution and elution of target analytes from the sample. The solution profile of
matrix components is likewise affected.

f.  The optimum choice of eluent and the sequence of their application to a column. The
elution solvent sequence is to isolate the analyte or further clean the column of
interfering substances with each solvent step. MSPD columns permit isolation of
analytes with different polarities or the entire chemical classes of compounds in a single
solvent, making MSPD amenable to multiresidue analysis on a single sample. Several
recent studies have reported the use of hot water as an eluting solvent as well as the
addition of pressure, which is known as pressurized-liquid extraction (PLE) or
accelerated solvent extraction (ASE) (Bogialli et al., 2004). Such applications
demonstrate the potential to make extraction methods based on MSPD free of
hazardous solvents and even less expensive to perform.

g. The elution volume. It has been observed that for an 8 ml elution of a 2 g MSPD column
blended with 0.5 g sample, the target analytes usually elute in the first 4 ml, which is
approximately one column volume. This will vary for each application and should be
examined to reduce the use of solvent and the unintended co-elution of potential
interferences.

h. The effect of the sample matrix itself. All the components of the sample are dispersed
throughout the column, covering much of the bonded-phase solid support surface,
creating a new phase that can have dramatic effects on isolation in going from one
matrix to another (Barker, 2000a; Barker, 2000b).

Kristenson et al. (2001) developed a miniaturized automated MSPD method for extracting

pesticides from apples, pears and grapes. Only 25 mg of sample and 0.1 ml ethyl acetate

were used and the extracts were analyzed by GC-MS without any further purification. In
terms of recovery, Cis, Cg and silica were compared for use as dispersants. The best results

were obtained by using Cis. The LODs were 4 - 90 pg/kg. Bogialli et al. (2004) developed a

simple, rapid and specific method for analyzing seven widely used carbamate insecticides in

fruits and vegetables. After matrix deposition on crystobalite (sand), the analytes were
extracted with water, heated to 50 - 100 °C. At 50 °C, recoveries were between 76 to 99 %.

A method based on MSPD and GC was proposed for the determination of OC and

pyrethroid insecticides in tea leaves (Hu et al., 2005). After evaluating various extraction

conditions, Hu et al. (2005) found that the best compromise in terms of recovery and cleanup
was the use of Florisil as the dispersant and hexane-dichloromethane (DCM) as the
extractant. LODs of the method ranged between 2 and 60 ng/g, which are lower than the

MRLs set by the EU. Barker et al. (2000b), Bogialli and Corcia (2007) detailed a number of

applications of MSPD for the analysis of residues and Kristenson et al. (2006) detailed

advances in the technique.

Recently, Cunha et al. (2007) proposed a similar approach for the determination of phosmet

and its metabolites in olives using Cis and MgSO; as sorbent and acetonitrile as eluting

solvent. They found that Cis and MgSO, as matrix sorbents have advantageous effects on
extraction yields compared with polar sorbents such as silica, alumina, Florisil or
aminopropyl. No additional cleanup step was proposed. A single-step extraction and
purification method was developed for the separation of 26 OCPs, 3 pyrethroid pesticides
and 6 PCBs from fatty foods of either animal or vegetable origin (portions of meat adipose
tissues, meat products, milk and milk products, cheese, eggs, etc.) (Kodba et al., 2007). The
method included homogenization of the isolated fat and DE (celite). Separation was
achieved using a mini Pasteur pipette where a MSPD was carried out with only 5 mL of
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dimethyl sulphoxide (DMSO) as the eluting solvent. A Pasteur pipette was joined to a pre-
packed slurry filled Florisil column, where the LLE and adsorption chromatography
successively took place. Recoveries for PCBs were from 81% to 86% and for OCPs 68-94%
but one, which gave lower, and more variable recoveries. Excellent recoveries were obtained
for pyrethroid pesticides, mostly more than 80%. The method was applied to 509 fatty
samples for monitoring these compounds.

An ultrasonic-assisted MSPD method employing Cs as sorbent was developed for extracting
and cleaning-up 15 OPs and 9 triazines in fruits (Ramos et al., 2008), in order to increase
process efficiency. The method performances were compared between those of a
conventional MSPD with those of a heat-assisted MSPD. The employment of a sonoreactor
allowed the reduction of the sonication time to 1-3 min, and consequently overcomes the
possible analyte degradation associated with increased temperatures occurring in longer
sonication times. The low method detection limits(MDLs) of the ultrasound-assisted MSPD
method ensured proper determination of maximum allowed residue levels for all, except for
dimethoate and disulfuton. All the evaluated samples, such as apples, pears and apricots,
showed a low or no matrix effect with this method.

Silve et al. (2008) proposed a simple and effective extraction method based on MSPD to
determine dimethoate, malathion, lufenuron, carbofuran, 3-hydroxycarbofuran,
thiabendazole, difenoconazole and trichlorfon in coconut pulp using gas-chromatography-
mass spectrometry. Different parameters of the method were evaluated, such as type of
sorbent (Cis, alumina, silica gel and Florisil), the amount of sorbent and eluent
(dichloromethane, acetone ethyl acetate, acetonitrile, n-hexane and n-hexane:ethyl acetate
(1:1, v/v). The best results were obtained using 0.5 g of coconut pulp, 1.0g of Cis as
dispersant sorbent, 1.0 g of Florisil as cleanup sorbent and acetonitrile saturated with n-
hexane as the eluting solvent.

Analysis of pesticides belonging to different classes was performed by LC-MS/MS after
MSPD using diatomaceous earth as dispersant and dichloromethane as eluent (Radisi¢ et al.
2009). Significant matrix effects observed for most of the pesticides tested were eliminated
using matrix-matched calibration plots. Recoveries were in the range 71-118%, with RSDs
between 5-15%. It was determined that the pH had a decisive influence on the carbendazim
recovery, while its influence was not so prominent for other tested pesticides. The highest
recoveries for carbendazim were obtained with the pH-value adjusted to 6, and a slight
increase in recoveries of other pesticides was also observed.

The main advantages of MSPD extraction are that besides requiring only small amounts of
sample and solvents, it is rapid, inexpensive and can be carried out under mild extraction
conditions (room temperature and atmospheric pressure) and provides acceptable yield and
selectivity, and thus, in turn, decreases environmental contamination and improves worker
safety. Moreover, the flexibility and versatility of MSPD allows the application of the
process to a wide variety of analytes and biological and environmental matrices. In fact,
MSPD has shown its feasibility not only for solid or semi-solid samples, but also for the
viscous samples (milk, blood, etc.). For these reasons, the employment of MSPD which was
first introduced in 1989, has still grown in recent years. Although useful for the analysis of
trace contaminants in food, particularly as an aid or an alternative to LLE or solid phase
extraction, the MSPD technique is not easily automated and could be time-consuming for a
large number sample size. Although the MSPD extracts are clean enough for direct
instrumental analysis, a further cleanup step is often required, particularly with fatty
matrices.
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6. Dispersive Liquid-liquid Microextraction (DLLME)

Dispersive liquid-liquid microextraction (DLLME) is developed by Razaee et al. (2006). The
method is based on the ternary component solvent system. A mixture of a water-immiscible
extraction solvent dissolved in a water-miscible disperser solvent is injected rapidly into an
aqueous sample. A cloudy solution consisting of fine droplets of the extraction solvent
dispersed into an aqueous phase is formed. Due to the considerably large surface area
between the extraction solvent and the aqueous sample, the extraction of the analytes is
achieved quickly. Then centrifugation takes place, and the extraction solvent with the
analytes is sedimented and analysed by an appropriate method (Berijani et al., 2006).

DLLME is a miniaturized liquid-liquid extraction (LLE) using microliter volumes of
extraction solvent, which is based on the equilibrium distribution process of the target
analytes between sample solution and extraction solvent. The enrichment factor and
extraction recovery are calculated as follows (Berijani et al., 2006; Rezaee et al., 2006):

F= Csed/Co

R=(Ceed Vsed)/ (Co Vaq)

Where F, Cseq and C, are the enrichment factor, the analyte concentration in the sediment,
and the initial concentration of analyte in the aqueous sample, respectively; R, Vieq and Vaq
are the extraction recovery, the volume of the sediment phase, and the volume of the
aqueous sample, respectively.

The extraction efficiency for the target analyte by DLLME is influenced by many factors,
such as the type of extraction and dispersive solvent, and their volume, the extraction time
and salt addition (Kozani et al., 2007).

The selection of an appropriate extraction solvent is a major parameter for DLLME process.
The extraction solvent should satisfy two conditions: one is the higher density of the
extraction solvent than that of water, which makes it possible to separate extraction solvent
from aqueous phase by centrifugation; the other is the extraction capability of extraction
solvent for the compounds of interest, good chromatographic behavior, and low solubility
of extraction solvent in water (Kozani et al.,, 2007, Farahani et al., 2007). The extraction
solvent volume has a large effect on the enrichment factor. With the increase of the
extraction solvent volume, the final organic phase obtained by centrifugation is increased,
resulting in a decrease of the concentration of the target analyte in the organic phase.
Although the extraction recovery remains constant, the enrichment factor will be decreased,
leading to a decrease in the sensitivity of the determination for the target compounds.
Therefore, the selection of the optimal extraction solvent volume should result in both the
high enrichment factor and adequate volume for the subsequent determination after
centrifugation (Kozani et al., 2007; Farahani et al., 2007).

The disperser solvent is soluble in the extraction solvent and should be miscible in water,
thus enabling the extraction solvent to be dispersed as fine particles in the aqueous phase to
form a cloudy solution (water/disperser solvent/extraction solvent). In such a case, the
surface area between extraction solvent and aqueous phase (sample) can be infinitely large,
thus increasing the extraction efficiency. The disperser solvent volume directly affects the
formation of the cloudy solution, the degree of the dispersion of the extraction solvent in the
aqueous phase, and subsequently, the extraction efficiency (Fattahi ef al., 2007).
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In DLLME, the extraction time is defined as the interval between injecting the mixture of
disperser solvent and extraction solvent and centrifugation. It is was found that the
extraction time has little effect on the extraction efficiency of DLLME (Farahani et al., 2007;
Fattahi et al., 2007). This is because the extraction solvent can be evenly dispersed after the
formation of the cloudy solution, the transition of the analyte from aqueous phase (sample)
to extraction phase can be very fast, and the equilibrium state can be subsequently achieved
very quickly, resulting in a very short extraction time needed for equilibrium. A short
extraction time is an advantage associated with the DLLME technique (Farahani et al., 2007;
Fattahi et al., 2007).

Pesticide analysis is probably the field in which DLLME has found its major applications.
Different sources of water (mainly tap, river, well and lake waters) were selected as the
matrix for the DLLME. In few cases, food matrices (Zhao et al., 2007; Cunha et al., 2009; Fu
et al., 2009; Moinfar et al., 2009; Ravelo-Pe’rez et al., 2009a; Ravelo-Pe’rez et al., 2009b) have
also been analyzed, and to a lesser extent, probably because of the complexity of the samples
and also because of the need to develop a previous pretreatment procedure based mainly on
solvent or water extraction.

Zhao et al. (2007) demonstrated that there were no significant differences when acetonitrile
and chlorobenzene were employed as the disperser and extraction solvents, respectively, to
extract six OPPs (ethoprophos, parathion methyl, fenitrothion, malathion, chlorpyrifos and
profenofos) from watermelon and cucumber. In this study, sample pretreatment consisted
of adding 10 mL of acetonitrile to 10 g of sample together with 4 g of anhydrous MgSO; and
1 g of NaCl. The mixture was then shaken in a vortex mixer and centrifuged. In the DLLME
procedure, 27 mL of chlorobenzene (extraction solvent) were added to 1 mL of acetonitrile
taken from the previous extraction step and the mixture was introduced into 5 mL of
purified water. After shaking and centrifuging, the sedimented chlorobenzene phase was
collected and injected into the GC-FPD system. Recoveries for each target analyte were in
the range between 67 and 111%. The RSD varied between 2 and 9% (n = 3). LODs were
found ranging from 0.010 to 0.190 pg/kg for all the target pesticides. Compared with the
conventional sample preparation method, the proposed method has the advantage of being
quick and easy to operate, and having high-enrichment factors and low consumption of
organic solvents.

Fu et al. (2009) developed a DLLME method to determine carbamate (carbaryl) and
organophosphorus (triazophos) pesticide residues in water and fruit juices. Using the
optimum extraction conditions -extraction solvent: tetrachloroethane, 15.0 pL; dispersive
solvent: acetonitrile, 1.0 mL; no addition of salt and extraction time below 5 s, the
enrichment factors for the carbaryl and triazophos were 87.3 and 275.6, respectively. The
linearity was obtained in the concentration range of 0.1-1000 ngmL-! with correlation
coefficients from 0.9991 to 0.9999. The LODs, ranged from 12.3 to 16.0 pg mL-1. The RSDs,
for 10 ng mL-? of carbaryl and 20 ng mL- of triazophos varied from 1.38% to 2.74% (n = 6).
The relative recoveries of fruit juice samples were in the range of 86.3-105.3%.

In the past decade, a new type of solvent, ionic liquids (IL), has been introduced into
analytical chemistry as an extractant (Poole and Poole, 2010). ILs are low-melting salts that
form liquids composed entirely of ions, which have generally been found to be less toxic,
less volatile and less contaminating than conventional solvents. These salts have also been
used as extraction solvents in DLLME for extracting pesticides in fruit samples (Ravelo-
Pe’rez et al. 2009a; Ravelo-Pe’rez et al. 2009b)
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The first application of IL-DLLME for the extraction of pesticides from matrices other than
water was recently developed by Ravelo-Pe’rez et al. (2009a, 2009b) for the extraction of
fruit extracts. In these cases, disperser solvents were used together with the IL. In the first of
these studies (Ravelo-Perez et al. 2009a), parameters affecting the IL-DLLME of eight
pesticides (i.e. thiophanate-methyl, carbofuran, carbaryl, tebuconazole, iprodione,
oxyfluorfen, hexythiazox and fenazaquin) were optimized by means of an experimental
design (central composite design). The selected parameters were sample pH, NaCl
percentage, IL amount (1-hexyl-3-methylimidazolium hexafluorophosphate)- [HMIm][PFs])
and methanol volume (disperser solvent). The final procedure in this study consisted of the
ultrasonic- assisted extraction of 1 g of homogenized bananas with acetonitrile using
different salts (MgSO4, NaCl, sodium hydrogen citrate sesquihydrate and sodium citrate
tribasic dihydrate) to improve the recoveries. After centrifugation and evaporation of the
supernatant, reconstitution of the extract in water at pH 2.7 provided the best media to
develop the IL-DLLME procedure, which used 88 mg of [HMIm][PFs], 714 L of methanol
and 28.9% (w/v) of NaCl. The combination of these two procedures (acetonitrile extraction
of the fruit and reconstitution of the evaporated extract in water) provided a suitable
arrangement that allowed application of DLLME as part of the sample-pretreatment
procedure for extraction of pesticides from complex samples. Mean recovery percentages
were 53-97% with RSD values below 8.7%, which represent LODs of 0.320-4.66 ng/kg, well
below maximum residue limits of the European Union (EU MRLs). In the later study
Ravelo-Pe’rez et al. (2009b) extended the application of the method for the extraction of the
same group of pesticides from grapes and plums. Mean recovery values were 72-100% for
table grapes and 66-105% for plums, with LODs very similar to those reported in the earlier
study, which are aslo below the EU MRLs. In both these studies, the method was also
applied to the analysis of commercial fruit samples, in which residues of pesticides could be
found in some samples, with some exceeding the MRLs.

Compared to other techniques, DLLME is characterized by very short extraction times,
mainly because of the large surface area between the solvent and the aqueous phase. Other
advantages are simplicity of operation, low cost, and high recovery and enrichment factors,
offering potential for ultra-trace analysis. However, the main drawback of DLLME is that its
efficiency is restricted by solvent selection to systems capable of forming a dispersive phase,
somewhat limiting its range of application by sample. However, the introduction of new
solvents (e.g., ILs, which are numerous) may provide a new alternative. Automation of
DLLME seems to be very difficult and has not yet been achieved, although an attempt was
made for the analysis of inorganic species (Anthemidis and Ioannou, 2009).

7. Stir-bar Sorptive Extraction (SBSE)

Stir bar sorptive extraction (SBSE) was developed by Baltussen ef al. (1999) to overcome the
limited extraction capacity of SPME fibers. A glass stirrer bar is coated with a potentially
thick bonded absorbent layer (polydimethylsiloxane - PDMS) to give a large surface area of
stationary phase, leading to a higher phase ratio and hence a better recovery and sample
capacity (Figure 4). The advantages of sorptive extraction using PDMS include predictable
enrichment, the absence of displacement effects, inertness, and rapid thermal desorption at
mild temperature. Stir bar sorptive extraction of a liquid sample is performed by placing a
suitable amount of sample in a headspace vial. The stir bar is added and the sample is
stirred, typically for 30 - 240 min. the extraction time is controlled kinetically, determined by
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sample volume, stirring speed, and stir bar dimensions and must be optimized for a given
application.

Cap

Glass vial

e

Sample solution

4
—

Fig. 4. Schematic Diagram of a SBSE Setup

PDMS stir bar

Normally, SBSE is applied to the extraction of aqueous samples containing low
concentrations of organic compounds. For samples containing high concentrations of
solvents, the solutions should be diluted before extraction. For the extraction of highly non-
polar solutes, an organic modifier is added to minimize wall adsorption. Thus, the
optimization of the organic modifier concentration is necessary.

After extraction, the stir bar is removed, then placed on a clean tissue paper, rinsed with
distilled water to remove water droplets, and introduced in a thermal desorption unit. This
step will avoid the formation of non-volatile material during the thermal desorption step.
Rinsing would not cause any solute loss, because the adsorbed solutes are present inside the
PDMS phase. After thermal desorption, the stir bars can be reused. Typically, the lifetime of
a single stir bar is approximately 20 to 50 extractions, depending on the matrix (David and
Sandra, 2007).

Since SBSE using PDMS coating is similar to liquid-liquid extraction using a non-polar solvent,
the technique is mainly used for non-fatty matrices (< 3% fat). The analysis of pesticides in
fruits and vegetables (Sandra et al., 2003; Juan-Garcia et al., 2004; Juan-Garcia et al., 2005; Zuin
et al., 2006) has been described. After homogenization, the fruit and vegetable samples are
extracted using a water miscible solvent. An aliquot of the extract is diluted with water and
followed by SBSE. Both LC-MS desorption and thermal desorption GC-MS have been used.
Sandra et al. (2003) used SBSE with thermal desorption capillary GC-MS for the screening of
pesticides (OPPs and OCPs) in fruits, vegetables and baby food. A 10 mm stir bar coated
with 0.5 mm PDMS was used. The recoveries for spiked samples ranged between 43-75%.
The coupling of SBSE with RTL-GC-MS operated in the scan mode could monitor
simultaneously about 300 pesticides present in fruits, vegetables and baby food. The
detection limits from mg/kg to the sub pg/kg level were obtained.
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Juan-Garcia et al. (2004) studied the detection of fungicide residues in grapes by LC-MS.
Two procedures based on SPE and SBSE have been assessed for extracting these compounds
in grapes. The recoveries obtained by SPE in samples spiked at the LOQ level ranged from
60 to 100% with RSDs from 7 to 17%. With the SBSE the recoveries obtained from samples
spiked at the LOQ level were between 15 and 100% and the RSDs between 10 and 19%. The
LOQs of most compounds are better via the SPE (0.003-0.01 mg kg-1) than by SBSE (0.01 mg
kg1 for all fungicides).

Guan et al. (2008) prepared a novel poly(phthalazine ether sulfone ketone) (PPESK) film and
coated this on stir bars with a thickness of 250 pm for sorptive extraction. The PPESK coated
stir bar has high thermostability (290 °C) and a long lifetime (50 repeated use). The
extraction properties of this stir bar were evaluated for the extraction of both polar and
semi-polar analytes, including organochlorine compounds and organophosphorus
pesticides. The PPESK stir bar showed higher affinity towards polar compounds than that of
a PDMS coated stir bar and a higher sample load compared with the corresponding PPESK
fiber. It was applied to the determination of organophosphorus pesticides in juices by gas
chromatographic analysis. Limits of detection for organophosphorus pesticides were in the
range of 0.17-2.25 ng L1 and 2.47-10.3 ng L1 in grape and peach juice, respectively, using
the flame thermionic detector (FTD), with precisions of less than 20% RSD.

Although SBSE is widely applied in environmental and food analysis, it has also some
limitations or drawbacks. One of the drawbacks is related to the fact that the coated stir-bar
cannot be directly desorbed in a simple split/splitless injection port of a gas chromatograph.
Hence the analyte has to be back extracted into a suitable solvent, which adds an additional
step to the overall analytical method, or a specially designed Thermal Desorption Unit
(TDU) has to be used. Moreover, operations like removing the stir-bar from the sample,
rinsing and drying are usually performed manually, which is laborious and can introduce
errors. Automation of these steps is possible but this increases the cost and complexity of the
hardware involved. However, the most important limitations of SBSE are related to the
coating of stir-bars. The non polar PDMS is at present the only polymer commercially
available as a coating for stir-bars. Recovery of polar analytes is poor and often in situ
derivatisation is applied to increase extraction yields. Stir-bars coated with materials with
better affinity to polar compounds would improve SBSE flexibility and selectivity while
maintaining its concentration capability. New approaches or concentrating materials are
therefore required to overcome the above-mentioned limitation and to extend the range of
applications. Up to now, developments of novel stir-bars have been reported with limited
references. One of the methods developed was to use dual-phase-coated stir-bars, which
combine two or more sampling materials with different concentration capabilities (Bicchi et
al. 2005). These new stir-bars consist of a short PDMS tube at both ends with two magnetic
stoppers, whose inner cavity is packed with different types of adsorbents such as activated
carbon. Dual-phase stir-bars with carbon have been shown to improve the recovery of
volatile and polar compounds compared to the conventional PDMS stir-bar.

8. Single-drop Microextraction (SDME)

Recently, alternative but SPME related concepts have been introduced for sample extraction.
The use of a single droplet for extraction purposes was first recommended in the mid-1990s
(Mester and Sturgeon, 2005). Figure 5 shows one possible embodiment of the SDME
technique employing a microsyringe. The syringe needle is used to pierce the septum of a
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closed container. When the tip of the needle is in the desired position (in the aqueous phase
or in the headspace) a hanging droplet of solvent is exposed to the matrix by depressing the
plunger of the syringe. After extraction is completed, the droplet is withdrawn into the
syringe barrel by lifting the plunger. The extracted samples can then be submitted directly
to GC analysis. Thus the system requires two discrete parts: the first for extraction and the
second for injection.

Syringe body
Needle -—»
Droplet
<4— Sample vial
Sample solution —1p
©41— Stirring bar

O Stirring plate O

Fig. 5. Schematic Diagram of a SDME Setup (Mester and Sturgeon, 2005)

The properties of the analyte and its matrix will determine whether direct immersion (DI-
SDME) or headspace (HS-SDME) extraction is appropriate. Thus, one must consider the
volatility (boiling point), ionization (for acids and bases) and polarity of the analyte and
matrix. HS-SDME is appropriate for most polar and non-polar, lower molecular weight,
volatile and semivolatile compounds. DI-SDME extraction is appropriate for non-polar or
moderately polar higher molecular weight, semivolatile chemicals. There are some
important restrictions on the selection of a particular extracting solvent. When extracting
from an aqueous solution, the solvent needs to be water immiscible. The solvent needs to
have a boiling point high enough that it will not evaporate, but also appropriate for the
chromatographic system. It needs to have a high enough viscosity to cling onto the tip of a
syringe needle, but not so viscous that the diffusion rate of the analyte into the drop affects
extraction time significantly. The intermolecular attraction characteristics of the solvent
must also be compatible with the analyte being extracted. Toluene appears to be the most
commonly used acceptor phase, because it has high solubility for the target analytes, is
immiscible in water and stable enough over the extraction time. Based on this solvent as the
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acceptor phase, several methods were validated and applied to the determination of OP and
OC pesticides in solid samples (Xiao et al., 2006; Zhao, E. et al., 2006b). Carbon tetrachloride
has also been successfully applied to the extraction of OP pesticides (Ahmadi et al., 2006);
this solvent is, however, more prone to dissolve or become dislodged when long extraction
periods are used. Isooctane and n-hexane have been also used for the determination of OP
and OC pesticides (Zhao, L. and Lee, 2001; Lopez-Blanco et al., 2003). In the SDME
procedure, solvent volumes lower than 3 pL are commonly used, due to the instability of the
microdrop at higher values as well as to the good compatibility with the GC instruments.
SDME involves dynamic partitioning of the target compounds between the acceptor phase
and the sample solution, and the extraction efficiency depends on the mass transfer of
analyte from the aqueous phase to the organic solvent phase. Since the mass transfer is a
time-dependent process, a graph representing the relationship between peak area and
extraction time is typically reported. Generally, extraction yield increases over relatively
long exposure times. Since SDME is not an exhaustive extraction technique, it is not always
practical to match extraction time with extraction equilibrium, because the potential for
solvent loss due to dissolution increases with time. Therefore, extraction times are rarely set
at equilibrium but rather at a point where sensitivity and precision are maximized over an
acceptable experimental time. For pesticide analysis, extraction times of 15-30 min are
usually selected.

Agitation is a critical parameter in SDME procedures. The mass transfer of the target
compounds to the organic solvent can be enhanced by agitation of the sample solution,
thereby reducing the time required to attain thermodynamic equilibrium. However,
excessive agitation could result in a dislodgement of the acceptor phase and difficulties in
analyte quantification, especially with prolonged exposure times.

The “salting out” effect was studied, and the results showed that high salt concentrations in
the aqueous samples usually decrease the diffusion of analytes toward the organic phase
thus impairing the extraction. This effect is more pronounced in the case of SDME and thus
most of the studies have been performed without or with a small amount of salt addition
(Zhao, L. and Lee, 2001; Xiao et al., 2006; Ahmadi et al., 2006). Caution should be taken when
high salt concentrations are used in the sample matrix, since under these conditions, in
combination with the agitation of the sample, the formation of air bubbles was promoted,
increasing the incidence of drop loss or dislodgement of organic solvent.

Generally, the studies of SDME in the determination of pesticides in food samples are very
limited because of their complex matrices (Xiao et al., 2006; Zhao, E. et al., 2006b; Zhang et al.,
2008; Amvrazia & Tsiropoulos, 2009a).

Xiao et al., 2006 developed a single-drop microextraction (SDME) procedure for the analysis
of organophosphorus pesticides (OPPs) in fruit juice by gas chromatography (GC) with
flame photometric detection (GC-FPD). Two types of SDME mode, static and cycle-flow
SDME, were evaluated. The enrichment factors for six OPPs in static SDME were nearly 100-
fold (except for dichlorvos 23-fold), which were much better than that in cycle-flow SDME.
Therefore, static SDME with tributyl phosphate (TBP) as the internal standard was selected
for the real sample analysis. A 100-fold dilution of fruit juice samples is adequate to
determine levels of most pesticides below the MRLs because of the low limits of detection of
the method. The recoveries for the spiked juice samples were from 77.7 to 113.6%.

An approach for the extraction of 9 kinds of organochlorine pesticides (OCPs) from
vegetable samples (cabbage, cauliflower, Chinese cabbage) coupling single-drop
microextraction with gas chromatography-mass spectrometry was presented by Zhang et al.
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(2008). An effective extraction was achieved by suspending a 1.00 pL mixed drop of p-
xylene and acetone (8:2, v/v) to the tip of a microsyringe immersed in a 2 mL donor
aqueous solution and stirred at 400 rpm. The relative recoveries were from 63.3 to 100%,
with repeatability ranging from 8.74 to 18.9% (R.S.D.). In contrast to some common acceptor
solvents, a novel combination of liquids comprising p-xylene and acetone showed better
extractions and lower detection limits (0.05 ng mL-1) for organochlorine pesticides.
Amvrazia & Tsiropoulos (2009a) evaluated the single-drop microextraction (SDME)
technique coupled with GC-NPD and GC-ECD for the determination of14 types of multi-
class pesticides in vegetables (tomato and courgette). The optimum sample preparation was
achieved with the use of a mixture of acetone/H>O (10/90, v/v) in a donor sample solution
and subsequent SDME using a toluene drop (1.6 pL) under mild stirring for 25 min. The
efficiency of the extraction process was studied in fortified tomato and courgette samples
and the matrix effect assessment performed showed that quantification should be
performed using a standard curve of spiked vegetable samples since certain matrix
components as observed in the tomato analysis, may enhance pesticide recoveries via
SDME. The proposed method showed good linearity, limits of detection at the sub-pg kg-!
level and high precision (RSD <15%) and was applied successfuly in real vegetable samples
showing that SDME can be a promising way for sample preparation in pesticide residue
analysis.

Due to its simplicity, ease of implementation, and insignificant startup cost, SDME is accessible
to virtually all laboratories. However, it has some limitations, for example: (a) in its most basic
form, direct immersion mode it requires careful and elaborate manual operation because of
the problem of drop dislodgment and instability; (b) the SDME is affected by the presence of
humic acids or suspended solids indicating that it has a limited advantage in complex
matrices, in which extra filtration of the sample is necessary; (c) notwithstanding the
acceptable analytical performance mentioned above, the sensitivity and the precision of SDME
methods can be further improved. The main issue lies with the adverse consequences of
prolonged extraction time and fast stirring rates, since they may result in drop dissolution and
dislodgement; (d) SDME is not yet suitable as a routine online pre-concentration procedure.
Although some progress has been made to automate SDME, cost considerations will mean
that the approach will not be widely accessible (Xu et al., 2007).

9. Pressurized Fluid Extraction (PFE)

This technique, also named accelerated solvent extraction (ASE) or pressurized liquid
extraction (PLE), is a solid-liquid extraction process performed in closed vessels at relatively
elevated temperature, usually 80 to 200 °C, and elevated pressures, between 10 and 20 MPa
conditions for short time periods (5-10min). Therefore, PFE is quite similar to supercritical
fluid extraction(SFE) but CO; is replaced by organic solvents to mitigate potential polarity
problems. Extraction is carried out under pressure to maintain the conventional organic
solvents in its liquid state, but extracting at temperatures well above their atmospheric
boiling points. Therefore, the solvent is still below its critical condition during PFE but has
enhanced solvation power and low viscosities and hence allows higher diffusion rates for
the analytes. In this way the extraction efficiency increases, minimizing the amount of
solvent needed and expediting the extraction process. The time required for extraction is
independent of the sample mass and the efficiency of extraction is mainly dependent on the
temperature. Figure 6 shows a schematic diagram of a PFE system.
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Fig. 6. Schematic Diagram of a PFE System (Buldini et al., 2002)

Both static and flow through extraction systems can be used. In the static extraction mode,
the sample is loaded in an inert cell and pressurized with a solvent heated above its boiling
point for some time. The extract is then automatically removed and transferred to a vial. In
the flow through extraction mode, a fresh solvent is continuously introduced to the sample.
This improves the extraction efficiency but, the extract is subsequently diluted. The extract is
pushed into the collection vial by a second aliquot of solvent inserted into the extraction cell
and this second aliquot is then collected into the same vial by pushing it with an inert gas
flow. The whole process takes approximately 15-20 min.

In PFE, the pressure is applied to maintain the solvent in its liquid state. This reduces the
number of parameters that need to be optimized to achieve efficient extractions compared
with SFE. The main parameters to consider now are temperature and time and this reduces
the time devoted to method development and optimization of the extraction procedure. The
method set up is generally straightforward because the same solvent recommended in the
official and routine Soxhlet methods can be used. Therefore, PFE is an attractive technique
because it is fast (e.g. extraction time approximately 15 min per sample), uses less solvent
volume (15-40 ml), no filtration is required after extraction, the instrumentation allows
extraction in unattended operation and different sample sizes can be accommodated. The
two main disadvantages of PFE include limited selectivity because it usually requires
further cleanup of the extract obtained and higher initial cost than SFE or microwave-
assisted extraction (MAE) systems.

Tao et al. (2004) applied PFE for extracting DDT and its metabolites from wheat with
hexane/acetone (1:1, v/v) at 120 °C and a pressure of 101 MPa. Moreno et al. (2006)
investigated the extraction of 65 pesticides including OC pesticides from greasy vegetable
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matrices such as avocado using PFE with ethyl acetate/cyclohexane (1:1, v/v) at 120 oC and
a pressure of 12 MPa.

Chuang et al. (2001) investigated the use of PFE for the analysis of pesticides in baby food
but observed matrix interferences due to the high level of fat present in the samples.
Although widely used as an initial extraction for solid samples, for trace analysis, post-
extraction procedures for analyte enrichment/concentration are often required. SPE can be
coupled to the extractor outlet to enable cleanup and concentration. Coupling of PFE to
other cleanup steps was used for the determination of pesticides in foods (Herrera et al.
2002).

When water is employed as the extraction solvent in PFE, a different terminology is used to
highlight the fact that water is an environmental-friendly solvent. Thus, terms such as
pressurized hot water extraction, subcritical water extraction (SWE), superheated water
extraction and high temperature water extraction can be found in the literature (Ramos et al.,
2002; Smith, 2003; Carabias-Martinez et al., 2005). Because the polarity of water decreases
markedly as the temperature is increased, superheated water at 100 - 200 °C, under a
relatively low pressure can act as a medium to non-polar solvent (ethanol or acetone) and is
an efficient extraction solvent for many analytes (Ramos et al., 2002; Smith, 2003; Carabias-
Martinez et al., 2005). A review of the technique, including several applications was given by
Smith in 2002.

A limitation in extracting with hot water is the inability to recover compounds that are
hydrophobic, thermally labile, or easily hydrolyzed. Besides, one of the disadvantages of
SWE, particularly for trace analysis is that the extract obtained is a dilute aqueous solution.
This means that a further concentration / extraction step is often required prior to analysis
(such as liquid-liquid extraction or solid-phase extraction). To avoid the additional cleanup,
a trapping agent can be added to the extraction vessel, such as an SPE disc, which is then
subsequently extracted. Commercial PLE systems can be used and it is possible to link SWE
to LC, by trapping analytes onto a cartridge, prior to elution with the mobile phase. Phase
transfer catalysis can be used to enable in situ derivatisation and concentration of the
product into an organic solvent (Chienthavorn et al. 2006)

10. Microwave-assisted Extraction (MAE)

MAE uses microwave radiation (0.3 - 300 GHz) as the source of heating a solid-solvent
sample mixture. Due to the particular effects of microwaves on the matter namely, dipole
rotation and ionic conductance, heating with microwaves is instantaneous and occurs in the
bulk of the sample, leading to very fast extraction. The heat generated in the sample by the
microwave field requires the presence of a dielectric compound. The greater the dielectric
constant, the more thermal energy is released and the more rapid would be the heating for a
given frequency. Consequently, the effect of microwave energy is strongly dependent on the
nature of both the solvent and the solid matrix. Usually, the extraction solvent has a high
dielectric constant, so that it strongly absorbs the microwave energy. However, in some
cases especially for thermo labile compounds, the microwave may be absorbed only by the
matrix, resulting in heating of the sample and the release of the solutes into the cold solvent.
Therefore, the nature of the solvent is of great importance in MAE: it should selectively and
efficiently solubilize the analytes in the sample but, at the same time, it should absorb the
microwave without leading to a strong heating to avoid eventual degradation of the analyte
compounds. Thus, it is common practice to use a binary solvent mixture (e.g. hexane-
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acetone, 1:1) where only one of the solvents is absorbing the microwave energy. Other
important parameters affecting the extraction process are the applied power, the
temperature and the extraction time. Moreover, the water content of the sample needs to be
carefully controlled to avoid excessive heating, thus allowing reproducible results.

The application of microwave energy to the samples may be performed either in closed
vessels with pressure and temperature control (pressurized MAE) or in open vessels at
atmospheric pressure (focused MAE). In focused MAE method, the temperature is limited
by the boiling point of the solvent at atmospheric pressure, but in pressurized MAE the
temperature may be elevated by applying an adequate pressure (Dean. 2000).

The technique has proven to be better than soxhlet extraction by reducing the solvent
consumption and extraction time (Diagne et al., 2002; Barriada-Pereira et al., 2003). Usually
sample sizes range from 0.5 to 10 g and 10 ml of solvent is sufficient for the extraction time
from less than 1 to 10 min. The same laboratory microwave unit previously described for
sample digestion is used, so reducing costs; the simultaneous extraction of many different
samples is also possible without any mutual interference.

Cai et al. (2003) used MAE to extract OC pesticides from Chinese teas before solid-phase
microextraction followed by GC-ECD analysis. The recoveries of MAE were compared with
those of ultrasonic extraction and the results showed that MAE provided better recoveries
(efficiencies) and shorter extraction times than ultrasonic extraction.

Recently, MAE has been proposed for the extraction of pesticide residues in avocado, avocado
oil and olive oil (Fuentes et al. 2008, Hernandez-Borges et al. 2008). Fuentes et al. (2008)
proposed a method using MAE to assist the liquid-liquid extraction of pesticide in avocado oil
and olive oil. An additional cleanup step using an Envi-carb SPE cartridge was proposed. The
method is relatively simple, low solvent consuming and has a good throughput of samples (10
samples can be analyzed in 4 hrs). Hernandez-Borges et al. (2008) proposed a MAE of
abamectin residues in avocado. Homogenized avocado samples were extracted once with 20
mL acetonitrile:water 4:1 (v/v) in a microwave oven for 26 min at 700 W with a maximum
temperature of 80 °C. An additional cleanup step was performed using a Cig SPE cartridge.
MAE also limits contamination or absorption from the vessel, due to direct heating of the
sample. The main advantages of microwave pre-treatment are the low temperature
requirement, high extraction rate, complete automation and the possibility of
simultaneously extracting many different samples at the same time with little interference.
However, MAE has also several drawbacks such as the extract must be filtered after
extraction, polar solvents are needed, cleanup of extracts may be necessary and the
equipment is moderately expensive.

11. Supercritical Fluid Extraction (SFE)

A general trend in the isolation of pesticide residues is to decrease the consumption of
expensive and toxic organic solvents and to increase the availability of a broad range of
analytes and matrices. A possible solution is to use supercritical fluid extraction (SFE). SFE
uses liquids such as compressed carbon dioxide (CO) as an extracting phase that is capable
of removing less volatile compounds at ambient temperature. Supercritical fluids possess
both gas-like mass transfer and liquid-like solvating characteristics.

SFE utilizes commercially available equipment where the fluid is pumped, at a pressure
above its critical point (7.38 mPa & 31.1 °C), with the sample placed in an inert extraction
cell. The temperature of the cell is increased to overcome the critical point of the fluid. After
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depressurization, the analytes are collected in a small volume of organic solvent or on a
solid-phase filled cartridge (solid adsorbent trap). Extraction can be performed in the static,
dynamic or recirculating mode: in the static extraction mode, the cell containing the sample
is filled with the supercritical fluid, pressurized and allowed to equilibrate; using the
dynamic mode, the supercritical fluid is passed through the extraction cell continuously;
finally in the recirculating mode the same fluid is repeatedly pumped through the sample
and, after the required number of cycles, it is pumped out to the collection system (Figure 7).
One of the most interesting properties of these fluids is the direct relationship of solvent
strength to density. Since the density of the fluid is a function of its temperature and
pressure, precise control of these parameters allows a solvent with a narrow window of
solvating strength to be obtained. It is possible, therefore, to substitute a variety of
conventional solvents with a single supercritical fluid. For instance, supercritical carbon
dioxide at 7.515 MPa and 80 °C (d 0.15 g/ml) is characterized by a solvating strength similar
to gases, such as pentane, while at 38.265 MPa and 40 oC (d 0.95 g/ml) its solvating strength
resembles liquids, such as dichloromethane, carbon tetrachloride, toluene or benzene. When
selecting the extraction pressure, it should be kept in mind that as the pressure increases,
higher molecular weight compounds become soluble, while as the pressure decreases, the
supercritical fluid loses some of its solvent strength. If the pressure is reduced to
atmospheric values, the fluid loses practically all of its solvating ability and the extracted
compounds fall out of the solution (Buldine et al., 2002).
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Fig. 7. Schematic Diagram of a SFE System (Fidalgo-Used et al., 2007)

Water is a poor choice for this technique because of its high critical temperature and
pressure. The most widely used supercritical fluid is carbon dioxide which is characterized
by low critical values and low chemical reactivity. Carbon dioxide is easily obtained in
extremely pure form at a reasonable cost, and it has low viscosity, non-inflammable,
environment-friendly, high diffusion rate with a high volatility and it can be separated from
the collected analytes without incurring disposal problems. Nitrous oxide would be a good
supercritical fluid, but it is highly inflammable. Ammonia is a polar substance with good
solvent strength, but it is chemically reactive and corrosive. The hydrocarbons are usually
inflammable and are not viable for analytical SFE. A common practice in SFE, which has to
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be taken into consideration in connection with the physicochemical properties of
supercritical fluids, is the use of modifiers (co-solvents). There are compounds that are
added to the primary fluid to enhance extraction efficiency. For example, the addition of a
small percentage (1 - 10%) of methanol to carbon dioxide expands its extraction range to
include more polar analytes (Buldine et al., 2002).

King et al. (1993) applied SFE with carbon dioxide for the selective isolation of
organochlorine, organophosphorus and organonitrogen pesticides from contaminated
cereals. The resulting extracts were cleaned-up by GPC and GC-FPD and used for
quantification. A determination method for 56 different pesticides was reported by Lehotay
and Garcia (1997). The sample was frozen and a drying agent consisting of magnesium
sulfate was mixed and homogenized with a small amount of dry ice. The sample was
extracted with supercritical CO,, trapped with Cig bonded silica, eluted with acetone, and
subsequently analyzed by GC ion-trap mass spectrometry. Magnesium sulfate as a drying
agent was mixed with the sample to get rid of water, and gave a high recovery for
methamidophos as well as for other pesticides.

Highly polar pesticides such as the phosphorothioates and phosphoramidothioates showed
very low recoveries by the supercritical CO; extraction method (e.g., acephate, omethoate
and vamidothion). Generally, a modifier is added to the supercritical CO;, to improve the
extraction yield. Stefani et al. (1997) worked on many extraction methods using two steps,
such as two subsequent extractions of the same sample without the addition of a polar
solvent to supercritical CO,. The two steps were similar except for the volume of the trap
solvent. Celite and anhydrous calcined sodium sulfate were added as drying agents to the
samples. The optimization of SFE on several organochlorine and organophosphorus
pesticides in samples with high water content such as strawberry was performed.
Lyophilization and addition of anhydrous sodium sulfate were examined to solve the
problem caused by the water content of vegetable samples (Nerin et al., 1998). SFE efficiency
is affected by a wide range of parameters such as the nature of the supercritical fluid,
temperature and pressure, extraction time, the shape of the extraction cell, the sample
particle size, the matrix type, the moisture content of the matrix and the analyte collection
system. Due to these numerous parameters affecting the extraction efficiencies, SFE affords a
high degree of selectivity and the extracts are relatively clean. However, the presence of
water and fat in food samples can require extensive sample preparation and the
development of more on-line cleanup procedures for SFE should enable further applications
for food analysis to be developed. For example, sorbents, such as alumina, florisil and silica,
can be placed in the extraction cell, or used as a cleanup following extraction to increase
selectivity. Sorbents in the extraction cell can also be used for ‘inverse’ SFE extraction, in
which interfering compounds are removed by a weak supercritical extraction fluid, leaving
the analyte trapped on the sorbent for subsequent extraction under stronger conditions
(King, 1998). Besides, the need to control so many operating parameters makes SFE
optimization tedious and difficult in practice. Other disadvantages of the SFE technique
include: limited sample size and high cost of the equipment.
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1. Introduction

Organochlorine pesticides (OCPs) are the potential group of chemicals used to improve
agricultural productivity. The extensive use of pesticides to improve agricultural
productivity played an important role in the last century. These compounds have been
applied for decades in preventing, repelling or mitigating the effects of pests. OCPs are one
of the most persistent organic pollutants present in the environment. Although most of
OCPs have been banned in many countries because of mutagenic and carcinogenic effects,
they and their metabolites are still present in the environment owing to their persistence and
lipophilic properties. The toxicity, potential bioaccumulation and non-biodegradability of
these compounds represent risks to the environment (FAO/WHO, 1989).

Maximum admissible concentration (MAC) of pesticides and related products for drinking
water is 0.1 pg L1 for individual pesticides and 0.5 pg L for total concentrations given by
the European Union (EU) Drinking Water Directives (EEC, 1980). Additionally, pesticides
residue in surface water must be less than 1-3 pg L. Moreover, because of their
hydrophobicity and persistence, OCPs accumulate in soils where they are likely to be
retained for many years (FAO/WHO, 1989). Therefore, determination and monitoring of
OCPs in different environmental matrices are important for environment, especially for
human health. Consequently, residue analyses of OCPs in waters and soils by developing
analytical procedure continue to be an active area of research in recent years (Santos &
Galceran, 2004).

Trace analysis of OCPs in water is usually performed by gas chromatography (GC)
combined with a previous an extraction or a pre-concentration step including traditional
liquid-liquid extraction (LLE) (Barcelo”, 1993, Fatoki & Awofolu, 2003; Tahboub et al., 2005),
solid phase extraction (SPE) (Aguilar et al., 1996; 1997), solid phase microextraction (SPME)
(Page & Lacroix, 1997; Aguilar et al., 1999; Tomkins & Barnard, 2002; Li et al., 2003; Dong et
al., 2005) and the more recently developed liquid phase microextraction under different
names, i.e., dispersive liquid-liquid microextraction (DLLME) (Cortada et al., 2009a; Leong
& Huang, 2009; Tsai & Huang, 2009), liquid-phase microextraction (LPME) (Huang &
Huang, 2007; Farahani et al., 2008), single-drop microextraction (SDME) (Cortada et al.,
2009b), polymer-coated hollow fiber microextraction (PC-HFME) (Basheer et al., 2004), stir
bar sorptive extraction (SBSE) (Leo'n et al., 2003; Pe’rez-Carrera et al., 2007), ultrasound



60 Pesticides - Strategies for Pesticides Analysis

assisted emulsification-microextraction (USAEME) (Ozcan et al., 2009a), vortex assisted
liquid-liquid microextraction (VALLME) (Ozcan, 2010). Among these methods, LLE and
SPE are the oldest procedures for the extraction of OCPs from aqueous matrices. LLE is
probably the most widely used method for the extraction of OCPs from aqueous samples
(Barcelo”, 1993, Fatoki & Awofolu, 2003; Tahboub et al., 2005). However, LLE needs
relatively large volumes of organic solvents and samples and it is time-consuming as well as
a labor-intensive method, and hazardous to health and environment. The LLE method has
some complications such as the formation of stable emulsions. SPE has been used as an
alternative method to LLE for the extraction of OCPs from water samples because it uses
less solvent and is less time-consuming than LLE. Nevertheless SPE demands a large
volume of organic solvents and samples. However, SPE is a relatively expensive method. In
this method, analytes may be adsorbed, and complex matrices can cause settling in
cartridges (Leong & Huang, 2009; Ozcan et al., 2009a; Quayle et al., 1997). LLE and SPE
methods complicate and difficultly in automation. Using large amounts of organic solvents
can cause environmental pollution and health hazards for laboratory personel and extra
operational costs for waste treatment (Sarafraz-Yazdi & Amiri 2010).

Therefore, in order to overcome disadvantages of these methods, an efficient, fast, easy,
economical and comparable sample preparation method such as solid-phase
microextraction (SPME) and different modes of liquid-liquid microextraction (LLME),
termed as liquid-phase microextraction (LPME) or solvent microextraction (SME) for
example single drop microextraction (SDME), dispersive liquid-liquid microextraction
(DLLME), ultrasound assisted emulsification-microextraction (USAEME) and vortex
assisted liquid-liquid microextraction (VALLME) have been developed in recent years.
Among these methods, SPME is based on the partitioning of analytes between sample
matrixes and the polymer-coated fibre. While SPME has some important advantages such as
rapid, simple, solvent free, the main disadvantages of SPME method are relatively high
price and fragile coating layer of fiber. Fiber also can degrade with time and the partial loss
of stationary phase can cause co-elution with the analytes. In addition, sample carry-over
has been frequently reported for SPME method (Psillakis et al., 2003). Liquid-liquid micro-
extraction is based on the distribution of the analytes between a microvolume of organic
solvent and the aqueous solution (He & Lee, 1997; Jeannot & Cantwell, 1996; 1997). These
alternative techniques such as SDME, LPME, DLLME have advantages, such as short
extraction time, small volumes of solvent and water requirement, rapid, easy, and low cost.
Compared to the SPME, SDME has many advantages including no sample carry-over, wide
selection of available solvents, simplicity and ease of use, short pre-concentration time,
requiring no conditioning (as is the case with the fibre in the SPME), no need for instrument
modification, etc. Nevertheless, these techniques also have some drawbacks. For example,
SDME method has difficulty to automate, instability of droplet, and relative low precisions
(Xu et al., 2007). In comparison to the traditional LLE and SPE, LPME procedure has many
advantages including wide selection of available solvents, low cost, simplicity and ease of
use, minimal solvent use, short pre-concentration time and possibility of automation.
Furthermore compared to the SPME, LPME has also advantages, such as no sample carry-
over, requiring no conditioning, no need for instrument modification, etc. (Khajeh et al.,
2006). Nevertheless, some drawbacks, such as instability of droplet and relative low
precision were reported for LPME procedure (Xu et al., 2007). DLLME is based on the
formation of tiny droplets of the extractant in the sample solution using water-immiscible
organic solvent (extractant) dissolved in a water-miscible organic dispersive solvent. The
advantages of DLLME could be given as rapid, simple, short extraction time, low cost, high
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recovery of analytes. However, general drawbacks of this method are difficult to automate
and it requires using a dispersive solvent which usually decreases the partition coefficient of
analytes into the extraction solvent (Rezaee et al., 2006; Pena-Pereira et al., 2009).

USAEME procedure combines micro-extraction system and ultrasonic radiation in one step.
Ultrasonic radiation is a powerful means for acceleration of various steps in analytical
procedure for both solid and liquid samples (Priego-Lo"pez & Luque de Castro, 2003; Aydin
et al., 2006; Tor et al., 2006a; 2006b; Ozcan et al., 2009a; 2009b; 2009¢c; 2010). USAEME
technique leads to an increment in the extraction efficiency in a minimum amount of time
(Luque de Castro & Priego-Capote, 2006; 2007). Some other advantages of USAEME are
viable, simple, rapid, low cost, and it needs less amount of sample and extraction solvent
(Ozcan et al.,, 2009a; Saleh et al., 2009; Luque de Castro & Priego-Capote, 2007). However,
the most important disadvantage of this method is that excessive ultrasound energy may
degrade the analytes in water and may cause irreversible damages to the properties of
analytes (Luque de Castro & Priego-Capote, 2007; Sanchez-Prado et al., 2008). A novel
extraction technique, which is called as vortex-assisted liquid-liquid microextraction
(VALLME) has recently been developed. In this method, dispersion of the solvent phase into
the aqueous solution has been provided by using vortex mixing and miniaturization
approach has been achieved using a micro volume of extraction solvent. VALLME is a fast,
repeatable and efficient method and it requires quite small volume of extraction solvent.

The analysis of trace levels of organic pollutants in complex matrices such as soil, sediment
usually requires several steps. An extraction step is followed by a clean-up of the extract
prior to the chromatographic analysis. Extraction is a critical sample preparation step for the
analysis of OCPs in soil samples because these hydrophobic compounds are strongly sorbed
to the soil material. Various extraction procedures including soxhlet (Wobst et al., 1999;
Fatoki & Awofolu, 2003; Bakan & Ariman, 2004), shaking flask (Kolb et al., 1995; Pozo et al.,
2001; Nawab et al., 2003), sonication (Babic et al., 1998; Gongalves & Alpendurada, 2005;
Banjoo & Nelson, 2005; Castro et al., 2001), microwave assisted extraction (MAE) (Camel,
2000; Ericsson & Colmsjo, 2000; Pino et al., 2000; Jayaraman et al., 2001), super critical fluid
extraction (SFE) (Reindl & Hofler, 1994; Barnabas et al., 1995; Koinnecke et al., 1997; Benner,
1998; Morselli et al., 1999) and pressured liquid extraction (Lundstedt et al., 2000; Ramos et
al., 2000; Richter, 2000) can be used for the extraction of target compounds from soil.
Moreover, determination of OCPs in soil can be carried out by using German standard
method (DFG 5-19 multimethod) (DFG, 1987) and ISO 10382 (ISO, 2002). The preference of
each technique mainly depends on the efficiency, recovery, reproducibility, minimal solvent
use, simplicity and ease of use. Soxhlet extraction is considered to be the standard method
used for the extraction of OCPs from soils. The soxhlet and shaking flask extractions are
time consuming and require large volume of organic solvents (Bewadt et al., 1995; Hartonen
et al., 1997; Schantz et al., 1998). Therefore, in order to reduce the extraction time, amount of
solvent required, as well as sample amount, new extraction procedures, i.e., supercritical
fluid extraction (SFE) (Bowadt & Hawthorne, 1995), microwave assisted extraction (MAE)
(Eskilsson & Bjorklund, 2000) and accelerated solvent extraction (ASE) (Bjorklund et al.,
2000) etc., have been developed as alternative techniques. More recent procedures, i.e., SFE,
MAE and ASE, gave shorter extraction time and reduced solvent consumption because these
extraction procedures are working at high temperatures above the boiling point of the
solvent. Except for SFE, reconcentration and clean-up steps have to be performed for MAE
and ASE procedures. On the other hand, time and cost needed for SFE are quite high as well
as for ASE (Berset et al., 1999).
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Therefore, nowadays, modern methods have been proposed to solve time and solvent
consuming problems as an alternative to traditional methods (Berset et al., 1999). Ultrasonic
extraction procedure has lower equipment cost, ease of operation, little or no sample
preparation (e.g. wet sediments) and lower extraction temperature, etc. Therefore, it can be
also used to extract the target compounds from soil as an alternative to common Soxhlet and
shaking flask extraction (Sporring et al., 2005; Aydin et al., 2006; Tor et al., 2006).
Ultrasonication is being used more and more in analytical chemistry, enabling different
steps in the analytical process, particularly in sample preparation, such as the extraction of
organic and inorganic compounds from different matrices (Ashler et al., 2001; Aydin et al.,
2006; Ozcan et al., 2008; Mierzwa et al., 1997). This type of energy is of great help in the pre-
treatment of samples as it facilitates and accelerates operations such as the extraction of
organic and inorganic compounds. In ultrasound-assisted LLE, it facilitates the
emulsification phenomenon and accelerates the mass-transfer process between two
immiscible phases. The most widely accepted mechanism for ultrasound-assisted
emulsification is based on the cavitation effect. The implosion bubbles generated by the
cavitation phenomenon produces intensive shockwaves in the surrounding liquid and high
velocity liquid jets. Such microjets can cause droplet disruption in the vicinity of collapsing
bubbles and thus, improve emulsification by generating smaller droplet size of the
dispersed phase right after disruption (Luque de Castro & Priego-Capote 2006). Submicron
droplet-size results in significant enlargement of the contact surface between both
immiscible liquids improving the mass-transfer between the phases. Additionally,
ultrasonication offers several advantages that make it an ideal method for pre-treating a
large number of samples. These advantages include high extraction efficiency, lower
equipment costs, ease of operation and lower extraction temperatures, etc. Therefore, in this
chapter, the application of ultrasonic extraction procedures for residue analysis of OCPs in
water and soil samples was described. The applicability of the ultrasonic extraction was
evaluated by comparison with traditional extraction methods (LLE and SPE for water
samples, shaking flask, soxhlet extraction and large-scale ultrasonic extraction for soil).

2. Aim of the study

Because of the toxicity, potential bioaccumulation and non-biodegradability of OCPs
represent risks to the environment. Thus, analysis of different environmental samples for
OCPs is of importance for environment health.

At present, more than 60% of registered pesticides and/or their metabolites can be analyzed
by using gas chromatography (GC). GC equipped with electron capture detector (ECD) is
the most widely used technique especially for the determination of OCPs in different
matrices (Santos & Galceran, 2004; Bruner, 1993). Chromatographic analysis usually follows
the tedious sample preparation to extract the pollutants from environmental matrices (i.e.
soil, sediment, air, water). For the isolation of target compounds from matrices various,
extraction and clean-up procedures have been employed. The isolation of OCPs from
environmental samples is often difficult and time consuming. The preference of each
technique used for the extraction of OCPs from both water and soil samples mainly depends
on solvent and time consumption, ease of operation, etc. Therefore, nowadays, modern
methods have been proposed to solve time and solvent consuming problems as an
alternative to traditional methods. A miniaturisation strategy has been successfully applied
on the various extraction procedures, to establish a viable, rapid and easy procedure for
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residue analyses of some organic pollutants in soil and sediment samples as well as
reducing sample and solvent requirements.

Ultrasound assisted extraction offers several advantages that make it an ideal method for
pre-treating a large number of samples. These advantages include high extraction efficiency,
lower equipment costs, ease of operation and lower extraction temperatures, etc. Therefore,
in this chapter the application of miniaturised ultrasonic extraction procedures for residue
analysis of OCPs in water and soil samples was described. The miniaturised ultrasonic
extraction applied to the water samples is also called as ultrasound asssisted emulsification
microextraction (USAEME). The applicability of the miniaturised ultrasonic extraction was
evaluated by comparison with traditional extraction methods (shaking flask, soxhlet
extraction and large-scale ultrasonic extraction of soil samples, while LLE and SPE of water
samples).

3. Experimental

3.1 Reagents and solvents

All chemicals used were of analytical grade. OCPs mixed standard including a, B, y and 8-
hexachlorocyclohexane (HCH), heptachlor, heptachlor epoxide, dieldrin, aldrin, endrin,
endrin aldehyde, endrin ketone, endosulfan I, endosulfan II, endosulfan sulfate, p,p’-DDE,
p.p’-DDD, p,p’-DDT, methoxychlor were from Accustandard Co. (New Haven, CT, USA).
Solvents of residue grade purity including acetone, dichloromethane, chloroform, 1,2-
dichlorobenzene, 1,2,4-trichlorobenzene, n-hexane, methanol, ethylacetate were obtained
from Merck Co. (Darmstadt, Germany). Sodium chloride and sodium sulfate were also from
Merck Co. Octadecyl (Cis) SPE cartridges were obtained from J&T Baker (Deventer,
Holland). Alumina 90 active, neutral, [(0.063-0.200 mm), (70-230 mesh ASTM)] was also
from Merck Co. Standard stock solution 10 mg L2 of mixed OCPs was prepared in
methanol. All solutions were stored in the dark at 4 °C. Working solutions were prepared by
dilution of standard stock solution with distilled water.

3.2 Chromatographic analysis

The determination of the OCPs was performed by GC/u-ECD (Agilent Technologies, CA,
USA). The features and operating conditions of GC/u-ECD system were as follows: GC
Agilent 6890 N installed with HP-5 5% phenylmethyl siloxane fused silica capillary column
(30 m length, 0.32 mm i.d. and 0.25 um film thickness). The split/splitless injector was set at
280 °C and operated in the splitless mode (purge delay 1 min, purge flow 30.1 mL min?).
Detector temperature was set at 320 °C. The injection was performed by an Agilent 7683 B
series automatic injector. The temperature program was as follow: initial column
temperature 60 °C, 40 °C min-! to 160 °C, 5 °C min- to 300 °C, hold at 300 °C for 5 min (run
time 35.5 min). Helium (purity 99.999%) was used as carrier gas at flow rate of 2.5 mL min-1.

3.3 Clean-up procedure

The activation and deactivation of the column sorbent material, aluminum oxide, was
performed as follows. The aluminum oxide was activated at 210 oC for 4 h. It was allowed to
cool down in a desiccator and then deactivation and homogenization were carried out by
adding certain amounts of deionized water (5%) and shaking the sorbents in a horizontal
shaker at 210 rpm for 2 h. The preparation of the traditional clean-up column filled with 10 g
of deactivated column sorbent material was described in a previous paper (Tor et al., 2006).
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The clean-up column, length of 30 cm and 1 cm of internal diameter, was prepared
according to slurry packing technique (Jaouen-Madoulet et al., 2000). The extract, reduced in
volume to 1 mL, was transferred quantitatively onto the top of the column. The elution of
OCPs was carried out with 100 mL of n-hexane/ethylacetate (1/1, v/v), then the extract was
concentrated to exactly 1 mL using a rotary evaporator (Buchi B-160 Vocabox, Switzerland)
and nitrogen stream prior to GC/u-ECD analysis. The micro-scale clean-up column
consisted of a pasteur pipette, length of 10 and 0.5 cm internal diameter, fitted at its base
with a plug of glass wool. 0.5 g aliquot of 5% deactivated aluminium oxide was filled into
the pasteur pipette and conditioned with 5 mL of n-hexane. After miniaturized ultrasonic
extraction, the extract was reduced in volume to 300 uL and it was transferred top of the
column. The target compounds were eluted from the pipette under gravity (flow-rate of
approximately 2 drop s71) with 5 mL of n-hexane/ethylacetate (7/3, v/v). The eluate was
concentrated to 300 uL prior to GC/p-ECD analysis.

3.4 Liquid-liquid extraction

Liquid-liquid extraction (LLE) procedure was adopted from US EPA Method 3510C (US
EPA, 1996). 200 mL of water sample was placed in a 250 mL capacity of separatory funnel.
The extraction was carried out three times with 20 mL of dichloromethane. The extracts
were combined and dried with anhydrous sodium sulfate. The resulting extract was
concentrated to exactly 1 mL using a rotary evaporator (Buchi B-160 Vocabox, Flawil 1,
Switzerland) and gentle nitrogen stream. Then, GC/u-ECD analysis was performed as
described in Section 3.2.

3.5 Solid-phase extraction

SPE procedure was carried out as described by Aydin et al. (2004). Octadecyl (Cis) SPE
cartridge was used for the extraction of OCPs from water sample. The cartridge was
consecutively washed with 10 mL of methanol and 8 mL of n-hexane/ethyl acetate (5/3,
v/v). Then, it was conditioned with 10 mL of methanol and 2x5 mL of distilled water. 200
mL of water sample was passed through the cartridge under vacuum. After the cartridge
was dried for 10 min by maintaining vacuum, elution of OCPs from the cartridge was
carried out with 10 mL of n-hexane/ethyl acetate (7/3, v/v). The extract was dried with
sodium sulfate and concentrated to exactly 1 mL by a rotary evaporator and under gentle
nitrogen stream. Then, GC/p-ECD analysis was performed as described in Section 3.2.

3.6 Shake flask extraction

For shake flask extraction, a 10 g of soil sample was suspended in 50 mL of petroleum
ether/acetone mixture (1/1, v/v) and shaken on a horizontal shaker for 12 h. Then, the
extract was filtered and concentrated to exactly 1 mL by using the rotary evaporator and
nitrogen stream, respectively (Tor et al., 2006; Aydin et al., 2006). The concentrated extract
was transferred onto the traditional clean-up column and elution was performed as
described in Section 3.3. GC/p-ECD analysis was performed as described in Section 3.2.

3.7 Soxhlet extraction

For soxhlet extraction, a 10 g of soil sample was put into the extraction thimble and
extracted with 150 mL of petroleum ether/acetone mixture (1/1, v/v) for 18 h (Tor et al.,
2006; Aydin et al., 2006). The extract was reduced to exactly 1 mL using the rotary
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evaporator and under a gentle stream of nitrogen. The concentrated extract was transferred
onto the traditional clean-up column and elution was performed as described in Section 3.3.
GC/p-ECD analysis was performed as described in Section 3.2.

3.8 Large-scale ultrasonic extraction

Ultrasonic extraction of 10 g of soil sample was performed twice by using 25 mL of
petroleum ether and acetone mixture (1/1, v/v) for 20 min (Tor et al., 2006a). After
extraction steps, extracts were filtered and combined in a round bottom flask. The extract
was reduced to exactly 1 mL using the rotary evaporator and under a gentle stream of
nitrogen. The concentrated extract was transferred onto the traditional clean-up column and
elution was performed as described in Section 3.3. GC/u-ECD analysis was performed as
described in Section 3.2.

3.9 Miniaturised ultrasonic extraction of OCPs from water samples

A 10 mL water sample was placed in a 10 mL glass-centrifuge tube. As an extraction solvent,
200 pL chloroform was added into the water sample and mixed. The resulting mixture was
immersed into an ultrasonic bath (frequency 35 kHz, 320W, Super RK 510, Sonorex,
Bandelin, Germany) for 15 min at 25 °C. During the sonication, the solution became turbid
due to the dispersion of fine chloroform droplets into the aqueous bulk. The emulsification
phenomenon favoured the mass-transfer process of OCPs from the aqueous bulk to the
organic phase. The emulsion was centrifuged at 4000 rpm for 5 minutes to disrupt the
emulsions and separate the solvent from the aqueous phase. After centrifugation, extraction
solvent was removed from the bottom of the tube by using a 250 pL Hamilton syringe
(Hamilton Bonaduz AG, Switzerland) and transferred into the microvial. Then, GC/p-ECD
analysis was performed as described in Section 3.2.

3.10 Miniaturised ultrasonic extraction of OCPs from soil samples

A 0.5 g soil sample was sonicated three times for 5 minutes with 5 mL of mixture of acetone-
petroleum ether (1/1, v/v) in the ultrasonic bath. The extracts were combined and were
filtered by using Whatman filter paper. The filtrates were reduced to 1 mL with the rotary
evaporator (Buchi B-160 Vacobox, Switzerland) and adjusted to exactly 300 pL by using a
gentle nitrogen stream. The concentrated extract was transferred onto the micro-scale clean-
up column and elution was performed as described in Section 3.3. Then, GC/u-ECD
analysis was performed as described in Section 3.2.

3.11 Real water and soil samples

The efficiency of the ultrasonic extraction of OCPs from different water samples (i.e., tap
water, well water, lake water, domestic and industrial wastewater samples) was compared
with traditional LLE and SPE procedures. Tap water was obtained from the laboratory and
well water came from deep-ground water in Konya (Turkey). Lake water was taken from
Cavuscugol in llgin (Turkey). The domestic and industrial wastewater samples were taken
from the sewage system in residential area and industrial zone in Konya (Turkey),
respectively. All samples were collected free of air bubbles in glass containers and they were
stored in the dark at 4 -C. Tap and well water samples were analysed without previous
treatment or filtration. The lake water, domestic and industrial wastewater samples were
filtered through a membrane filter with 0.45 pm pore size before the extraction procedures.
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The efficiency of the ultrasonic extraction of OCPs from the real soil samples was also
compared with traditional soxhlet, shake-flask and large-scale ultrasonic extraction
procedures on the real soil samples. Real soil samples were also obtained from the
Department of Soil, Agricultural Faculty of Selcuk University (Konya, Turkey). The textures
of the soil samples were as follows. Sample A, sand: 42.2%, silt: 31.5%, clay: 24.5, organic
matter: 1.80%, pH (0.01 M CaCly): 7.2 and maximum water capacity: 20.4%. Sample B, sand:
49.2%, silt: 32.3%, clay: 18.5%, organic matter: 1.90%, pH (0.01 M CaCly): 6.5, and maximum
water capacity: 19.6%. Sample C, sand: 39.9%, silt: 35.0%, clay: 23.8%, organic matter: 1.36%,
pH (0.01 M CaCly): 7.3, and maximum water capacity: 24.1%.

4. Results and discussions

4.1 Water analysis

The recovery experiments were carried out for the evaluation of the miniaturised ultrasonic
extraction efficiency of selected OCPs in water samples. After choice of the most suitable
solvent and solvent volume, several other parameters including extraction time,
centrifugation time and ionic strength of the water sample were optimized. The applicability
of ultrasonic solvent extraction procedure was also compared with LLE and SPE methods
on the real water samples.

At the beginning of the experiments, the extraction efficiency of dichloromethane, 1,2-
dichlorobenzene, 1,2,4-tichlorobenzene, chloroform and bromoform was determined. The
choice of extraction solvent is critical for developing an efficient ultrasonic solvent extraction
procedure since physico-chemical properties of the solvent govern the emulsification
phenomenon, and consequently, the extraction efficiency. Moreover, the extraction solvent
should have good affinity for target compounds and it should have excellent gas
chromatographic behavior. 10 mL aliquots of distilled water including 2 pg L1 of each OCP
were extracted by using 100 pL of each solvent in ultrasonic bath for 5 min at 25 °C. During
the sonication, the solution became turbid due to the dispersion of fine solvent droplets into
the aqueous bulk. The emulsification phenomenon favored the mass-transfer process of
OCPs from the aqueous bulk to the organic phase. Emulsification was observed in all cases
with the exception of dichloromethane. Dichloromethane was completely dissolved in the
aqueous solution. The results revealed that chloroform was of the highest extraction
efficiency among the examined solvents.

In the second set of experiments, the optimum volume of solvent was determined. The main
effect of the ultrasound in LLE is that the fragmentation of one of the phases to form
emulsions with submicron droplet size that enormously extend the contact surface between
both liquids (Abismail et al., 1999). Therefore, it is expected that increasing the volume of
chloroform from 50 to 300 pL increases the number of submicron droplet. Hence, the higher
mass-transfer or extraction efficiency is obtained. This optimization experiment was carried
out using chloroform, which gave the highest recovery for the pesticides studied. In order to
determine the optimum volume of chloroform, 10 mL fortified distilled water was extracted
by means of ultrasound for 5 min with 50, 100, 200 and 300 pL of chloroform. 50 pL
chloroform were completely dissolved in the aqueous solution. The results showed that the
recoveries increased with chloroform volume from 100 to 200 pL. Then, a decrease in the
recoveries was generally observed when the solvent volume was increased to 300 pL.
Increasing the extraction solvent (chloroform) volume from 100 to 200 pL resulted in higher
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extraction efficiency. However, increasing the solvent volume 300 pL caused a decrease in
the response of the detector, and the unfavorable effect of larger solvent volume was
because of a dilution effect of the analytes in the resulting organic phase. Therefore, in the
present study, 200 pL of chloroform was selected for further optimization experiments.

After choice of chloroform and 200 pL as the optimum extraction solvent and extraction
solvent volume, respectively, several other factors affecting the ultrasonic extraction
procedure, such as extraction time (denoted as factor 1), centrifugation time (denoted as
factor 2) and ionic strength of the sample (denoted as factor 3) were optimized by using a 23
factorial experimental design. The corresponding levels (low and high level) for factors 1-3
were 5 and 15 min, 5 and 10 min, 0 and 10%, respectively. All the experiments were
performed in duplicate and randomized. After each extraction, the emulsion was
centrifuged for 5 min at 4000 rpm. Then, extraction solvent was removed from the bottom of
the tube by using a 250 pL syringe and transferred into the micro vial. Then, GC/p-ECD
analysis was performed as described in Section 3.2.

After processing the data by analysis of variance (ANOVA) using Tool Pak in Microsoft
Excel, the ANOVA tables were constructed to test the significance of the effect of each factor
on the extraction efficiency. At significance level of 5%, the factor with F- value over critical
F-value (5.318) has a significant effect on the extraction efficiency.

As it is seen in Table 1, for all compounds, the significant parameters were extraction time
(factor 1) and ionic strength of the sample (factor 3). However, centrifugation time (factor 2)
was not significant. Additionally, interactions between the extraction time and
centrifugation time (factor 1 and 2), between the extraction time and ionic strength (factor 1
and 3) were found to be significant. Lastly, interaction between the centrifugation time and
ionic strength (factor 2 and 3) was also significant.

Time plays an important role in the emulsification and mass-transfer phenomena. Extraction
time has a positive sign, so 15 min is better than 5 min for the extraction. Like SPME, liquid-
liquid micro-extraction procedures are processes dependent on equilibrium rather than
exhaustive extraction (Zhao & Lee, 2001; Tor & Aydin, 2006). The amount of analyte
extracted at a given time depends upon the mass transfer of analyte from the aqueous phase
to the organic solvent phase. This procedure requires a period of time for equilibrium to be
established. For present study, it was observed that the recoveries increased with increasing
extraction time from 5 to 15 min. Therefore, 15 min was chosen as the extraction time for
further studies.

Centrifugation was required to break down the emulsion and accelerate the phase-
separation process. As a result, increasing centrifugation time does not influence the
extraction efficiency. Thus, 5 min was selected as the centrifugation time to get a satisfactory
biphasic system.

Ionic strength of the sample had negative sign for the studied OCPs. As is well known, ionic
strength affects the partitioning coefficients of analytes between an aqueous and organic
phase. On the other hand, as the ionic strength of the medium increases, the viscosity and
density of the solution increase. This causes a diminishing in the efficiency of the mass-
transfer process and, consequently, the extraction efficiency of the procedure (Regueiro et
al., 2008). Additionally, the ultrasound waves can be absorbed and dispersed in a viscous
medium as calorific energy; thus, the cavitation process could be withdrawn reducing the
emulsification phenomenon (Mason & Lorimer, 2002). In this study, an increase in the ionic
strength of the sample from 0 to 10% decreased the extraction efficiency. Therefore, no
sodium chloride was added to the samples for further studies.
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E . Codified parameters No codified parameters Average
xperiment recovery

no Factor1 |[Factor2 |Factor3 |Factor1 |Factor2 |Factor3 (%)

1-9 - - - 5 5 0 93

2-10 + - - 15 5 0 98

3-11 - + - 5 10 0 90

4-12 + + - 15 10 0 98

5-13 - - + 5 5 10 64

6-14 + - + 15 5 10 65

7-15 - + + 5 10 10 70

8-16 + + + 15 10 10 70

Factor 1, extraction time, Factor 2, centrifugation time, Factor 3, ionic strength of the

sample

Table 1. Design matrix for factorial design and average recoveries of OCPs for the effect of
parameters on the miniaturised ultrasonic extraction procedure (Ozcan et al., 2009a).

In addition, interaction between factor 1 and 2 was positive and interactions between factor
1 and 3 and factor 2 and 3 were negative. According to the results, the optimum conditions
for miniaturised ultrasonic extraction of OCPs from water were chosen as follows: for
chloroform as extraction solvent, solvent volume, 200 puL; extraction time, 15 min without
addition of sodium chloride at 25 °C; and centrifugation time, 5 min.

The results of recoveries for the fortified distilled water with three different fortification
levels (level 1, 0.5 pg L-; level 2, 2 pg L-4; level 3, 5 ug L-1) were given in Fig. 1. The
repeatability of the proposed method, expressed as relative standard deviation (RSD), was
found to vary between <1 and 9% for the fortified water samples.
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Fig. 1. Recoveries of OCPs in spiked distilled water with three fortification levels using
miniaturised ultrasonic extraction method [n=8] (Extraction conditions; extraction solvent:
chloroform, extraction time: 15 min, sample volume: 10 mL, extraction solvent volume: 200
pL, centrifugation time: 5 min, ionic strength: 0%, ambient temperature: 25 °C)
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According to fortification level 1 (0.5 pg L), recoveries ranged from 75 + 5% to 103 + 2%.
Comparable recoveries were also obtained from fortification levels 2 (2 pg L!) and 3 (5 ug L-
1). When statistical evaluation was carried out between recoveries of OCPs from fortification
level 1 and level 2, no significant differences (p>0.05) were observed. Additionally, no
significant differences were observed when the same statistical evaluations were carried out
between fortification levels 1-3 and 2-3. This indicates that developed miniaturised
ultrasonic extraction method (in other word, USAEME method) was of considerable
efficiency in extracting OCPs from water samples.

The validation of the miniaturised ultrasonic extraction procedure was carried out using
both fortified distilled water and fortified real water and wastewater samples. In addition,
the efficiency of the method was also compared with traditional LLE and SPE techniques on
the fortified real water samples. The recoveries were given in Figs. 2 and 3, which indicated
that the recoveries of examined OCPs were higher than 78% with R.S.D. below 9%. Analyses
of real water samples showed that sample matrices had no adverse effect on the efficiency of
the miniaturised ultrasonic solvent extraction procedure.

When recoveries of OCPs were gauged against absolute limits of 70% and 130% (US EPA,
1995) it was seen that method gave satisfactory results. The efficiency of the miniaturised
ultrasonic extraction was also compared with those involving traditional LLE and SPE
method on the same fortified real samples. As seen in Fig. 2 and Fig. 3, the method gave
comparable results with traditional LLE and SPE methods. However, it should be
emphasized that the ultrasonic extraction is not time-consuming procedure and it is not
necessary a re-concentration step prior to the GC analysis. Furthermore, it needs much
lower volumes of solvent and water sample than the traditional LLE and SPE techniques.

4.2 Soil analysis

The recovery experiments were carried out for optimization of an miniaturised ultrasonic
extraction of OCPs from soil samples. The factors affecting the performance of ultrasonic
extraction (i.e.,, amount of sample, volume of extraction solvent and number of extraction
step) were optimized by using a 2 factorial experimental design. The applicability of the
ultrasonic extraction was tested by a comparison with conventional soxhlet, shake flask and
large-scale ultrasonic extraction of real soil samples with spiked OCPs.

Different solvents with a wide polarity range such as n-hexane, ethyl acetate, acetone and a
mixture of petroleum ether and acetone (1/1, v/v) were examined for the optimization of
large-scale ultrasonic extraction of OCPs from soil (Tor et al.,, 2006a). The mixture of
petroleum ether and acetone (1/1, v/v) gave the highest recoveries followed by acetone,
ethyl acetate and n-hexane in ultrasonic extraction. Therefore, the mixture of petroleum
ether and acetone (1/1, v/v) was used as extraction solvent for the optimization
experiments.

After choice of the mixture of petroleum ether and acetone (1/1, v/v) as the optimum
extraction solvent, several other factors affecting the ultrasonic extraction procedure, such as
amount of sample (denoted as factor 1), volume of extraction solvent (denoted as factor 2)
and number of extraction step (denoted as factor 3) were optimized by using a 23 factorial
experimental design. The corresponding levels (low and high level) for factors 1-3 were 0.5
and 15 g, 2 and 5 mL, 1 and 3, respectively. All the experiments were performed in
duplicate and randomized. After processing the data by ANOVA, the ANOVA tables were
constructed to test the significance of the effect of each factor on the extraction efficiency. At
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Fig. 2. Comparison of extraction efficiency of the miniaturised ultrasonic extraction method
with LLE and SPE for OCPs in fortified real water (tap, well and lake) samples (fortification
concentration for each compound: 2 pg L-1), [n=4].



Analytical Methods for Viable and Rapid Determination of Organochlorine
Pesticides in Water and Soil Samples 71

Domastic wastavater

2
2 | mata s e exiaee oLE w3 |

s

CLP compounds

Rmcon g ')

L

3ACH
ke
L
Adnr
|- 0E
Liie iir
Fr i
Fp- 200

Hapt ac ilor
Frdeaubar |
Erdcsulfar 11

Aizdn ali ak gl

poccl
Erdr 1 kelang
[SELTERSTTN

Erdcsuliar sufse

= aplat il € aoide

Ingbustrial weoeslewshn

120 - [E minizzw ized uitaseaic eracicn CLLZ WSPE |

OCF compounds

Facovary (%]
L . = P =
o 8 = = = =
a-HCH
'
[
wHOR L_______________—1
L
Heotszk ar
&cin —t
Haptack af efan de
T
Frdas ilfan |
poatbos
Zacin
Erdozalfan | —
paRas —
i
'
wivaldegde (]
Erdosian su-alz I
o, -Dwl
Endrir ket e —
'
Atbozestor | —
I

Fig. 3. Comparison of extraction efficiency of the miniaturised ultrasonic extraction method
with LLE and SPE for OCPs in fortified real wastewater (domestic and industrial) samples
(fortification concentration for each compound: 2 pg L), [n=4].

significance level of 5%, the factor with F-value over critical F-value (5.318) has a significant
effect on the extraction efficiency.

0.5 g of soil sample was sonicated for 5 min with 5 mL of petroleum ether and acetone
mixture (1/1, v/v) in an ultrasonic bath. The extraction was repeated three times. After each
extraction, extracts were collected in a pointed flask and reduced in volume to 300 pL by a
gentle nitrogen stream. Then clean-up procedure and GC/p-ECD analysis were performed
as described in Sections 3.3. and 3.2., respectively.

As it is seen in Table 2, for all compounds, the significant factors were sample amount,
solvent volume and number of extraction. Additionally, interactions between the sample
amount and solvent volume and between the sample amount and number of extraction
were found to be significant. Lastly, interaction between the solvent volume and number of
extraction was also significant.
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Sample amount negatively affected the extraction of all OCPs. It is expected that high
sample amount may require longer sonication time needed for the extraction of all OCPs
from soil. In other words, fixed sonication time (5 min) was insufficient for extraction of 1.5
g of sample. Another reason may be that 2 mL of extraction solvent is not adequate for
completely extraction of OCPs from 1.5 g of soil sample. Hence, 0.5 g of sample is better
than 1.5 g for the extraction of OCPs with 2 mL of solvent and 5 min of sonication time.

Experiment Codified parameters No codified parameters Average

no recovery
Factor 1 | Factor 2 | Factor 3 | Factor 1 | Factor 2 | Factor 3 (%)
19 - - - 0.5 2 1 36
2-10 + - - 1.5 2 1 20
3-11 - + - 0.5 5 1 66
4-12 + + - 15 5 1 47
5-13 - - + 0.5 2 3 82
6-14 + - + 15 2 3 60
7-15 - + + 0.5 5 3 93
8-16 + + + 15 5 3 59
Factor 1, sample amount, Factor 2, solvent volume, Factor 3, number of extraction step

Table 2. Design matrix for factorial design and average recoveries of OCPs for the effect of
parameters on the miniaturised ultrasonic extraction procedure (Ozcan et al., 2009d).

Solvent volume had positive sign. 5 mL is better than 2 mL for the extraction. In soil and
sludges, OCPs are adsorbed on or in aggregates. Namely, 5 mL of extraction solvent is of
more capability than 2 mL for disintegration of the soil aggregates and extraction of OCPs
from soil. Number of extraction had also positive sign for all studied OCPs. Increasing the
number of extraction step also increased the extraction efficiency. Thus, recoveries obtained
from three times extraction are higher than those from single step extraction. As a result
from experimental factorial design, optimum conditions for ultrasonic extraction of OCPs
from soil were as follows: sample amount: 0.5 g; solvent volume: 5 mL mixture of acetone-
petroleum ether (1/1, v/v) and number of extraction step: 3, with a 5 min sonication.

The optimum extraction procedure was examined by using of three different fortification
levels (levels 1, 25 ug kg?; level 2, 50 pg kg1; level 3, 100 pg kg?). The results of recoveries
were given in Fig. 4. According to fortification level 1, recoveries ranged from 86 (¥1)% to
104 (+4)%. Comparable recoveries were also obtained from fortification levels 2 and 3 (see
Fig. 4). When statistical evaluation was carried out between quantities of OCPs extracted
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from fortification levels 1 and 2, no significant differences (p > 0.05) were observed.
Moreover, the same statistical evaluations were carried out between fortification levels 1-3
and 2-3, no significant differences were observed. This indicated that optimized ultrasonic
solvent extraction was of considerable efficiency in order to extract OCPs from soil sample.
The applicability of the miniaturised ultrasonic extraction method to the real soil samples was
investigated by comparing with soxhlet, shake flask and large-scale ultrasonic extraction
method. The analyses for three different soil samples were carried out. Soil sample A, B and C
were spiked with OCPs (spike level for each compound: 50 pg kg?) and analysis was
performed by using miniaturised ultrasonic solvent extraction, soxhlet extraction, shake flask
extraction and large-scale ultrasonic extraction. The results are given in Fig. 5.

As seen in Fig. 5, miniaturised ultrasonic extraction gave comparable results with especially
soxhlet and large-scale ultrasonic extraction method. In addition, extraction efficiency of the
proposed procedure is generally higher than that of shaking flask extraction. As a results,
when recoveries of OCPs for the ultrasonic extraction were gauged against absolute limits of
70% and 130% (US EPA, 1995), it was seen that proposed miniaturised method gave
satisfactory results.

Soxhlet and shake flask extractions have been the traditional methods used for extraction of
OCPs from soils (ISO, 2002). The main disadvantages of these methods are that there are
needs for more volume of solvent, long time for extraction, reconcentration and clean-up
steps (Bowadyt et al., 1995; Hartonen et al, 1997). Ultrasonication allows an intensive contact
between soil particles and solvent and it reduces the extraction time. Therefore, miniaturised
ultrasonic extraction can be used to extract OCPs from soil as an alternative to common
Soxhlet and shake flask extraction.

Soxtec extraction, based on Soxhlet system, is a two step extraction procedure, involving a
boiling and rinsing step, which drastically reduces the total time of extraction. However,
reconcentration and clean-up steps are also required for both ultrasonic and soxtec
extraction techniques (Pastor et al., 1997; Popp et al., 1997).
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Fig. 4. Recoveries of OCPs from spiked soil with three fortification levels using miniaturised
ultrasonic extraction method [n=5]. (Extraction conditions; extraction solvent:
acetone/petroleum ether (1/1, v/v), soil sample amount: 0.5 g, extraction solvent volume: 5
mL, number of extraction step: 3, extraction time: 5 minutes, temperature: 25 °C)
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soxhlet, shake flask and large-scale ultrasonic extraction for OCPs in fortified real soil
samples (fortification concentration for each compound: 50 pg kg), [n=5].
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Apart from these methods, three more recent techniques from literature, including
supercritical fluid extraction (SFE) (Sun & Lee, 2003), microwave-assisted extraction (MAE)
(Eskilsson and Bjorklund, 2000) and accelerated solvent extraction (ASE) (Bjorklund et al.,
2000), were also compared with for the extraction of OCPs from soil. The main key to
shorter extraction times and reduced solvent consumption with these techniques is the
possibility of working at elevated temperatures above the boiling point of the solvent.
Thereby the extraction process is facilitated due to increased analyte desorption and
diffusion from the solid matrix. SFE and ASE techniques need much lower volumes of
organic solvents than other extraction techniques. Except for SFE technique, reconcentration
and clean-up steps have to be performed for MAE and ASE techniques (Berset et al., 1999).
Obviously the contamination risk for those extraction techniques which require
reconcentration and clean-up steps are higher than that of SFE. On the other hand method
development time and costs for SFE are quite high as well as for ASE (Berset et al., 1999).
Compared to the conventional soxhlet and shake flask extraction techniques, the
miniaturised ultrasonic solvent extraction in this study has many advantages including
minimal solvent use, short extraction and preconcentration time, low cost, simplicity and
ease of use. In addition, this method is cheaper and easier than MAE, ASE and SFE
techniques.

5. Conclusion

This chapter has outlined the successful development and application of miniaturised
ultrasonic extraction procedure for the determination of OCPs in water and soil samples by
using GC/u-ECD. Analyses of real samples showed that sample matrices had no adverse
effect on the efficiency of ultrasonic extraction procedure. As a consequence, the proposed
miniaturised ultrasonic extraction method is precise, reproducible and rapid and easy for
the analyses of OCPs in water and soil samples. It also requires only small volumes of
extraction solvent and sample materials. In addition, the miniaturised ultrasonic extraction
method has been demonstrated to be viable, rapid and easy to use for the qualitative and
quantitative analysis of OCPs in different water and soil samples. Additionally, the
miniaturised method uses less solvent than traditional approaches (i.e., liquid-liquid, solid
phase, shake flask, soxhlet, large-scale ultrasonic extraction), reducing the costs associated
with solvent purchase and waste disposal. The proposed method will reduce laboratory
expenses without substantial new equipment and without compromising accuracy and
precision. Furthermore, it is cheaper and easier than LLE, SPE, SPME, MAE, ASE and SFE
techniques and it can be concluded that most commercial laboratories can efficiently used
the proposed method for the extraction of OCPs from water and soil.
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1. Introduction

The presence of pesticide residues is regarded as a potential chemical hazard in several
foodstuffs, such as fruits and vegetables. Based on the increasing consumers’ concern about
the residues persistence in their food, a large number of multiresidue extraction methods
(MRMs) has been evaluated to ensure accurate residues determination (Greve, 1988; van
Zoonen, 1996; Schenck & Wong, 2008). The widely diffused MRMs in the analysis of non-
fatty matrices apply extraction with appropriate solvents (e.g., ethyl acetate - EtOAc,
acetone, acetonitrile - ACN, methanol) in the first step and gas chromatography (GC) with
sensitive and selective detectors (e.g., nitrogen phosphorus - NPD, electron capture - ECD,
flame photometric - FPD, mass spectrometry - MS) in the final part of determination
(Motohashi et al., 1996; Seiber, 1999; Beyer & Biziuk, 2008; Sannino, 2008; Schenck & Wong,
2008). A large number of modifications in the possible additional clean-up of the organic
solvent extract are also included to result in more accurate result of analysis (Tekel & Hatrik,
1996; Schenck & Lehotay, 2000; Lee & Richman, 2002; Schenck et al., 2002). Nowadays, most
of the approaches applied are effective in detecting and quantifying several analytes in a
large scale of matrices within a relatively short period by minimizing reagents consumption
(Lee et al., 1991; Hajslova et al., 1998; Egea Gonzélez et al., 2002; Majors, 2007).

However, the MRMs application has sometimes increased the result inaccuracy caused by
several parameters, such as matrix analysed, concentration level of pesticide identified,
extraction solvent and/or determination technique applied and phenomena like “matrix-
induced enhancement effect” (Erney et al., 1993; Cai et al., 1995; Hajslova et al., 1998; Schenck
& Lehotay, 2000; Anastassiades et al., 2003a; Mastovska & Lehotay, 2004; Menkissoglu-
Spiroudi & Fotopoulou, 2004; Georgakopoulos et al., 2007). These factors, individually or
combined, are able to lead in several adverse effects by under- or over-estimation analysis
result, detection of unknown peaks, masking of analysed residue peak by co-extract
components etc. (Hajslova et al., 1998; Hajslova & Zrostlikova, 2003; Poole, 2007). Concerning
the above, a lot of studies involving the factors affecting the quantification of the residue(s)
have been applied aiming to: (a) determine the parameter(s) introducing the inaccuracy of the
result, (b) evaluate and correct the effect of factor(s) influencing the results of the
determination, (c) suggest more optimal analytical conditions in cost-effective MRMs and (d)
evaluate some critical parameters for possible method validation.

The objective of this chapter is to review some important findings from the evaluation of the
critical factors affecting the accurate residues quantification in non-fatty matrices,
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incorporating recent results of our laboratory dealing with the validation of an MRM. More
specifically, there were efforts to investigate whether the collection of validation data from a
single product of a botanical category and then validate the method for lots of commodities
of the same botanical group is or not an erroneous practice. Finally, some future
perspectives are also referred with purpose both to generalize the findings and validate the
same MRM in the same laboratory for lots of commodities with limited error occurrence.

2. Critical factors introducing uncertainty of the residue analysis result

As already mentioned, there are a lot of parameters influencing the accuracy/precision of an
analytical measurement. Provided the fact that analytical GC instrumental parameters, such
as capillary analytical column, injector and detector are suitable for the separation and the
identification/ quantification of residues, these agents are able to significantly affect the final
result. The factors with their possible effects, not always be predicted or corrected, are
analysed in the following paragraphs.

2.1 Extraction solvent suitability for pesticide residues determination

The extraction’s step objective is to separate most of the non-ionic residue(s) quantity from
the plant matrix components by the application of organic solvent(s). Several solvents have
been used for the extraction techniques with acetone, dichloromethane, methanol, EtOAc,
petroleum ether and ACN to be the most popular (Luke et al., 1975, Ambrus et al., 1981;
Greve, 1988; Hernandez et al., 1990; Andersson & Palsheden, 1991; Cai et al., 1995; van
Zoonen, 1996, Anastassiades et al., 2003b; Mastovska & Lehotay, 2004; Schenck & Wong,
2008). EtOAc plus aliquots of salt (e.g., anhydrous sodium sulfate) to bind the water content
of the plant product from the organic phase (Greve, 1988; Cai et al., 1995; Dorea et al., 1996;
Pugliese et al.,, 2004; Berrada et al., 2006; Georgakopoulos et al., 2007), acetone with the
addition of non-polar solvents, such as mixtures of dichloromethane-petroleum ether (van
Zoonen, 1996; Bempelou & Liapis, 2006; Cengiz et al., 2006; Georgakopoulos et al., 2009),
hexane-methylene chloride (Andersson & Pélsheden, 1991), dichloromethane-hexane
(Lacassie et al., 1997) etc. and ACN combined with salts addition (anhydrous magnesium
sulfate and sodium chloride) and dispersive solid phase extraction (dSPE) techniques
(Anastassiades et al., 2003a; Schenck & Hobbs, 2004; Leandro et al., 2005; Lehotay et al.,
2005; Hernandez-Borges et al., 2009) represent the most commonly extraction procedures.
The efficiency of those mentioned MRMs to determine residues of different physicochemical
properties has been compared in a lot of researches. Although EtOAc and acetone partition
of several fruit extracts generally gave acceptable organophosphorus pesticides (OPs)
recoveries (%R) of 70 to 110%, the EtOAc procedure resulted in better values for polar
molecules (e.g., methamidophos, omethoate, acephate); a higher co-extracts number was
also observed in EtOAc extracts (Andersson & Pélsheden, 1991). For instance non-acceptable
low mean recovery of 58% was observed in the extremely polar methamidophos with
acetone, plus hexane-methylene chloride, method compared to the respective 96% with the
EtOAc method. From different solvents evaluated (methanol, acetone with and without
partition in dichloromethane-petroleum ether and EtOAc), EtOAc was the most preferable
for the extraction of polar OPs (acephate, methamidophos, oxydemeton-methyl etc.) from
grape and cabbage matrices (Mol et al., 2003). It is notable that acetone partition resulted in
recoveries of 12 to 76% for such OPs. Although the majority of 90 pesticide recoveries for
various fruits and vegetables were higher than 80% in concentration ranges from 0.01 to 0.5
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mg/kg with the rapid extraction of acetone using vortex mixing and solid phase extraction
(SPE), the most polar OPs could not be determined (Stajnbaher & Zupanéi¢-Kralj, 2003).
EtOAc extraction provided better average %R, with satisfactory validation parameters, than
dichloromethane extraction for 16 organochlorine pesticides (OCs) (Yenisoy-Karakas, 2006).
EtOAc non-fatty, fruit-based baby food extracts provided (a) higher recoveries for polar
dimethoate, (b) lower recoveries for semi- and non-polar chlorpyrifos, methidathion,
diazinon and phosalone and (c) higher amount of lipophilic compounds affecting the
measurement than the relevant acetone partition extracts (Georgakopoulos et al.,, 2009).
Among different extraction solvents, known to result in acceptable %R for a wide range of
pesticides, ACN was chosen to the modern method named QuEChERS, as an acronym of
quick, easy, cheap, effective, rugged and safe (Anastassiades et al., 2003a). This was due to
the lower degree of matrix co-extracts in fatty matrices and higher %R of certain pH-
dependent pesticides compared to the “dirtier” EtOAc extracts. The larger amount of
remained co-extracts seems to be the major disadvantage of the EtOAc method (Ambrus &
Thier, 1986; Greve, 1988); the amount of lipophilic co-extracts decreases in the order
EtOAc>acetone>>ACN compared with the respective amount of sugar interferences
(decreasing order of acetone>ACN>EtOAc) (Mastovska & Lehotay, 2004).

The slightly water-miscible EtOAc with the addition of anhydrous sodium sulfate aliquots
to remove co-extracted water and force the polar pesticides into the organic phase (Schenck
& Wong, 2008) is proved to be the favourable MRM for the analysis of polar and semi-polar
analytes from non-fatty matrices, containing zero or minimum amounts of non-volatile
compounds (Georgakopoulos et al., 2007). The acceptable validation parameters combined
with the properties of easy and quick to handle and cost-effective (Andersson & Pélsheden,
1991; Fernandez-Alba et al., 1994) have made this MRM as one of the most favourable in the
residue analysis. The more complex the matrix (containing more lipophilic co-extracts), the
more the need for an extra clean-up step, such as gel permeation chromatography (Hajslova
et al., 1998) or Florisil column (Dorea et al., 1996). The polar, miscible with water acetone,
requiring a series of liquid-liquid partition steps with non-polar solvents, seems to give
accurate analysis results for a more wide range of pesticides, except for extremely polar OPs
(Majors, 2007), in the analysis of non-fatty matrices containing or not non-volatile
components. Thus, there is elimination of undesirable interference effects in the final residue
result even if no further clean-up is applied (van Zoonen, 1996; Georgakopoulos et al., 2009).
The new approach of QUEChERS, employing shaking of the matrix with ACN, followed by
the addition of salts and dSPE with appropriate sorbent amounts (Anastassiades et al.,
2003a; Majors, 2007; Schenck & Wong, 2008) represents the most suitable MRM for the
analysis of polar, semi- and non-polar analytes in non-fatty and low-fatty matrices (e.g.,
containing 2 to 20% of fat) with large amounts of non-volatile compounds.

2.2 Pesticide residue physicochemical properties

The use of pesticides has rapidly increased over the last 60 years; nowadays over 1100
substances are registered as pesticides (Anonymous, 2006) and around 2.5 million tones of
their formulations per year are applied (Tadeo et al., 2008). These compounds belong to
different chemical groups (e.g., OCs, OPs, carbamates, pyrethroids, benzoylureas) (van der
Hoff & van Zoonen, 1999; Sannino, 2008), presenting much different physicochemical
properties, such as water solubility (w.s.), polarity, vapor pressure (v.p.), melting point etc.
Since great differences among molecules even belonging to the same group are observed
(e.g., extremely polars methamidophos and acephate contrary to non-polars chlorpyrifos
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and parathion of Ops; Noble, 1993), the selection of an MRM to accurate determine a large
variety of pesticides seems very difficult. The most significant properties, apart from
volatility indicating the effective detection by GC, are polarity and resistance to different pH
ranges determining parameters such as the extraction solvent selection and the type of
possible clean-up step (Anastassiades et al., 2003a; Schenck & Wong, 2008).

The type of the analysed pesticides is proved to influence both its %R and occurrence of
matrix effect (p<0.05), as the recoveries for the same matrix GC-extracts vary with the
different pesticides (Erney et al., 1993; Hajslova et al., 1998; Georgakopoulos et al., 2007).
Acetone partition and ACN, both plus clean-up using SPE cartridges, fruit extracts gave
different OPs recoveries (Schenck & Lehotay, 2000). Specifically, pesticides containing
amides and/or multiple polar P=O bonds, such as omethoate, monocrotophos and
dicrotophos, presented excessively high recoveries ranged from >110% to >200%.
Furthermore, compounds containing single P=O bonds, such as acephate and
methamidophos rather than non-polar P=S bonds, such as chlorpyrifos and malathion, were
identified as tending to give particularly high %R. Regarding the physicochemical
properties, especially values of w.s. and logarithm of n-octanol partition coefficient (logkow)
which are a degree of polarity (Haj$lova et al., 1998), methamidophos and dimethoate are
more polar than methidathion and chlorpyrifos and for this reason their recoveries were
higher in EtOAc extracts (Georgakopoulos et al,, 2007). In this study, methamidophos
recoveries were of poorer precision in the independent replicates; similar behavior with
higher recoveries in combination with high relative standard deviation (RSD) values has
been reported for captan and other polar analytes (Cai et al., 1995; Hajslova et al., 1998).
Moreover, many commonly applied pesticides are sensitive to specific pH values (p<0.05)
(Lehotay et al., 2005; Paya et al.,, 2007). For instance, base-sensitive compounds (e.g.,
tolylfluanid, captan and folpet) degrade rapidly at high pH-extracts (Lehotay & Mastovska,
2009); an adjustment of acidic pH should be performed to avoid partial loss of those
residues (Anastassiades et al., 2003a; Lehotay et al., 2005). Similarly, basic compounds, such
as thiabendazole and imazalil, are generally poorly recovered from matrix extracts of low
pH (Anastassiades, 2003a; Anastassiades et al., 2006). ACN apple juice extracts of pH values
ranging from 2.5 to 7.0 gave negligible loss (recoveries of 90 to 100%) of such analytes in
acidic solutions compared with the significant losses (recoveries of 50 to 70%) in the
respective EtOAc extracts (Anastassiades et al., 2003a).

Therefore, the largest chemical group of OPs, covering a wide range of polarity from e.g. the
extreme polar methamidophos of negative logkow (-0.8) to non-polar ethion of high logkow
(5.1) may be successfully analysed by simple, cost-effective MRMs, such as EtOAc and
acetone partition. It should be reminded that polars are better extracted by EtOAc in
comparison with medium- and non-polars better extracted by the acetone partition method
(van Zoonen, 1996; Mol et al., 2003; Mastovska & Lehotay, 2004; Georgakopoulos et al.,
2009). The selection of the more appropriate MRM should be based on the physicochemical
properties of target compounds. To cover the analysis of more compounds, including
troublesome analytes in terms of polarity and/or acidity, QUEChERS application with ACN
as the extraction solvent (Anastassiades et al., 2003a; Lehotay et al., 2005; Majors, 2007) with
or without slight modifications seems to be one of the best modern MRM approaches.

2.3 Concentration level of the analysed residue(s)
The ratio of analyte and matrix concentration in the GC-extract seems to be a crucial point in
the accuracy of the final residue result, since differences in the recovery portions among the
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fortification levels of the same pesticide are commonly observed (p<0.05). Hajslova et al.
(1998), Jiménez et al. (2001) and Anastassiades et al. (2003b) noticed unacceptable %R and
matrix-induced enhancement effects at lower concentration levels of target pesticides
and/or at higher matrix components. Higher apparent recoveries of >200% were obtained
for certain susceptible to matrix enhancement effect analytes (e.g. captan, iprodione) with
solvent standard quantification at the low concentrations of <0.02 mg/kg in vegetable
matrices (Menkissoglu-Spiroudi & Fotopoulou, 2004). From recent results presented
(Georgakopoulos et al., 2007), it was concluded that the lower the fortification level, the
higher the %R. The phenomenon was more evident in the Maximum Residue Levels (MRLs)
of 0.01 and 0.02 mg/kg especially for the polars methamidophos and dimethoate in almost
all the examined fruits and vegetables with solvent standards quantification. It should also
be addressed that significant matrix effects were obtained for five pesticides tested
(dimethoate, parathion methyl, chlorothalonil, diazinon and fenitrothion) in all fruit extracts
of the low concentration equal to 0.05 mg/kg (Freitas & Lancas, 2009). This repeatable
behavior can be attributed to the lower competitive effect of the pesticide standards, when
they are found in trace fortification levels, for covering the active sites of the injection liner
(Hajslova & Zrostlikovéa, 2003); a phenomenon connected with the presence of matrix effects
extensively analysed in a following paragraph.

2.4 Chemical composition and co-extracts of analysed matrix

MRMs should be able to effectively quantify lots of residues in several matrices presenting a
large variety of components and remained co-extracts. The water, protein, fat and sugar
content of commonly commodities analysed is much different, as shown in Dorea et al.
(1996), Hajslova et al. (1998), Egea Gonzalez et al. (2002), Lesueur et al. (2008) etc. The choice
of the appropriate MRM is strongly associated with the composition of the matrix, and
especially the fat content (Motohashi et al., 1996). According to Greve (1986) non-fatty
samples contain less than 5% total fat contrary to fatty samples. Food and Drug
Administration (FDA) extraction methods are designed for fatty, containing >2% fat, and
non-fatty, containing <2% fat, matrices (Sannino, 2008). Lehotay et al. (2005) presented a
more suitable matrix taxonomy for MRMs; non-fatty samples contain <2%, low fatty contain
2 to 20% and fatty >20% total fat. Non-fatty products have been divided according to the
water percentage as moist (containing >80% water), medium water content (containing and
samples presenting sugars of 5 to 30%) and dry (Greve, 1988; Tekel & Hatrik, 1996).
Furthermore, with purpose to choose the more suitable MRM for several matrices, plant
products have been categorized according to their chemical composition (Ambrus et al.,
1981) or botanical characteristics (Bates & Gorbach, 1982). Thus, it has been proposed that
collecting validation parameters deriving from only one representative commodity (e.g.,
orange from citrus fruits) should provide validation ability for lots of products belonging to
the same botanical category (e.g., lemon, mandarin, kiwi fruit).

The recovery portion of pesticides depends greatly on the chemical composition of the
examined matrix (p<0.05). Lemon and onion, recognized as high acid and high sulfur
content respectively, gave much lower %R for ~150 pesticides by QUEChERS plus GC-MS
compared with tomato and grape extracts (Lesueur et al., 2008). Unacceptably high %R were
observed to non-fatty extracts containing more non-volatile compounds, such as
chlorophylls in leafy vegetables, carotenoids in fruiting vegetables (e.g., lycopene in
tomatoes), essential oils in citrus peels, waxes in grapes (Georgakopoulos et al., 2007).
Freitas & Lancas (2009) indicated that the enhancement or decrease of the response and %R



88 Pesticides - Strategies for Pesticides Analysis

significantly differed from matrix to matrix among 6 fruits tested having variable chemical
composition. Furthermore, the type of co-extracts that remains in the final sample leads to a
markedly different detector response and causes false positive results (Erney et al., 1993;
Hajslova et al., 1998; Poole, 2007). Scientific evidence suggests that more distinct matrix
effects have been reported for matrix extracts rich in pigments and lipids (Hajslova et al.,
1998; Godula et al., 1999; Anastassiades et al., 2003b). Organosulfur compounds, not
removed by the SPE columns evaluated, of cabbage interfered with the detection of early
eluting OPs in the GC-FPD analysis (Schenck et al., 2002). Among 21 kinds of vegetables
tested, only garlic, onion and leek extracts gave “unknown” peaks in GC-FPD due to large
amounts of sulfur constituents (Cai et al., 1995). A peak in orange extracts appeared in every
fruit (by GC-NPD), either of organic produce or of conventional crops, and detected in the
peel orange extract analysed itself compared with the analysis of orange juice
(Georgakopoulos et al., 2007) may be the reason why citrus peels require an extract clean-
up, described by Dorea et al. (1996). EtOAc fruit purée and cocktail extracts, presenting
more complicated components and higher co-extract amounts, influenced negatively both
the NPD response and the accurate determination in contrast to the respective fruit juice
extract (Georgakopoulos et al., 2009). To overcome these co-extracts effects, additional clean-
up steps, compatible with pesticides analysed and solvent(s) applied, have been proposed
(Tekel & Hatrik, 1996; Schenck & Lehotay, 2000; Schenck & Wong, 2008). Their application
represents a compromise between the time and cost required on the one hand and the
“cleaner” (containing less constituents affecting the %R and detection limit) extract on the
other hand (Seiber, 1999; Lee & Richman, 2002).

2.5 Matrix-induced enhancement effects

The quantification of certain analytes by GC is strongly affected by a phenomenon known as
matrix-induced chromatographic response enhancement, which was first described by
Erney et al. (1993) and causes excessively high recovery results. The phenomenon takes
place during the analysis of samples containing a wide range of components (e.g., pigments,
lipids, waxes) that may remain after the preparation of the extract and its possible clean-up
(Godula et al, 1999; Hajslovd & Zrostlikovd, 2003). Such non-volatile constituents
accumulate in the GC inlet and/or in the front part of a capillary column, resulting in the
reduction of the loss and protection of the analyte(s) from adsorption and thermal
degradation (Erney et al., 1993; Poole, 2007). Particularly, during analysis of a pesticide(s)
standard solution, more active sites, especially in the injection liner, are available for the
analyte(s) molecules compared with those available during analysis of an extract also
containing matrix components (Schenck & Lehotay, 2000). This is because the latter
components block the active sites both presenting in the (a) liner and (b) connection of the
injector with the capillary column (Erney et al., 1993), increasing the transfer of analyte(s) to
the separation column and detector (Poole, 2007). Therefore, when free-matrix standard
solutions are injected, poor peak shapes combined with peak tailing and low response
results for some affected compounds, such as those presented in Poole (2007), are observed
contrary to the respectives of matrix extract solutions (Anastassiades et al., 2003b).
Nowadays, the matrix effect is considered as one of the most persistent sources of
uncertainty in pesticide residue analysis (Egea Gonzalez et al., 2002) by increasing the level
of random errors and/or introducing a systematic effect on the result (Cuadros-Rodriguez
et al., 2002). Available studies involving the analysis of various residues in different matrices
(Erney et al., 1993; Erney et al., 1997; Johnson et al., 1997; Jimenez et al., 2001; Menkissoglu-
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Spiroudi & Fotopoulou, 2004) prove that its presence and extent depends on several
parameters, most of which were previously reported. More specifically, many thermolabile
compounds, containing polar structure/functional groups, quantified in low concentration
(e.g., <0.1 mg/kg), are referred as “troublesome analytes” (e.g., methamidophos, acephate,
captan, chlorothalonil, monocrotophos, folpet) since they are susceptible to matrix
enhancement (Lee et al., 1991; Bernal et al., 1997; Hajslova et al., 1998; Godula et al., 1999;
Hajslova & Zrostlikové, 2003; Poole, 2007). Moreover, many non-fatty matrices are identified
as tending to give matrix effects, such as apple, tomato, banana, orange peel, stone fruits,
carrot, leafy vegetables, wheat, wine etc. (Miyahara et al., 1994; Egea Gonzalez et al., 2002;
Navarro et al., 2002; Patel et al., 2004; Georgakopoulos et al., 2007; Freitas & Langas, 2009),
due to the high co-extracts amount persisting in the GC analytical sample, necessitating the
application of clean-up step(s) (Dorea et al., 1996; Hajslova et al., 1998; Schenck & Lehotay,
2000; Li et al., 2008). It should also be addressed that matrix effects are difficult to study
because of the different analysis conditions for the samples, since the effects of simple
maintenance application (e.g. changing the injection liner, cutting the front part of capillary
column) are unpredictable (Godula et al., 1999; Schenck & Lehotay, 2000). Thus as Hajslova
et al. (1998) indicated the history of the GC system, especially changes in the injection port,
plays an important role in the occurrence of such phenomena. As a consequence, recoveries
of several pesticides are not reproducible and the effects of co-extracts cannot be considered
as stable and foreseeable (Georgakopoulos et al., 2007).

Several injection techniques have been proposed to compensate for matrix effects and
eliminate the uncertainty of the final result; these are not always available for analytical
laboratories due to the increasing cost required (Schenck & Wong, 2008). For instance, the
use of cold on-column injection is considered as one of the most practical approaches by
which pesticides thermolysis and decomposition or adsorption inside the inlet could be
avoided (Wylie & Uchiyama, 1996, Godula et al., 1999). Furthermore, polar pesticides and
matrices containing non-volatile constituents could be analysed by on-column injection with
the parallel use of a packed column or a deactivated pre-column (to keep most of matrix
components) connected to the injector site. However, the main disadvantage of on-column
injection is related with the much increased maintenance necessity of the column, being
impractical for complex or relatively un-cleaned matrices compared with the conventional
hot splitless injection (Anastassiades et al., 2003b). Programmable temperature vaporization
(PTV) may result both in decreased analyte discrimination during injection and limited
adverse effects of non-volatiles by introducing large volumes of sample (Grolimund et al.,
1998; Godula et al., 2001; Poole, 2007). Pulsed splitless injection, involving an increasing of
column head pressure for 1 to 2 min during the injection, reduces the residence time of
analyte(s) in the inlet and minimizes solvent expansion volumes (Wylie & Uchiyama, 1996;
Godula et al., 1999). The main drawbacks of these techniques are related with the (a)
increasing amount of non-volatile components into the column more than the desirable and
(b) reducing but not eliminating the occurrence of matrix effects (Godula et al., 1999;
Anastassiades et al., 2003b).

An alternative approach dealing with the preparation of the analytical sample is the
application of an extensive clean-up step after the extraction. Its use may result in several
benefits, such as elimination of matrix interferences causing such phenomena, high
recoveries, detection and quantification limits (LODs and LOQs, respectively), reduction of
maintenance needs for the GC instrument due to the relatively clean extract (e.g., lower
changes of liners and capillary columns, smaller detector contamination by the impurities)
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and restriction of enhancement effects (Hajslova et al., 1998; Schenck & Lehotay, 2000;
Garcia-Reyes et al., 2007). The major disadvantage is the demanding for extra labor time and
cost (Greve, 1988; Egea Gonzalez et al., 2002; Beyer & Biziuk, 2008; Schenck & Wong, 2008)
because of the increasing needs for additional solvent amounts, columns (Florisil, SPE) and
sorbents (primary secondary amine-PSA, octadecyl-Cis, graphitized carbon black-GCB)
(Dorea et al., 1996; Schenk et al., 2002; Anastassiades et al., 2003a; Li et al., 2008). It should
also be noticed that the more the steps of an MRM, the higher the possibility for analytes
partial loss and the increase of the combined uncertainty during the procedure (Hajslova et
al., 1998; Menkissoglu-Spiroudi & Fotopoulou, 2004; Poole, 2007).

Among the mentioned and other suggested approaches, such as the use of correction
functions (Egea Gonzélez et al., 2002; Cuadros-Rodriguez et al., 2002) or analyte protectants
(Anastassiades et al., 2003b; Poole, 2007), the most practical solution to eliminate matrix
effects seems to be the application of matrix-matched standard solutions (Erney et al., 1993;
Erney et al., 1997; Poole, 2007). These standards are prepared by adding appropriate aliquots
from solvent standard solutions in blank matrix extracts (Erney et al., 1997; Stajnbaher &
Zupancic¢-Kralj, 2003; Lesueur et al., 2008; Freitas & Lancas, 2009; Georgakopoulos et al.,
2009). Their application has nowadays been included in the calibration step for pesticides
quantification (Erney et al., 1993; Bernal et al., 1997; Egea Gonzélez et al., 2002; Martinez
Vidal et al., 2004). For calibration by comparing the quantity of a fortified extract with the
respective of a matrix-matched standard, the concentration of the standard should be equal
to the final concentration of the extract; otherwise the result is incorrect (Erney et al., 1997;
Georgakopoulos et al., 2009). When applied as reference materials, matrix standards have
provided acceptable %R and overcome enhancement in detector response, since the
interferences effects were approximately similar to the fortified extracts analysed (Erney et
al.,, 1997). Available studies prove their effectiveness in hundreds of residues analysis for
various product extracts. Indicatively, excessively high OP recoveries of >120 to 240% were
reduced to 81 to 97% with matrix standard calibration for potato extracts (Lehotay & Eller,
1995), extremely high recoveries of >200 to 1000% for lots of analytes in honey extracts were
also corrected to the acceptable range with controlled spiked blank extracts (Jiménez et al.,
1998), recoveries approaching the 300% were reduced to 70 to 110% in white wine (Holland
et al., 1994), recoveries much higher than 110% for some pesticides (e.g., parathion methyl)
as a result of non-matrix calibration plots were significantly reduced by matrix-matched
vegetable calibration curves (Johnson et al., 1997), standard solutions of blank fruiting
vegetables were found to correct the high recoveries of >200% of most pesticides to the
acceptable 70 to 110% (Menkissoglu-Spiroudi & Fotopoulou, 2004) etc. The disadvantages of
this technique have mainly to do with the increasing demands for more blank extracts
(larger quantities of matrix and extraction solvent), more labor time for preparation and
larger needing for GC maintenance.

2.6 Confirmatory results of the factors affecting residues quantification

The presence and the extent of matrix effects in pesticide residue analysis were assessed by
the application of an official MRM (acetone partition with dichloromethane-petroleum
ether) and GC-NPD. Recoveries of 5 OPs presenting different polarity were evaluated in
non-fatty matrix and fortification level (MRL and one multiple of it) combinations by
standards prepared both in solvent and matrix-matched solutions (Tables 1 to 5).
Unacceptably high %R combined with pronounced matrix effects were observed to the more
polar dimethoate (Table 1) and to the lower fortification levels of <0.1 mg/kg (Tables 1 to 3).
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The matrix standards single point determination resulted in recoveries of the acceptable 70
to 110% contrary to the relevant of solvent standards determination in lots of the examined
combinations (p<0.05). This is more evident in the analytes dimethoate (Table 1) and
phosalone (Table 5), in specific matrix extracts (especially those of lettuce) and in various
low fortification level - analyte - matrix combinations (Tables 1 to 5). It is notable that all
calculated by matrix-matched standards recoveries of chlorpyrifos (Table 2) and fenitrothion
(Table 3) and almost all of diazinon (Table 4) and phosalone (Table 5) were found in the
acceptable range. The results also proved that when the purpose is the identification and the
monitoring of MRLs, conventional, cost-effective quantification by solvent standards could
be successfully utilized if the triptych non-polar analyte (e.g., chlorpyrifos, fenitrothion,
diazinon) - concentration (higher MRL values of >0.1 mg/kg) - plant product analysed
tends to give no matrix effects and results overestimation (Tables 1 to 5). In those conditions
described the effects of factors are limited; thus the analysis may be accurate both without
spending more laborious time and cost for matrix standards or clean-up step(s) and without
demanding the application of mass spectrometry techniques not available by many
laboratories.

Recoveries £ RSDs (%) (1=3) of dimethoate

Matrix G Solvent Matrix G Solvent Matrix
(mg/kg)  standards standards  (mg/kg) standards standards
Pear 0.02 nd” nd" 0.2 93.5+t14a 76.7%3.0b
Orange 0.02 158.3+3.3a 103.8£5.1b 0.2 720+0.8a  63.2+3.6b
Tomato 0.02 3204+£09a 118.7+3.0b 0.2 759+21a 827+3.2b

Lettuce 0.5 1004 +27a 715+1.5b 0.05 778t 6.3a 109.6 £ 6.6b
Peach 0.02 1645+35a 102.1%4.2b 0.2 115.7+6.2a 57.9 +10.0b
nd": non detectable

a, b: within a specific matrix and fortification level, those values lacking a common letter are different
(p<0.05)

Table 1. Recoveries + RSDs (%) of dimethoate in matrix - fortification level (C; equal to MRL
established by European legislation, C; a multiple of it) combinations using both solvent and
matrix-matched standard solutions (n=3)

Recoveries + RSDs (%) (n=3) of chlorpyrifos

Matrix G Solvent Matrix G Solvent Matrix
(mg/kg)  standards standards  (mg/kg)  standards standards
Pear 0.5 889%19a 86.8%0.8a 0.05 859%46a 95.7+0.3b

Orange 0.3 100.1+£3.2a 100.4 +1.2a 0.03 1412+23a 79.0%x1.1b
Tomato 0.5 100.1+£29a 105.7 £ 0.6a 0.05 117.0+2.0a  76.4 +5.6b
Lettuce 0.05 2055+5.0a 76.3%0.6b 0.5 85.4 +1.6a 96.4 +5.7b

Peach 0.2 722+14a 823+27b 0.02 2351 +2.0a 103.3*4.3b

a, b: within a specific matrix and fortification level, those values lacking a common letter are different
(p<0.05)

Table 2. Recoveries + RSDs (%) of chlorpyrifos in matrix - fortification level (C; equal to
MRL established by European legislation, C; a multiple of it) combinations using both
solvent and matrix-matched standard solutions (1=3)
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Recoveries + RSDs (%) (n=3) of fenitrothion

Matrix G Solvent Matrix G Solvent Matrix
(mg/kg)  standards standards  (mg/kg)  standards standards
Pear 0.5 876+28a 79.1%25b 0.05 99.7+6.7a  90.2*3.6a
Orange 2.0 652+11a 719%4.0b 0.02 104.4+15a 111.0+1.1b
Tomato 0.5 994+11a 104.6f1.6a 0.05 1493+22a 1054 *4.7b
Lettuce 0.5 105.7+0.5a 91.7+0.5b 0.05 173.7+1.4a 110.5%7.1b
Peach 0.5 841+3.5a 75.8%2.6b 0.05 180.5+3.8a  97.9£6.0b

a, b: within a specific matrix and fortification level, those values lacking a common letter are different

(p<0.05)

Table 3. Recoveries + RSDs (%) of fenitrothion in matrix - fortification level (C; equal to
MRL established by European legislation, C; a multiple of it) combinations using both
solvent and matrix-matched standard solutions (1=3)

Recoveries + RSDs (%) (1=3) of diazinon

Matrix G Solvent Matrix @) Solvent Matrix
(mg/kg)  standards standards  (mg/kg)  standards standards
Pear 0.3 88.5+0.8a 107.2+5.9b 0.03 180.4+3.6a 102.4 *1.6b
Orange 1.0 85.2+4.0a 80.3%3.2b 0.01 1025 +1.5a 102.9+1.9b
Tomato 0.5 740+32a 921%3.7b 0.05 111.5£31a 97.0%5.2b
Lettuce 0.02 56.7+4.9a 87.5%11.9b 0.2 99.0+1.0a 105.0%5.3b
Peach 0.02 97.0+2.0a  1229+4.3b 0.2 85.7+1.7a 119.7+3.4b

a, b: within a specific matrix and fortification level, those values lacking a common letter are different

(p<0.05)

Table 4. Recoveries £ RSDs (%) of diazinon in matrix - fortification level (C; equal to MRL
established by European legislation, C; a multiple of it) combinations using both solvent and
matrix-matched standard solutions (n=3)

Recoveries + RSDs (%) (1=3) of phosalone

Matrix G Solvent Matrix G Solvent Matrix
(mg/kg)  standards  standards  (mg/kg) standards  standards
Pear 2.0 430+14a 107.5+4.0b 0.2 531+3.2a 119.7+7.2b
Orange 1.0 448+20a 90.0+1.1b 0.1 64.8+27a 107.0+1.8b
Tomato 1.0 465+31a 109.9*1.1b 0.1 57.8+15a 108.7 £ 3.8b
Lettuce 1.0 419+44a  658+24b 0.1 872+1.0a 755%19b
Peach 2.0 379+43a  70.9%9.4b 0.2 624+22a 110.8+2.4b

a, b: within a specific matrix and fortification level, those values lacking a common letter are different

(p<0.05)

Table 5. Recoveries + RSDs (%) of phosalone in matrix - fortification level (C; equal to MRL
established by European legislation, C» a multiple of it) combinations using both solvent and
matrix-matched standard solutions (n=3)
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3. Validation of an MRM in plant products belonging to the same botanical
group: Is a correct or an erroneous practice?

The validation of an MRM is a continuous procedure including the performance verification
of critical parameters, such as accuracy, precision, sensitivity, repeatability and
reproducibility during its application (Jensen, 1988; Hill & Reynolds, 1999; Ambrus, 2004).
Basic concepts of the validation criteria have been developed by EURACHEM, AOAC
International and national organizations (Ambrus, 2008). The general guidelines ensure the
method reliability under the prescribed conditions and requirements of the validation
protocol being available in the records of every validated laboratory (Huber, 1998; Fong,
1999). It should also be noticed that validation is a complicated procedure, demanding the
accurate evaluation of some analytical parameters, such as %R, LOD, LOQ, %RSD, linearity,
repeatability, reproducibility, matrix effects, combined uncertainty, random and systematic
errors, referred in European standards (ISO 17025;2005), being recorded for the analytes -
matrix combinations in fixed periods of time (Huber, 1998; Fong, 1999; Wood, 2006).

The appropriate MRM choice depends on all mentioned parameters, the main of which
seem to be the effects of matrix. This is due to the significantly different %R and LODs-
LOQs of specific analytes among the different examined commodities because of the co-
extracts remained even after the application of clean-up step(s). However, the application of
different approaches in the MRMs within the same laboratory among the matrices analysed
is practically impossible. Therefore, there are increasing demands to extend a specific
procedure to variable matrices with parallel acceptable analytical parameters. For this
reason, several commodities have been categorized according to different criteria of
taxonomy. Ambrus et al. (1981) suggested six major groups of plant products according to
their chemical composition (e.g., group I including tuberous and root vegetables such as
carrot, potato, garlic, onion, group II containing products with absence or low chlorophyll
and fat content such as stone fruits, fruiting vegetables, banana, radish etc.) (Tekel & Hatrik,
1996). Bates & Gorbach (1982) applied the differences of botanical characteristics in the plant
products, as adopted by Codex Alimentarius (e.g., lettuce, spinach, radish etc belong to leafy
vegetables, orange, mandarin, lemon etc are in the group of citrus fruits), to classify plant
products for the appropriate MRM selection. Some extensions or limitations of MRM
validation to more matrices are reported to Hill & Reynolds (1999); for example analytical
data for grains are not enough to prove its effectiveness for beer or data for one brassica
vegetable may be applicable to similar products of this group. In our previous study, there
were significant differences in the recoveries of pesticides in extracts derived from matrices
belonging to the same botanical group (especially in the categories of pome fruits and citrus)
under the examined conditions (Georgakopoulos et al., 2007). Therefore, obtaining
analytical data, by EtOAc method without additional clean-up and GC-NPD solvent
standard single point determination, from only one representative matrix with the purpose
to validate the procedure in its botanical category was proved an erroneous practice.

Based on the information described and taking into consideration that the influence of each
matrix on the chromatographic response should not always be correlated with its botanical
characteristics, there were evaluations of when this practice is or not efficient while still
using cost-effective MRMs and GC-NPD. Analytical parameters, such as recovery data,
LOD, LOQ, repeatability and combined uncertainty were generally within the acceptable
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Fig. 1. Recovery + RSD (%) of dimethoate among the different matrix - fortification level -
extraction method combinations.
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Fig. 2. Recovery + RSD (%) of chlorpyrifos among the different matrix - fortification level -
extraction method combinations.
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Fig. 5. Recovery = RSD (%) of methamidophos among the different matrix - fortification
level - extraction method combinations.

ranges by the application of matrix-matched standard solution determination for EtOAc and
acetone partition method (Figs 1 to 5 and Table 6). Thus, the effects of factors suspected for
further uncertainty of the final result seem to be limited without much increasing demands
for additional costs and techniques. However, the method of acetone resulted in higher
recoveries than the EtOAc (p<0.05); this was more intense in semi- and non-polar analytes
(acetone partition extracts generally gave %R of 90 to 110%) contrary to dimethoate and
especially methamidophos (not detected in any acetone partition extract) (Figs 1 to 5).
Furthermore, chromatograms of acetone partition extracts were free of unknown peaks in
contrast to the respective of EtOAc leafy vegetable and citrus extracts (Fig. 6).

Recoveries derived from the matrices of the same botanical group did not appear differences
(p=0.05) in acetone partition contrary to the respective of EtOAc (p<0.05) (Figs 1 to 4). For
instance, concentrations of 0.02 and 0.2 mg/kg did not present any %R difference in among
the eight products examined (Fig. 1). Similar behavior was observed to the majority of the
examined combinations, such as those of diazinon and acetone partition extracts. Therefore,
this MRM may be successfully applied to collect data from a single product and extend the
validation for lots of commodities of the same botanical group.

4. Conclusions and future perspectives

The accurate determination of analytes is significantly affected by several factors, which
may induce false results about the quantity of residues. The most important factors leading
in various adverse effects are summarized as follows: (a) solvent and other materials (e.g.,
type of sorbents for clean-up) applied for the residues extraction from the matrix analysed,
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Fig. 6. GC-NPD chromatograms of fortified with the pesticides mixture (a) tomato - EtOAc,
(b) orange - EtOAc, (c) tomato - acetone partition and (d) orange - acetone partition
extracts. Peaks identification: 1. methamidophos, 2. dimethoate, 3. diazinon, 4. chlorpyrifos
and 5. methidathion.

(b) detected molecule polarity and its determined concentration level, (c) matrix chemical
composition and remained co-extracts in the final GC-extracts leading in enhancement
effects, (d) GC system history related with the appropriate maintenance application. Even
after the application of alternative approaches, such as additional clean-up step, on-column
injection, GC-MS/MS, the phenomena of matrix-induced effect may not always be predicted
or minimized; matrix-matched standard solutions are likely proved to reduce the extents of
such effects. Some efforts should also be applied to the cost-effective MRMs, since they are
able to provide adequate validation data without the extra needing for modern expensive
techniques not always being available by many analytical laboratories. Moreover, with the
purpose to validate an MRM to several commodities of the same botanical characteristics,
the application of acetone partition plus GC-NPD with matrix standard single point
determination was proved as an encouraging practice contrary to the failure techniques of
previous studies. However, in order to generalize the findings, a higher number of
pesticides, including much more analytes from the different polarity categories, should be
utilized in the fortification procedures of the plant products belonging in different groups of
botanical categories.
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. Combined
Pesticide Matrix-MRM (mLC/)E . L(;E . Re%e;tsaglkty uncertainty
g/kg)  (mg/kg) (%RSD) (%RSD)"

Chlorpyrifos Pear-Ac. Part. 0.002 0.023 0.8 (0.5) 6.5
Apple-Ac. Part. 0.003 0.032 6.7 (0.5) 9.4
Orange-Ac. Part. 0.004 0.027 3.8(0.3) 10.8
Lemon-Ac. Part. 0.004 0.031 2.7 (0.2) 53
Tomato-Ac. Part. 0.003 0.030 4.1 (0.5) 6.2
Cucumber-Ac. Part. 0.003 0.028 3.1 (0.05) 42
Spinach-Ac. Part. 0.004 0.033 8.5 (0.05) 114
Lettuce-Ac. Part. 0.004 0.032 9.1 (0.05) 12.7
Pear-EtOAc 0.002 0.020 1.8 (0.5) 3.3
Apple-EtOAc 0.003 0.027 2.2(0.5) 3.7
Orange-EtOAc 0.001 0.015 1.8 (0.3) 3.5
Lemon-EtOAc 0.001 0.015 3.7(0.2) 6.5
Tomato-EtOAc 0.001 0.021 4.3 (0.5) 6.6
Cucumber-EtOAc 0.001 0.020 2.5 (0.05) 3.8
Spinach-EtOAc 0.003 0.022 6.6 (0.05) 8.9
Lettuce-EtOAc 0.003 0.025 7.9 (0.05) 9.3
Diazinon Pear-Ac. Part. 0.001 0.024 1.5 (0.3) 4.6
Apple-Ac. Part. 0.001 0.019 3.4 (0.3) 8.1
Orange-Ac. Part. 0.002 0.018 2.6 (1.0) 44
Lemon-Ac. Part. 0.002 0.027 3.1 (LOQ) 51
Tomato-Ac. Part. 0.001 0.024 5.2 (0.5) 5.5
Cucumber-Ac. Part. 0.001 0.024 9.7 (LOQ) 10.5
Spinach-Ac. Part. 0.002 0.025 10.4 (LOQ) 134
Lettuce-Ac. Part. 0.002 0.028 9.9 (LOQ) 12.8
Pear-EtOAc 0.003 0.023 1.2(0.3) 2.6
Apple-EtOAc 0.001 0.022 2.3 (0.3) 3.9
Orange-EtOAc 0.001 0.009 0.9 (1.0) 25
Lemon-EtOAc 0.001 0.015 4.9 (0.02) 5.8
Tomato-EtOAc 0.001 0.024 3.4 (0.5) 6.1
Cucumber-EtOAc 0.005 0.032 8.0 (LOQ) 12.8
Spinach-EtOAc 0.003 0.026 8.3 (LOQ) 131
Lettuce-EtOAc 0.003 0.025 7.7 (LOQ) 12.6
Methidathion Pear-Ac. Part. 0.007 0.044 3.3(0.3) 47
Apple-Ac. Part. 0.003 0.033 4.2 (0.3) 74
Orange-Ac. Part. 0.007 0.041 6.2 (2.0) 10.7
Lemon-Ac. Part. 0.003 0.031 2.7 (2.0) 44
Tomato-Ac. Part. 0.009 0.033 9.3 (LOQ) 174
Cucumber-Ac. Part. 0.004 0.030 9.4 (LOQ) 11.9
Spinach-Ac. Part. 0.009 0.037 11.0 (LOQ) 15.6
Lettuce-Ac. Part. 0.008 0.040 13.4 (LOQ) 16.8
Pear-EtOAc 0.001 0.021 2.2 (0.3) 3.6
Apple-EtOAc 0.002 0.025 3.9 (0.3) 54
Orange-EtOAc 0.001 0.013 2.7 (2.0) 45
Lemon-EtOAc 0.004 0.026 2.2 (2.0) 3.2
Tomato-EtOAc 0.004 0.024 16.8 (LOQ) 219
Cucumber-EtOAc 0.001 0.017 3.6 (0.02) 47
Spinach-EtOAc 0.003 0.026 10.0 (LOQ) 14.4
Lettuce-EtOAc 0.004 0.028 9.4 (LOQ) 14.1

Dimethoate Pear-Ac. Part. 0.003 0.030 5.8 (LOQ) 7.8
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. Combined
Pesticide Matrix-MRM (mLC/)E . L(;E . Re%e;tsaglkty uncertainty
g/kg)  (mg/kg) (%RSD) (%RSD)"

Apple-Ac. Part. 0.002 0.024 8.7 (LOQ) 9.6
Orange-Ac. Part. 0.004 0.035 7.3 (LOQ) 10.1
Lemon-Ac. Part. 0.006 0.039 7.4 (LOQ) 11.8
Tomato-Ac. Part. 0.009 0.047 13.3 (LOQ) 20.7
Cucumber-Ac. Part. 0.010 0.052 14.2 (LOQ) 23.0
Spinach-Ac. Part. 0.010 0.050 12.6 (LOQ) 18.2
Lettuce-Ac. Part. 0.009 0.048 11.7 (LOQ) 17.4
Pear-EtOAc 0.002 0.021 5.9 (LOQ) 7.3
Apple-EtOAc 0.001 0.019 3.3 (LOQ) 5.3
Orange-EtOAc 0.002 0.023 5.0 (LOQ) 72
Lemon-EtOAc 0.001 0.017 7.4 (LOQ) 7.9
Tomato-EtOAc 0.008 0.051 15.1 (LOQ) 19.6
Cucumber-EtOAc 0.003 0.030 10.4 (LOQ) 11.0
Spinach-EtOAc 0.008 0.047 13.1 (LOQ) 15.8
Lettuce-EtOAc 0.008 0.050 11.6 (LOQ) 154
Methamidophos™ Pear-EtOAc 0.006 0.031 13.0 (LOQ) 20.0
Apple-EtOAc 0.004 0.022 14.7 (0.05) 20.2
Orange-EtOAc 0.002 0.016 7.0 (0.02) 8.7
Lemon-EtOAc 0.002 0.015 4.2(0.2) 5.3
Tomato-EtOAc 0.003 0.030 10.9 (0.5) 18.6
Cucumber-EtOAc 0.002 0.015 2.8 (1.0) 7.0
Spinach-EtOAc 0.006 0.034 13.4 (LOQ) 19.6
Lettuce-EtOAc 0.007 0.039 8.9 (0.2) 124

*: LOD was estimated as the analyte concentration resulted in signal (S) to noise (N) ratio of 3 (S/N=3)
(Huber, 1998) and verified by the analysis of the pesticide mixture fortified at 0.01 mg/kg (six
independent replicates) as three times the standard deviation (LOQ=3*SD) (Yenisoy-Karakas, 2006;
Barriada-Pereira et al., 2007; Georgakopoulos et al., 2009); LOQ was defined as the analyte
concentration resulting in S/N of 10 (Huber, 1998) and verified by the afore-mentioned procedure
applied for LOD. LOQ equals “mean+10*SD”, where mean is the average of concentration levels
determined in the six independent replicates by the analysis procedures (Yenisoy-Karakas, 2006;
Barriada-Pereira et al., 2007; Georgakopoulos et al., 2009).

: Repeatability determination was based on the %RSDs derived from six independent replicates
prepared by the same analyst, analytical method and analysis day (Ambrus, 2004) of matrix extracts
fortified with the MRL level (in mg/kg) as established by the European legislation shown in parenthesis
of every combination; LOQ level was used in the cases that the MRL was lower than the LOQ; the same
levels were used for the determination of combined uncertainty the calculation of which included the
major sources of uncertainty, such as (Huber, 1998; Cuadros-Rodriguez et al., 2002; Ambrus, 2004).

*: Methamidophos validation data are not presented for acetone partition, since this analyte was not
even detected in any extract of this MRM.

Table 6. Critical analytical parameters for MRM validation among different pesticide -
matrix - extraction method combinations
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1. Introduction

There are well over 500 registered pesticides worldwide for use in agricultural regions and
new agrochemicals are introduced to the marketplace continuously. This chapter deals with
the chemical analysis methods for the main pesticide chemical classes that are most
frequently analyzed with gas chromatography (GC) or liquid chromatography (LC) coupled
to mass spectrometry (MS). GC amenable pesticide chemical classes which do not require
derivatization include organochlorines (OCs), pyrethroids, organophosphorus pesticides
(OPs), triazines, and chloroacetanilides. In addition some transformation products of
organochlorines, triazines, and phenylureas are GC amenable and when derivatized some
transformation products of OPs, pyrethroids, and phenoxyacid herbicides are also GC
amenable. Specific methods have been developed with other injector choices than the
standard splitless injection for more thermally labile chemical classes such as
trihalomethylthio fungicides to extend the range of GC amenable pesticides. Some chemical
classes which are more polar such as phenoxy acid herbicides and carbamates can still be
analyzed by GC/MS methods but require derivatization to make them GC amenable. For
some other chemical classes a few pesticides have been analyzed by GC/MS usually
included in multiresidue methods but these methods have not tackled the entire range of
compounds within the chemical class. These include chemical classes such as
dicarboximides  (vinclozin, iprodione), dinitroaniline (trifluralin, ethalfluralin),
dinitrophenol (dinoseb), and dithiocarbamate (triallate). A large number of pesticide classes
generally of higher polarity suffer from poor chromatographic performance, poor MS source
ionization or stability in GC/MS injectors, on-column, or in MS. For these chemical classes
and also to minimize the need for derivatization prior to GC there has been a gradual shift
to the development of new methods utilizing LC coupled with tandem mass spectrometry
(MS/MS). Tandem mass spectrometry in selected reaction monitoring (SRM) mode is
generally now more frequently used for LC rather than selected ion monitoring (SIM) with
LC/MS as the ionization process for LC/MS is a softer process (change processes to process)
than that of GC/MS ion sources such as EI and CI. For atmospheric pressure ionization
(API) sources most frequently used in LC/MS/MS most pesticides have only one ion
formed during ionization (the protonated or deprotonated molecular ion or sometimes an
adduct ion (eg. sodium or ammonium adduct)) and consequently there is little confirmation
ability. Tandem mass spectrometry allows for the controlled collision induced dissociation



106 Pesticides - Strategies for Pesticides Analysis

(CID) of the parent ion making discrimination possible from co-eluting matrix components.
No additions (LC/MS/MS or LC/MS methods include phenoxyacid herbicides other
pesticides of interest. The main chemical classes of pesticides that have been more recently
analyzed by LC/MS/MS or LC/MS methods and include phenoxyacid herbicides and a
related nitrile herbicide (bromoxynil) often used in formulations with phenoxyacid
herbicides, phenylureas, sulfonyl ureas, carbamates, pyrethroids, azoles, and a more
extensive list of dithiocarbamates. Phenylureas, sulfonylureas, and most dithiocarbamates
are not GC amenable and many azoles have significantly lower detection limits with
LC/MS/MS. Some chemical classes including OPs, pyrethroids, carbamates, phenoxyacid
herbicides, and azoles have both GC and LC methods coupled to mass spectrometry that
have been developed and will be discussed in more detail in this chapter.

There are a large number of factors that require consideration for the selection of the method
for analysis whether that is for an individual pesticide, a chemical class of pesticides, a large
number of pesticides of different chemical classes, or for inclusion of their transformation
products. These factors include: boiling point or polarity; solubility in desired solvent or
mobile phases; stability of pesticides in injector ports, on-column, or in mass spectrometer
ion sources; selectivity of columns and chromatographic behaviour; interferences in
detection; molecular structure or other chemical properties important for both ionization
and fragmentation; method detection limit or regulatory requirements; and confirmation
ability over linear dynamic range. This chapter does not include a discussion of the sample
preparation (pre-concentration or sample clean-up) procedures and does not distinguish
methods developed for fruit and vegetables, biological tissues, soil, water, air or other
sample matrices. The focus is on issues related to the chromatography-mass spectrometry
and instrumental approaches that may be taken advantage of to improve selectivity or
sensitivity of analysis.

2. Identification of the problem

Due to the large number of pesticides under investigation users must firstly decide on
whether to choose a GC or LC method coupled to mass spectrometry and if the method can
achieve the desired quantitative analysis and confirmation needs. Some laboratories may
also be more limited in their choice of instruments or skill of analysts so need to be aware of
methods that may be equivalent for those chemical classes that can be analyzed by both GC
and LC. Many laboratories are looking towards streamlining sample preparation and
analysis needs such as with the Quick Easy Cheap Effective Rugged and Safe (QuUEChERSA)
pesticide multiresidue methods in combination with GC and LC mass spectrometry
methods (Cunha et al., 2007; Paya et al., 2007; Pihlstrom et al., 2007). Due to the large
diversity in sample types and pesticides used or of concern in different regions,
multiresidue analysis methods can vary significantly in their choice of target pesticides and
transformation products and this makes it challenging for an analyst to select a method for
analysis as they may not fully understand the factors that went into the selection of the
instrumental parameters and the compromises that were made to resolve matrix effects,
chromatographic needs, and detection requirements. This chapter takes a chemical class
approach which users can then utilize to select methods with their target pesticide list and
can be further built on to include compounds not in these major chemical classes. A main
goal is to highlight by chemical class some of the preferences for these methods and the
demands or options for improvements. Some of the advances in instrumental approaches to
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either improve the range of compounds for analysis, reduce background signal, or improve
selectivity or sensitivity of the analysis will be highlighted. Due to the increasing need for
analysis of transformation products they will be discussed along with their chemical class of
parent compounds. Simultaneous analysis of parent pesticides and transformation products
is desirable but because of the large diversity in polarity, volatility, stability, and ionization
in MS ion sources this is not always feasible. Issues with co-elution of other complex
interfering matrix components or other pesticides of interest and their impact on detection
and confirmation will also be discussed.

3. GC/MS, GC/MS/MS, and LC/MS/MS for pesticides and their transformation
products

3.1 GC/MS and GC/MS/MS methods

One of the most important parameters when considering GC/MS methods of analysis
particularly when added selectivity or sensitivity are required is the choice of the ionization
mode. Sample matrix and sample preparation procedures including clean-up also dictate
selection of the ionization method due to presence of co-eluting pesticides or matrix
components which can interfere in analysis if they can not be distinguish in the mass
spectra. If pesticides are electron-capturing such as those pesticides which contain halogen,
NO,, or P ester groups then they will generally give an enhanced response (up to two or
three orders of magnitude) with negative chemical ionization (NCI) in comparison to
electron impact (EI) or positive chemical ionization (PCI) (Raina and Hall, 2009; Liapis

et al., 2003; Bailey and Belzer, 2007; Haskova et al., 2009). The selection of ionization mode
often depends upon whether the analysis is targeted for specific chemical classes or is a
multiresidue analysis methods for determination of hundreds of pesticides in a sample
extract. A comparison of GC/MS or GC/MS/MS with EI to LC/MS/MS has been reviewed
for a large number of compounds and suggests for most pesticides other than
organochlorines that LC/MS/MS can provide lower detection limits (Alder et al., 2006;
Pihlstrom et al., 2007; Paya et al., 2007; Lambropoulou et al ., 2007). However, lower or
comparable detection limits have also been found for chloracetanilides (metolachlor,
acetochlor, alachlor) and selected triazines by GC/MS or GC/MS/MS with EI relative to
LC/APCI-MS/MS (Dagnac et al., 2005) or LC/ESI-MS/MS (Gomides Freitas et al., 2004).
GC/MS of a wider range of triazines has also been done by GC-EI/MS (Nagaraju and
Huang, 2007; Zambonin and Palmisano, 2000; Jiang et al., 2005; Gongalves et al., 2006;
Albanis et al., 1998). Chemical ionization is often not considered in comparisons of GC and
LC mass spectrometry methods. Reduction of matrix interferences particularly for masses
<50 (Bailey and Belzer, 2007; Bailey, 2005) is often an important consideration as well as the
need for molecular structure information from the MS spectra. Due to the large diversity in
properties of pesticides analyzed by multiresidue analysis methods EI is more frequently
used however particularly for many halogenated pesticides (excluding chloracetanilides) it
does not often give the best sensitivity or selectivity. The clear advantage of EI is the
availability of extensive libraries in full scan mode for confirmation of compound identify
by library search matching, however sufficient sample concentration must be available.
Most quantitative analysis is completed in selected ion monitoring (SIM) mode with peak
area of the most abundant ion in the MS spectra used for the quantitative analysis, and the
peak area obtained from an additional one or two ions used for confirmation along with the
ratio of ion responses and retention time match (Raina and Hall, 2009). At the concentration
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levels of routine analysis particularly for environmental sample analysis there is insufficient
concentration to obtain full scan MS spectra of sufficient abundance for library matching
when quadrupole or ion trap systems are used.

There is another unique feature of pesticide analysis with mass spectrometry that is often
not discussed in detail. Relative to other contaminants, many pesticides including OCs, OPs,
pyrethroids, and chloroacetanilides exhibit low intensity for the molecular ion regardless of
whether EI or CI is used (Raina and Hall, 2009; Htskova et al., 2009; Yoshida, 2009; Feo et
al., 2010; Dagnac et al., 2005). Consequently in SIM mode the quantitative or qualifier ion is
rarely selected as the molecular ion. In general >90% of pesticides do not monitor the
molecular ion by EI or CI methods as at the working concentration ranges of trace analysis
generally the molecular ion is too low in abundance to be observed. The exception are the
triazines where the molecular ion is one of the ions monitored but may not be the base peak
in the EI mass spectra (Nagaraju et al., 2007; Jiang et al., 2005; Zabonin and Palmisano, 2000).
The selection of El versus NCI or PCI may also be based on instrument design and cost and
basic GC/MS instruments often do not include CI capability.

In this section the focus will first be on chemical classes of pesticides where GC/MS
methods are superior or equivalent to LC/MS/MS methods and derivatization is not
required. The chemical classes that will be discussed include organochlorines (OCs),
organophosphorus pesticides (OPs), trihalomethylthio fungicides, pyrethroids, triazines,
and chloracetanilides. The ion sources used in LC/MS/MS are not suitable for some of these
pesticides including many of the OCs and trihalomethylthio fungicides. OC degradation
products have been routinely included in GC/MS methods either with EI or NCI and
include OCs such as endosulfan sulphate, DDD, DDE, HCH isomers, endrin ketone, endrin
aldehyde, heptachlor epoxide, methoxychlor. Chloroacetanilides are more sensitive with EI
than CI modes with GC/MS (Raina and Hall, 2009; Dagnac et al., 2005; Gabaldon et al.,
2002) but can be done with similar detection limits with LC/ ESI+ or APCI+ MS/MS
(Dagnac et al., 2005). The transformation products of chloroacetanilides are not analyzed by
GC/MS, however chloroacetanilide (eg alachlor, propachlor, metalochlor) analysis is
frequently included with analysis of OCs by GC/MS. Triazines can be analyzed with
comparable GC/EI-MS or LC/MS/MS methods and it depends upon the application needs
and availability of instrumentation as to which method is choosen. Transformation products
of atrazine: deisopropylatrazine (DIA), desethylatrazine (DEA), didealkylatraizine (DDA)
and 3,4-chloroaniline which is a transformation product of phenylureas (linuron and
diuron) have also been analyzed by GC/EI-MS or GC/EI-MS/MS methods (Planas et al.,
2006; Jiang et al., 2005; Dagnac et al., 2005). GC/MS methods are more suitable to a wider
range of OPs than LC/MS/MS as not all OPs are ionized efficiently by API sources (eg.
parathion). However, a significant number of OPs which are widely used give significantly
lower detection limits with LC/MS/MS (Table 1). In addition GC/MS methods suffer from
poor chromatographic performance, low sensitivity, and required derivatization for OP
transformation products, whereas LC/MS/MS can be used to simultaneous analyze the OP
transformation products including OP oxons with detection limits of 0.06-0.38 pg/L (Raina
and Sun, 2008) and OP sulfones and sulfoxides (Chung and Chan, 2010; Jansson et al., 2004;
Hiemstra et al.,, 2007; Economou et al., 2009). For some pyrethroids GC/EI-MS has
approximately 100 times higher detection limits than LC/MS/MS (Alder et al., 2006) while
for many they are comparable (Yoshida et al., 2009). When NCI is used detection limits for
some pyrethroids can be 10-100 times lower than EI (Feo et al., 2010) making GC/MS
comparable or better than LC/MS/MS methods. Coupling this with large volume injections
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can further improve these GC/MS methods if required. In addition, pyrethroid
transformation products can be analyzed with GC/EI-MS/MS following 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP) derivatization (Arrebola et al.,, 1999) and there has been no
reported LC/MS/MS method.

GC/MS or GC/MS/MS Limit LC/ESI+MS/MS
OP Pesticide of Detection Limit of Detection
(ug / L)Raina and Hall, 2009 (ug / L)Raina and Sun, 2008
Chlorpyrifos 4.5 0.19
Chlorpyrifos methyl 7.6 0.27
Diazinon 0.70 0.08
Malathion 9.5 0.23
Azinphos methyl >50* 0.32
Azinphos ethyl >50* 0.47
Dimethoate NA 0.05
Phorate 7.8 0.37
Fenchlorphos 7.5 16

Table 1. Comparison of GC/MS and LC/MS/MS Limits of Detection for Selected
Organophosphorus Pesticides. *note calculated under GC separation conditions for OCs and
OPs retention times 25-27 min (higher than most compounds); NA not available. Italics GC-
EI/MS lowest detection limit otherwise NCI was used.

A comparison of 47 chlorinated organics (including OCs and several chloroacetanilides) and
OPs analyzed by GC/MS showed that no one ionization mode could be used to analyze all
the pesticides at concentrations <100 ng mL- for a standard splitless 1 pL injection. In
general NCI-SIM provided the lowest method detection limits (MDLs) for the largest
number of pesticides along with confirmation at these low levels. When confirmation by
NCI-SIM was not sufficient, NCI-SRM could be used and gave additional sensitivity and
confirmation ability to ~14% of pesticides studied (Raina and Hall, 2009). Others have also
found that GC-MS/MS can provide added selectivity (Zhang and Lee, 2006). Although EI-
SIM is often used for multiresidue GC analysis methods we found that EI-SIM only
provided better sensitivity than NCI-SIM or NCI-SRM for 3 of the 19 OPs (aspon, diazinon,
sulfotep), and 9 of the 28 OCs or chloroacetanilides studied (alachlor, aldrin, p,p’-DDD, o,p’-
DDE. p,p’-DDE, dieldrin, heptachlor, perthane, propachlor) and for other OCs and OPs an
additional confirmation approach would be required at these concentrations if EI was used
due to low abundance of the confirmation ion (Raina and Hall, 2009). Chloroacetanilides
have been previously identified as best analyzed by GC-EI/MS or MS/MS (Galaldon et al.,
2002; Dagnac et al., 2005). Others have also found for a range of OCs, OPs, and some
pyrethroids that NCI-SIM is up to 100 times more sensitive than EI-SIM (Huskova et al.,
2009; Feo et al., 2010). Better S/N ratio with NCI or reduced matrix background interference
response was observed particularly at low masses (m/z < 50). NCI provides added
selectivity as many interfering matrix components are expected to be hydrocarbons, humic
or fulvic acids, or nonhalogenated in nature and thus do not produce a signal with NCI
(Bailey, 2005; Bailey and Belzer, 2007). Positive chemical ionization like EI suffers more than
NCI from matrix interferences and for these chemical classes of pesticides it is generally less
sensitive so it is seldom used for quantitative analysis.
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El full scan mode provides the ability for confirmation with library search matching,
however in quantitative analysis generally selected ion monitoring (SIM) is accomplished
only with confirmation using an additional one or two ions and the ratio of response of
these ions within a specified % relative standard deviation usually determined from
standard injections on the day of analysis rather than from libraries. One advantage of
GC/MS over LC/MS/MS methods is the lower instrument cost and that pesticides
fragment in the EI or CI ion source easily and consequently structural information is
available for the pesticide for its confirmation. Fragmentation with EI sources is distinctly
different from electrospray ionization used in LC/MS/MS with odd-electron (OE) fragment
ions more frequently produced with EI (35% OE ions, 65% EE ions) as compared to 93%
even-electron (EE) ions with positive electrospray ionization (Thurman et al., 2007).
Chemical ionization is a softer ionization process than EI and the MS spectra generally
produce less fragment ions, however for > 90% of pesticides analyzed by GC/MS the two
most abundant ions in any ionization mode still generally do not include the molecular ion
even when PCI or NCI are used (Raina and Hall, 2009; Haskova et al., 2009; Feo et al., 2010).
In addition there may be relatively few fragments available of sufficient abundance for
confirmation and consequently often isotope masses of fragment ions are used for
confirmation. This has implications on the applicability of GC/MS/MS with our results
showing that EI is not suitable for the analysis of OCs or OPs < 100 ng mL-! and NCI-SRM is
generally less sensitive than NCI-SIM even though there is reduced background noise
(Raina and Hall, 2009). For fruit and vegetable analysis where higher levels of pesticides can
be achieved in sample extracts, GC/MS analysis with SRM in EI mode has been used for a
similar range of OPs and OCs with preference for these pesticides analyzed by GC/MS/MS
over LC/MS/MS (Pihlstrom et al, 2007). As pesticides easily fragment in the ion sources of
GC/EI or NCI-MS, the parent ion selected for collision induced dissociation (CID) is often a
fragment ion and this ion must be capable of further fragmentation. In a number of cases for
these chemical classes with NCI the presence of higher mass parent ions or the molecular
ion improved the potential for lower MDLs with NCI-SRM as compared to EI-SRM.
However, most pesticides did not have an abundant molecular ion. Even in NCI-SRM for
OCs the SRM transition selected were often fi*>Cl- (m/z=35) with the confirmation SRM
utilizing an isotope peak mass (eg fi*>Cl- (m/z=37)) (Raina and Hall, 2009). The fact that the
parent ions with GC/MS/MS are often fragment ions makes finding suitable product ions
more challenging than with LC/MS/MS ion sources where the parent ion is generally the
protonated or deprotonated molecular ion. In the case of HFIP derivatized transformation
products of pyrethroids the molecular ion was used for CID and produced better sensitivity
and selectivity that GC/EI-MS which observed significant chromatographic resolution
problems and reduced MS sensitivity (Arrebola et al., 1999).

There are a number of approaches that can be used to extend the range of pesticides that can
be analyzed by GC/MS or to further improve MDLs beyond the most frequently used
splitless injections with a hot split/splitless injector. For pesticides such as the
trihalomethylthio fungicides that are more thermally labile other injectors including
programmable temperature vaporizer (PTV) or cold on-column (COC) injector can be used
(Bailey, 2005). Another advantage of these injectors is that they can also be utilized for large
volume injections increasing the sample injection size from 1-2 pL to 5-100 pL. With both
approaches the sample is injected cold (below or near the boiling point of the solvent). Pre-
columns have also been utilized with these approaches for focusing and to extend the
analytical column lifetime by minimizing build-up of non-volatile matrix components. Both
approaches have limitations that are discussed requiring careful consideration.
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A standard PTV injector has been used for analysis of chemical classes of pesticides such as
OCs and OPs often operated with a solvent vent step where the initial injector temperature
is set below the boiling point of solvent (eg 40 °C for toluene) and held at this temperature
while the solvent vapour is eliminated via the split exit (Godula et al., 2001). PTV can be
used for small injection volumes (2 pL) such as those in neat solvents (eg toluene) (Huskova
et al., 2009) or matrix matched standards (Kirchner et al., 2005), and can also be used for
large injection volumes of 20 pL (Grob and Li, 1988). More advanced PTV injectors are also
available with modifications for dirty matrix injections (DMI) where the GC liner can be
replaced for each injection with a robotic autosampler system and contains a small 40 pL
DMI microvial. The challenge with larger volume injections with PTV is that the
temperature and time the split vent is open must be optimized to remove the solvent
without loss of analytes of interest and pesticides with boiling points near the solvent will
have a higher potential for loss. An example system that I have used for this approach is a
GC Twin-PAL (Leap Technologies, Carrboro, NC) and an Optics 3 PTV inlet (ATAS/GL
International BV) with direct thermal desorption (DTD) probe. The crimp top DTD liner is
an open liner (80 mm X 5 mm O.D.) containing a needle guide and the 40 pL. DMI microvial
held in place at 20 mm from the bottom of the liner by three knobs. The Optics 3 PTV inlet is
equipped with DTD probe that allows for interchange of the DTD liners containing the DMI
microvial between injections. The inlet has separate gas controls from the GC and a solvent
vapour thermal conductivity detector (TCD) sensor and in the example shown below is
operated in fixed time mode. During the injection temperature is set below the boiling point
of the solvent and there is a high split vent flow (100 mL min-?), after the solvent is vented
the injection time starts (Figure 1). For a solvent such as ethylacetate which is often used for
extraction procedures in QUEChERS pesticide analysis (Pihlstrom et al., 2007) a temperature
of 70°C can be used and requires a vent time of 330 sec for a 10 pL injection. Increasing the
temperature in 10°C increments will reduce vent time required by ~60 sec, however more
volatile pesticides such as captan and captafol showed significant loss of signal above 70°C
and consequently this temperature and vent time were required for the analysis. When
injection size was increased to 20 uL the required vent time increased to 540 seconds and for
larger volume samples near the capacity of the microvial the vent time was in excess of 10
minutes which is not practical for analysis. Switching the solvent to a lower boiling solvent
such as hexane reduced the temperature to 60°C. For both GC/MS and LC/MS/MS
applications there has also been interest in coupling SPE cleanup methods directly with
analysis. Table 2 provides the steps required for coupling the LVI-DMI (large volume
injection-dirty matrix injection) with the at-line automated SPE approached. The at-line
automated SPE LVI-DMI-GC/MS method sequence involving first direct clean-up of a
sample with a 96-well plate C-18 SPE format using the Twin-PAL robotic autosampler
system for SPE preparation; followed by injection of a portion of the SPE eluted extract
directly into DMI liners; and then exchange of the liners in the PTV-DTV probe for sample
injection. In this example a 10 pL fraction of each 100 pL fraction eluted from the SPE 96 well
plate was analyzed for pesticides. Figure 2 shows that the trihalomethylthio fungicides are
eluted with 200 pL of ethylacetate (fractions F2 and F3 of size 100 uL) and illustrates that the
at-line SPE approach is capable of replacement of standard off-line SPE procedures. Good
linearity from method detection limit (MDL)-500 pg/L (12>0.99) was observed with method
detection limits of 2.5-5 pg/L similar to that observed for LVI-COC injections (Bailey and
Belzer, 2007). The clear advantage of this injection approach over LVI-COC injections is that
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non-volatile material remains in the injector liner (in the DMI microvial) which is replaced
with each injection so there is no build-up of non-volatile material on column reducing
maintenance requirements. It is limited in its applicability to pesticides with boiling points
near the solvents boiling point as they will be lost during the solvent venting stage so
solvent selection is also an important parameter for consideration. PTV inlets may also still
cause degradation of pesticides in the injection port as after solvent venting, the injection

port temperature is rapidly ramped.

I T

SPE Load

MS

GC Liner

GC Temperature ‘ /
Cool

! 1

Time Time
O0sec GCrun 1380 sec
Data
Acquisition

Vent Valve

down

Open

Column Flow

Fig. 1. SPE-LVI-DMI-GC/MS run set-up conditions.

Sequence Step

Conditions

SPE sorbent conditioning with
Prep-PAL

1) 500 pL ethyl acetate, apply pressure
2) 500 pL of methanol, apply pressure

Sample Loading with Inject-PAL to
SPE 96 well plate

10 uL sample added, rinse syringe

Washing with Prep-PAL

100 pL methanol added, apply pressure

Move 96-well plate with Prep-PAL

Ready for elution step -96 well plate moved
forward from over waste to over 96-well
collection plate

Elution with Prep-PAL

100 pL ethyl acetate, apply pressure

Addition of IS standard
With Inject-PAL

Take 2 uL internal standard solution and mix
with 100 pL SPE eluate in SPE collection plate (3-5
strokes)

DMlI-Injection -load sample and
transfer DTD liner with Inject-PAL

Take 10 uL of SPE eluate from 96-well collection
plate and deliver to DTD/DMI liner, move liner
into DTD probe, clean syringe

Table 2. At-line automated SPE LVI-DMI-GC-MS Method Sequence.
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The cold on-column injector is another option for thermally labile pesticides or large volume
injections. Figure 3 shows that it can be used for injection sizes up to 100 pL which exceeds
the capability of the LVI-DMI injections. The injection size is also more compatible with the
needs for at-line SPE approaches. Cold on-column injection reduces the potential for
breakdown of pesticides by directly injecting the sample onto typically a wider diameter 1-1.5
m retention gap (0.53 mm i.d.) which is connected to a short pre-column (~0.4 m X 0.25 mm)
and then further connected with a T-connector to both the analytical column and a solvent
vapour exit valve (50 um bleed restrictor, Agilent) (Bailey and Belzer, 2007). The oven
temperature at the start is set at 60-65°C (hexane as solvent) and the split vent is opened until
the solvent is removed which for hexane was 60 seconds. The limitation of this system is that
the retention gap and pre-column need periodic replacement due to build-up of non-volatile
material from samples and thus there are higher maintenance requirements than standard
PTV or LVI-DMI injections. Significant loss in sensitivity or poor chromatographic
performance is observed when the retention gap requires replacement. Some of these
problems may be alleviated with the availability of high temperature GC columns.

Another key recent advancement in GC/MS analysis that should be considered by users are
the use of high temperature columns to extend column lifetime, reduce maintenance needs,
to identify high boilers, and reduced column bleed. These columns are available in the full
range of polarities from 100% polysiloxane to polyethylene glycol stationary phases and
have low column bleed due to the proprietary ESC™ bonding technology. Low and mid-
polarity columns can be used up to temperatures of 430°C, and higher polarity columns up
to 400°C as compared to maximum temperatures of 300-360°C for most standard fused silica
GC columns temperatures above which the standard polyimide resin coating pyrolyzes.
Zebron™ Inferno™ columns (Phenomenex) utilize a high temperature polyimide coating
with the flexibility and robustness of other non-metal columns making it highly compatible
for GC/MS analysis. The use of higher temperatures has several advantages even if the
pesticides elute prior to these temperatures as it reduces build-up of high boiling point
matrix components which can be baked-off at the end of the run.

To extend GC/MS analysis to more polar pesticides often requires preceding or on-column
derivatization. One chemical class of pesticides which has been successfully analyzed with
derivatization prior to GC/MS analysis is the phenoxy acid herbicides. Derivatization
agents have included pentafluorobenzyl (PFB) bromide, benzyl bromide, trimethylsilyl
diazomethane, or alkylchloroformates to produce the corresponding PFB, benzyl, or methyl
ester (Nilsson et al., 1998; Rimmer et al., 1996; Henriksen et al., 2001). Methylation with
diazomethane or by reaction with 10% sulfuric acid in methanol has also been used (Shin,
2006). The chlorophenols which are transformation products of the phenoxy acid herbicides
can also be converted to their carbonates for GC/MS analysis using alkylchloroformates
(Henriksen et al., 2001). These approaches can suffer from deteriorating peak shapes over
time and reduced column lifetime (Charlton et al., 2009). Carbamates are thermally labile
and can breakdown in the injector port or on-column to their corresponding phenols and
amines and consequently derivatization using acetylation, silylation, alkylation, or
perfluorination is required. On-column derivatization with trimethylphenylammonium
hydroxide and trimethylsulfonium hydroxide has been used to give thermally stable
products for a variety of carbamates including carbaryl, methiocarb, chlorpropham,
propham, and promecarb that can be analyzed by GC-EI/MS (Zhang and Lee, 2006). In
more recent years there has been a shift to LC/MS/MS methods (see section 3.2) for both
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phenoxyacid herbicides and carbamates as these methods do not require the derivatization
step and can provide an ability to simultaneous analyze transformation products and often a
wider range of pesticides within the same chemical class (Raina and Etter, 2010; Charlton et
al., 2009; Chung and Chan, 2010).

To achieve the necessary MDLs required for environmental or food analysis the majority of
GC/MS pesticide analysis methods are in SIM mode with either single quadrupole or ion-
trap systems with ion-traps providing similar or slightly higher MDLs than the more
popular quadrupole systems. In addition to the use of tandem mass spectrometry in GC/MS
analysis, recent advances in pesticide analysis have included the use of GC/TOF-MS for
pesticide analysis to achieve MS scan separation even at these low environmental levels
enabling full confirmation ability and added selectivity. In these analysis TOF is generally
operated with unit resolution and high scan rates (eg 200-500 scans/sec) to provide for
automated mass spectral deconvolution of overlapping signals and library matching (de
Koning et al., 2003; Zrostlikova et al., 2003b). GC/TOF-MS can also be operated with high
mass resolution (0.02 -0.05 Da) with slower scan rates (2-10 scans/sec). It has had more
limited applicability for pesticide analysis (Cajka et al., 2004), however with new designs
that include a dynamic range enhancement (DRE) the limitations of saturation at high ion
concentrations have been overcome (Leandro et al., 2007). GC/TOF-MS is most often used
for fast-eluting peaks and for applications such as comprehensive two-dimensional gas
chromatography (GC X GC) analysis of pesticides (Zrostlikova et al., 2003b) but has received
much less attention than other GC or LC applications. In these multiresidue analysis
applications unit resolution is used with fast scan rates to allow multiresidue screening by
GC X GC/MS full scan (50-500 m/z) utilizing spectra library matching in EI mode
(Dasgupta et al, 2010). A 5 pL DMI injection has also been used with GC/TOF-MS analysis
of pesticides utilizing peak deconvolution and library searching software for isolation of the
analyte peaks from matrix components (de Koning et al., 2003). With this smaller DMI
injection size and for the list of pesticides under their study the temperature for solvent
venting step was set to 50°C with a shorter solvent vent time of 120 sec. Utilizing DMI with
GC/TOF-MS is a dual approach of reducing matrix interferences by firstly reducing the
amount of matrix introduced into the GC/MS system and secondly utilizing MS spectral
library matching ability of TOF-MS. Keeping the upper limit of injector temperature to that
just necessary to volatilize analytes also keeps the non-volatile material in the DMI microvial
and consequently reduced demands on mass spectral resolution.

3.2 LC/MS/MS methods

LC/MS/MS continues to gain popularity in use for pesticide analysis with most
applications focused on non-GC amenable compounds, thermolabile, polar and non-volatile
pesticides. Some chemical classes such as phenoxyacids herbicides, triazines, OPs,
chloroacetanilides, and pyrethroids can be analyzed by both GC/MS and LC/MS/MS. For
phenoxacid herbicides and carbamates LC/MS/MS is regarded as more favourable as it
does not require a derivatization step prior to analysis. The use of LC/MS/MS over GC/MS
for the chemical classes listed in Table 3 may also be done in order to achieve reduced
analysis time by utilizing a multiresidue LC/MS/MS method covering a range of target
pesticides from different chemical classes. However the key reason for choosing
LC/MS/MS over GC/MS is the need to deal with more polar chemical classes of pesticides
and increasingly for the simultaneous analysis of their transformation products.
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Transformation products are often more polar and less volatile than their parent compounds
and generally have poor chromatographic performance on nonpolar GC columns or are
thermolabile. Transformation products many also require derivatization to make them GC
amenable for some of these chemical classes as discussed previously. Even for LC/MS/MS
methods the large difference in polarity between parent pesticide and transformation
product may require different separation conditions or ion source (mode) for adequate
sensitivity making development of simultaneous methods challenging.

The use of LC/MS/MS for pesticide residue analysis has focused on systems with
atmospheric pressure ionization (API) either atmospheric pressure chemical ionization
(APCI) or electrospray ionization (ESI) either in positive or negative mode. Many
LC/MS/MS methods are multiresidue analysis methods and have been done for a target list
of pesticides requiring analysis for regulatory purposes. Both APCI or ESI have been used
for multiresidue methods with ESI+ the most popular as shown in Table 3. Direct
comparisons of the sensitivity of APCI and ESI are often not available or not under the same
chromatographic conditions. In addition, often regulatory requirements can be met with
both approaches with similar MDLs for many pesticides observed under optimal conditions
(Titato et al., 2007, Thurman et al, 2001). The design and operational parameters of
individual API ion sources can also lead to varying results between the sensitivity of ESI
versus APCI and consequently should be evaluated for the system under use and expected
flow rate conditions. Table 3 shows that flow rate conditions for the separation are an
important consideration as ESI is generally most sensitive at lower flow rates typically near
0.2 mL/min and consequently it may be desire to utilize smaller particle size (2-3um)
LC/MS columns however the reduction in sample loading capacity should also be consider
(Asperger et al., 2001; Titato et al,2007). If using higher flow rate conditions for the
separation on columns (5um, 150 to 250 mm X 4.6 mm) then the flow is generally split prior
to MS (Banerjee et al., 2009; Crescenzi et al., 1995; Di Corcia et al., 2000). APCI is most often
operated under high flow rates 1-2 mL/min (Table 3) and optimal flow varies with chemical
class (Asperger et al., 2001; Titato et al., 2007). OPs are distinctly different and require lower
flow rates for optimal sensitivity with APCI (Asperger et al., 2001; Jansson et al., 2004; Titato
et al, 2004). Even if sensitivity is better with the more popular ESI methods there may be
preference to use APCI for some chemical classes (OPs, chloracetanildes, pyrethroids,
phenoxyacid herbicides, carbamates) to take advantage of other factors which include the
following: (1) APCI is generally less prone to sodium adduct formation that ESI; (2) APCI
can be less prone to matrix impacts as compared to ESI (Souverian et al., 2004); and (3) in
some cases the SRM transition can differ from ESI so that co-eluting peaks can be isolated
with MS/MS thereby reducing chromatographic resolution needs (see Table 3).

As a general rule the choice of positive or negative mode depends upon polarity and acidity
of analytes and sample matrix impacts. In general, ESI- is more sensitive for phenoxyacid
herbicides and their transformation products (Raina and Etter, 2010; Koppen et al., 1998;
Dijkman et al., 2001) and chloroacetanilide transformation products; ESI+ for sulfonylureas,
phenylureas, N-methylcarbamates, organophosphorus pesticides (Cessna et al., 2006;
Degenhardt et al.,, 2010; Hernandez et al., 2006; Steen et al., 1999; Raina and Sun, 2008);
APCI+ for triazines (Dagnac et al., 2005; Jeannot et al., 2000); and APCI+ or ESI+ for
chloroacetanilides (Dagnac et al., 2005; Ferrer et al., 2007; Banerjee et al., 2009). It should be
noted that phenoxyacid herbicides have been analyzed with APCI- (Puig et al., 1997);
sulfonylureas, phenylureas, carbamates, OPs with APCI+ (see Table 3); triazines with ESI+
(Dagnac et al., 2005; Jeannot et al., 2005); and for methods where acidic pesticides are
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Table 3. LC/MS/MS Separation Conditions by Chemical Class
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analyzed separately from neutrals the sulfonylureas along with phenoxyacid herbicides are
analyzed together with ESI- (Dijkman et al., 2001; Koppen et al., 1998; Di Corcia et al., 2000).
Similarly triazines and atrazine metabolites may be done with ESI+ rather than APCI+ due
to the diversity and sensitivity of ESI+ for other chemical classes that are analyzed
simultaneously with only a small loss in sensitivity.

Common co-elution problems that must be resolved prior to detection exist for a number
pesticides either within the same chemical class or for multi-class residue methods. Table 3
shows the vast majority of LC/MS/MS methods utilize C18 columns in order to achieve the
desired selectivity for the separation. A few separations have taken advantage of different
selectivity from ZIC-pHILIC, C6-phenyl, C8, or C12 (Raina and Sun, 2008; Degenhardst et al.,
2010; Crnogorac et al., 2007; Blasco and Pico, 2004). In general methods provide the
necessary resolution for compounds with the same SRM transitions. For chloracetanilides
care must be taken with ESI+ as acetochlor, metalochlor, and alachlor can co-elute and
acetochlor and alachlor which both have molecular mass of 269.5 g/mol have the same
precursor ions with ESI+ (m/z 270 or 292) from [M+H]+ and [M+Na]+ (Dagnac et al., 2005;
Ferrer et al., 2007). This can be resolved by adequate chromatographic resolution prior to
detection or switching to APCI + where in addition to monitoring [M+H]+ for both the 224
and 256 precusor ion can be monitored for acetochlor, while for alachlor 162 and 238 can be
monitored (Dagnac et al.,, 2005). Phenoxyacid herbicides and sulfonylureas also require
adequate chromatographic resolution. Niocsulfuron, ethametsulfuron-methyl, bensulfuron-
methyl have a similar parent ion (411.2, 411.8, 411.5) but can be separated using C6-phenyl
column (Degenhardt et al., 2010). With ESI- the phenoxy acid herbicides MCPA, mecoprop,
MCPB have a common confirmation SRM transition of 140.9 > 105.2 which is also the
quantitative SRM for degradation product, chloromethylphenol. In addition, 2,4-D,
dichlorprop, and 2,4-DB also have the sample confirmation SRM of 160.9 > 124.7 which is
also the quantitative SRM for dichlorophenol (Raina and Etter, 2010). Separated of these
phenyoxyacid herbicides can be achieved using a short C18 column with methanol gradient
and mobile phase containing 2 mM ammonium acetate (Raina and Etter, 2010). The list of
pesticides that are required for screening or quantitative analysis and those potentially
present in samples should determine your requirements for detection and separation.
Degradation products by LC/MS/MS such as more chlorophenols (degradation products of
phenoxyacid herbicides) and nitrophenols are move sensitive with ESI-, while other phenols
are more sensitive with APCI (Reesmtsma et al., 2003; Raina and Etter, 2010). However these
chloro and nitrophenols have also been analyzed successfully by APCI (Silgoner et al., 1997).
OP degradation products including 3,5,6-trichloro-2-pyridinol, diethyl phosphate, 2-
isopropyl-6-methyl-4-pyrimidinol, malathion monocarboxylic acid, and OPoxons (Raina
and Sun, 2008) as well as OP sulfones and sulfoxides (Jansson et al, 2004; Chung and Chang,
2010, Hiemstra et al., 2007; Economou et al, 2009) are more sensitive with LC-ESI*/MS/MS
and some OPs observe a drastic loss in sensitivity with an APCI source at high flow rates
(Asperger et al., 2001). Degradation products of triazines and phenylureas have been done
by LC-APCI*/MS/MS but for triazines lower MDLs can be achieved with GC-EI/MS/MS
(Dagnac et al, 2005, Goncalves et al, 2006). Diuron and its degradates 34-
dichlorophenyurea and 2,4-dichlorophenylurea also observed better sensitivity in methanol
compared to acetonitrile mobile phases and switching the organic modifier has greater
impact for these degradation products when using ESI+ than ESI- (Steen et al., 1999).
Chloroacetanilide metabolites have been analyzed by LC-ESI-/MS/MS (Gomides Freitas et
al., 2004). LC-ESI*/MS/MS has also been used for analysis of a number of carbamate and
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azole degradation products the most common of which for carbamates are aldicarb sulfone
and sulfoxide, and 3-hydroxycarbofuran (Goto et al., 2006; Ferrer et al., 2007; Botitsi et al.,
2007; Jansson et al., 2004; Pico and Kuzmutza, 2007; Schermerhorn et al., 2005). A more
extensitive list of dithiocarbamates and their transformation products have only been
analyzed using LC/MS methods (Crnogorac et al., 2007; Blasco and Pico, 2004) with triallate
routinely analyzed by GC/MS methods. Transformation products of pyrethroids currently
have no LC/MS or LC/MS/MS.

Selection of the organic modifier (generally methanol or acetonitrile), and the presence or
absence of formic or acetic acid, and salts can greatly impact the ionization of a pesticide and
its sensitivity. Some pesticides have the potential to form sodium or ammonium adducts in
positive ion mode, or acetate or formate adducts in negative ion mode with an API source.
The formation of adducts decreases the abundance of the protonated or deprotonated
molecular ion and there is greater potential for adduct formation with ESI than APCL In
general positive ion mode is more prone to adduct formation than negative ion mode.
Methanol mobile phases have a higher degree of adduct formation particularly for sodium
adducts relative to acetonitrile although many pesticides see better ionization in methonal
than acetonitrile. The formation of sodium adducts in mobile phases with methanol can be
reduced or suppressed by the addition of ammonium or hydrogen ions. The most common
additives for this purpose are ammonium acetate (2-10 mM), ammonia, acetic acid (1%),
formic acid (0.05-.2 v/v%), or trifluoroacetic acid (TFA, 0.05 v/v%) (see Table 3). The impact
of adjustment of the pH of the mobile phase on chromatographic resolution for closely
eluting pesticides with the same SRM transitions or parent ions should be considered along
with the impact of changing pH on sensitivity particularly for acidic pesticides (Raina and
Etter, 2010). In practice a balance must be met between separation needs and MS sensitivity
for the range of pesticides and transformation products under study and can vary
significantly even for those of the same chemical class. Table 3 shows that there is a large
diversity in additives and organic solvent used even within the same chemical class.

For OPs ESI+ is superior and generally [M+H]+ is observed as the parent ion even in mobile
phases only containing methanol. The presence of both ammonium and formic acid was
shown to give optimal sensitivity or OPs, OP oxons, and other OP transformation products
(Raina and Sun, 2008). For OP sulfone and sulfoxide transformation products sodium
adducts can form in mobile phases containing only methanol or methanol with formic acid.
Switching either to acetonitrile with formic acid or addition of a salt such as ammonium
formate (or ammonium acetate) suppresses the formation of adducts (Hiemstra et al., 2007;
Economou et al., 2009; Jansson et al., 2004; Raina and Sun, 2008; Muller et al., 2007).
Individual phenylureas and carbamates are also more likely to form sodium adducts as
compared to triazines. Aldicarb, 3-hydroxycarbofuran, aldicarb sulfone, and aldicarb
sulfoxide form sodium adducts in a methanol mobile phase with 0.01% formic acid
(Hernandez et al., 2006). Switching to acetonitrile reduces adduct formation for the sulfone
and sulfoxide of aldicarb but aldicarb is still present as sodium adduct (Botitsi et al., 2007).
Addition of ammonium formate (Pihlstrom et al.,, 2007, Pico and Kozmutza, 2007) or
ammonium acetate leads to suppression or reduction in the formation of the sodium adduct.
Depending upon the ammonium ion concentration aldicarb may form the ammonium
adduct (Pico and Kozmutza, 2007) as well as oxamyl (Pihlstrom et al., 2007). In a mobile
phase of methanol with 5 mM ammonium formate, methiocarb sulfone and ethiocarb
sulfone both form the ammonium adduct as well as the protonated molecular ion with SRM
transitions of 275—122 and 258—122 for methiocarb sulfone and 275 —107 and 258 —107 for
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ethiocarb sulfone (Hiemstra and de Kok, 2007). Aldicarb does not form [M+H]+ under most
mobile phase conditions so either [M+Na]+ (213—116 or 213—89) or [M+NH4]+ (208 —116
or 208—89) are used for SRM transition under the proper mobile phase conditions (Table 3).
Other carbamates generally form [M+H]+ regardless of mobile phase composition.

With ESI+ the most commonly monitored phenylureas produce [M+H]+ under varying
mobile phase conditions and the mass selected may be utilizing 35 or 37 ClI isotopes. A few
phenylureas such as isoproturon and chlortoluron can form sodium adducts and
consequently ammonium formate or ammonium acetate may be added to the mobile phase
(Table 3). Often these additives are required more for other chemical classes that are
analyzed along with the phenylureas such as carbamates. The more commonly analyzed
phenylureas such as diuron and linuron do not require addition of additives. Phenylureas
sensitivity is impacted by the organic solvent selected with methanol having significant
improved response in ESI+ for phenylureas and their degradation products (Steen et al.,
1999). In addition, the use of a higher percentage of methanol to achieve the desired
separation conditions also improves sensitivity for both for ESI+ and ESI- as sensitivity
improves with the percentage of organic modifier. The reduction in signal intensity for the
degradation products when switching organic modifier to acetonitrile was not as great in
ESI- (Steen et al., 1999). For chloracetanilides and phenylureas using APCI also reduces
potential for sodium adduct formation (Dagnac et al., 2005).

Sulfonylureas also observe predominately [M+H]+ but can form sodium adducts as has
been observed for sulfometuron-methyl with ESI+ with acetonitrile-aqueous 0.1%formic
acid mobile phase (Dijkman et al.,, 2001). Consequently separation conditions generally
contain both 0.1% formic acid and 2 mM ammonium acetate (Degenhardt et al., 2010) and if
an organic modifier is used it is generally acetonitrile as shown in Table 3. In negative ion
mode adduct formation is not observed. For phenoxy acid herbicides the presence of formic
acid will result in decreased abundance of [M-H]- (Raina and Etter, 2010) while for many
neutral pesticide chemical classes it will improve the ionization so typically is added at ~0.1-
0.2 v/v%. For phenoxyacid herbicides methanol is generally choosen as the organic modifier
as it improves the efficiency of ionization and the sensitivity improvement relative to
acetonitrile mobile phases ranges from 3-5 orders of magnitude (Raina and Etter, 2010). OPs
and their degradation product signal intensity is also much better with methanol (Raina and
Sun, 2008) and it has been shown as the % of methanol increases the signal intensity
improves as was also observed for phenylureas (Steen et al, 1999). This suggests an
advantage in using gradient elutions with methanol rather than acetonitrile for these
pesticides as a higher percentage of organic solvent will be required to achieve the same
chromatographic resolution during the separation.

Users must also be aware of particularly for gradient elution whether the pesticides of
interest are soluble over the range of mobile phase conditions for the separation. For some
chemical classes or multi-residue analysis gradient elution programs will start at a very low
percentage of methanol or acetonitrile and peak broadening or distortion and even carry-
over and increasing MS background signal may be observed. Reduced sensitivity and
reproducibility over time may become apparent due to low solubility of some of the
analytes in mobile phases of high aqueous content. For these challenging chemical classes
which are more prone to build-up a flushing step with high concentration of acetonitrile is
used prior to re-equilibration of the column to reduce carry-over issues.

A number of LC/ESI+MS methods for pyrethroids have been developed (Chen and Chen,
2007; Gil-Garcia et al., 2006; Martinez et al., 2006) which have comparable MDLs to GC/EI-
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MS methods (Yoshida, 2009). For halogenated pyrethroids GC/NCI-MS provides the best
sensitivity (Feo et al., 2010). These methods have largely focused on LC/MS where either the
protonated molecular ion or ammonia adduct are predominately observed in mobile phases
containing ammonium acetate or formate (Table 3). There is little structural information
available and only a few multi-residue LC/MS/MS methods contain selected pyrethroids
(Pihlstrom et al., 2007). In addition, the only available methods for analysis of pyrethroid
metabolites currently require derivatization with GC/MS analysis.

There are a number of approaches that have been used to further improve sensitivity of
LC/MS/MS methods. When separation needs do not permit changes in mobile phase
composition to improve MS sensitivity then alternatively post-column reagents may be
added using an additional pump (Raina and Etter, 2010; Carabias-Martinez et al., 2004) at
lower flow rates (eg 50 pL/min) such that the total flow is still optimal for the ESI or APCI
used for the analysis. Bases have been used as post-column reagents to enhance ionization
including ammonia, trimethylamine, tris(hydroxymethyl) aminomethane, and 1,8-
diazabicyclo-(5,4,0) undec-7-en (Raina and Etter, 2010; Carabais-Martinez et al., 2004;
Marchese et al., 2002; Gomides Freitas et al., 2004). This approach has been used to improve
the sensitivity of transformation products of phenoxyacid herbicides with ammonia in
methanol (Raina and Etter, 2010). Reagent addition should consider the change in solvent
composition as this may also alter sensitivity with most pesticides observing enhanced
sensitivity with higher percentages of organic modifiers such as methanol.

Similar to GC/MS methods large volume injections have also been used for LC/MS/MS
applications although not specifically for pesticides. Direct on-column loop injection of 2 mL
of water samples to a standard C18 column with LC/APCI+MS/MS achieved sub-pg/L
range detection (Speksnijder et al., 2010). For urine samples an on-line LC-MS approach was
used where the sample is pumped into the LC system and diluted through a mixing Tee
with ammonium acetate after which it is loaded onto a restricted access material (RAM) pre-
column while the analytical column equilibrates. The analytes of interest are then back-
flushed to transfer them to the analytical column followed by a typical gradient elution (Liu
et al., 2008). The use of the RAM pre-column enables matrix removal of proteins as it retains
only low molecular weight analytes. Matrix effects with API sources can lead to suppression
or enhancement of analyte response due to co-eluting matrix constituents (Niessen et al.,
2006). The choice of solvent used in extraction procedures can reduce matrix impacts with
ethylacetate or acetonitrile often preferred for QuEChERS methods. If matrix
suppression/enhancement can not be eliminated by sample preparation procedures prior to
LC/MS/MS then deuterium or carbon-C13 labeled internal calibrations should be used for
stable isotope dilution. If sufficient levels are available sample dilution or infinite dilution
(matrix-free solution) can be utilized with typical dilution factors of 0.05 or 0.025 (Kruve et
al., 2009). UV detection can also be utilized to identify co-eluting matrix issues requiring
improvements in chromatography which can be achieved either with other column choices
or comprehesive LCXLC (Hajslova and Zrostikova, 2003). LC/TOF-MS has also gained
considerable interest for confirmation of pesticides or transformation products with exact
mass measurements for those applications where LC/MS/MS may not have the required
sensitivity from the confirmation SRM transition (Portolés et al., 2009; Kuster et al., 2009).
Pesticides such as aldicarb, diuron, linuron, aldicarb sulfone and sulfoxide can be
distinguished and quantified by exact mass measurements with mean error of 2.3 ppm
(Maizels and Budde, 2001).
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4, Conclusion

GC/MS, GC/MS/MS, LC/MS/MS, and in some cases LC/MS methods are required to
cover the full range of pesticide chemical classes and their transformation products. No one
method can meet the needs of all the current pesticide chemical classes. There are also a
number of chemical classes including phenoxyacid herbicides, pyrethroids, triazines,
acetanilides, and azoles with both GC and LC methods coupled to mass spectrometry which
may meet the needs of users. GC/MS or GC/MS/MS multiresidue methods with NCI are
recommended for use with OCs, most OC transformation products, trihalomethylthio
fungicides, and if a wide range of OPs require analysis for the best sensitivity and
selectivity. Pyrethroids are recommended to be done with GC/EI-MS methods for those
which are not chlorinated and for their derivatized degradation products. NCI may be also
used for added sensitivity and selectivity for those pyrethroids that are halogenated. When
developing GC/MS multiresidue methods it is also essential to have a GC/EI-MS method
which is more suitable for acetanilides, triazines, atrazine transformation products, some
OCs and a few OP pesticides. For some pesticides or transformation products the second
confirmation ion or SRM transition may not be sensitive enough and both NCI SIM and NCI
SRM methods or NCI and EI SIM methods may be required. If sufficient sample
concentration is available then EI SRM methods may also be useful for a wide range of these
pesticides. If sample concentrations are lower but added confirmation beyond these
methods is required then GC/TOF-MS or GCXGC/TOF-MS is an alternative. In general it is
not recommended to analyze azoles with GC/MS methods due to often higher detection
limits as compared to LC/MS/MS methods and thermal instability. As a strategy
LC/MS/MS methods should be utilized for carbamates, phenylureas, sulfonyl ureas, azoles,
and transformation products from these chemical classes. If a laboratory desires to minimize
the need for derivatization then phenoxyacid herbicides and their degradation products can
also be accomplished by LC/MS/MS and postcolumn reagent addition can be used if added
sensitivity is required for the chlorophenol transformation products. If a multiresdiue
LC/MS/MS method is developed for these pesticide classes then the inclusion of
chloroacetanilides, triazines, and transformation products from these chemical classes
should also be considered. As with GC/MS methods, one ionization method can not be
utilized for all chemical classes for LC/MS/MS methods and matrix impacts should be
assessed to determine if there is an advantage in utilizing an alternative ionization mode to
minimize impacts from interferences. For example one may consider analyzing
sulfonylureas and acetanilide transformation products with phenoxyacid herbicides with
LC/ESI'MS/MS, while analyzing phenylureas, carbamates, azoles, chloroacetanilides,
triazines, OPs and transformation products of OPs, carbamates, and some sulfonylureas by
LC/ESI+MS/MS, or LC/APCI+MS/MS method for triazines, phenylurea and their
transformation products for best sensitivity. LC/ APCI+/MS/MS can also be used to resolve
matrix issues or co-elution problems for OPs, chloroacetanilides, phenylureas, carbamates,
triazines, sulfonyl wureas (if phenoxyacid analysis is not required). Inclusion of
transformation products will likely be the largest factor in selection of multiple methods
with ESI and APCI in positive and negative mode as some transformation products require
alternative ionization methods from that used for parent pesticides for adequate sensitivity.
In addition the dithiocarbamates with the exception of triallate which can be included with
standard GC/MS methods should be done with separate LC/MS methods either for anionic
or neutral dithiocarbamates and their transformation products. Although their analysis
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requires a separate LC/MS method this is a significant improvement over prior GC methods
that were not specific to individual dithiocarbamates and were laborious. If no GC/MS
methods are necessary then pyrethroids may be included in LC methods. Currently the
advantages of new column choices, GCXGC or LCXLC, large volume injections, on-column
clean-up, post-column reagent addition, and TOF-MS are underutilized to resolve matrix
and confirmation needs and should be considered in future method development.
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1. Introduction

Pesticides have been worldwide used for the protection of food crops against pests and
diseases. It is common that residues of these pesticides occur in food products, especially
agricultural commodities. Adverse effects on human health of pesticides residues remaining
in food after they are applied to food crops are generally known. Possible health risk due to
pesticide residues in the diet has deeply modified the strategy for the crop protection, with
emphasis on food quality and safety. The widespread concern for the health of society led to
the strict regulation of maximum residue limits (MRLs) of pesticide residues in food
commodities. There are various organizations that set maximum residue limits (MRLs), such
as European Commission (EC), Codex Alimentarius or national governments in Australia,
Canada, Japan, USA, etc. Individual limits for different active substance per food
commodity combinations are being set by EC within the range of 0.0008-50 mg.kg1
(Directive 91/414/EEC). Newly discovered ecotoxicological problems, particularly the
knowledge on endocrine disrupting effects (Colborn et al., 1993; Lintelmann et al., 2003)
related also to pesticide residues, emphasise the acute requirement of analytical methods
development with increased sensitivity and reliability for monitoring, confirmation and
quantification of lower residue levels. Analysis close to these levels corresponds to the ultra-
trace analysis. This calls for urgent attention in two areas: (a) legislative requirements
continuously decreasing the maximum acceptable concentration levels in food, and (b) the
apparent importance of methods development in the area of pesticide residues analysis. The
urgent requirement for low-level analyses promotes also contribution to the science - in the
field of separation methods for ultra-trace analysis of organic pollutants in complex
mixtures. The method development heads to speeding up the analysis (what leads to
reduction of financial demands) while preserving the efficiency of conventional approaches
or getting even better efficiency. In pesticide residues analysis additionally there is ever
increasing interest to analyse as many analytes as possible in a single analysis. In the case of
semivolatile pesticide residues analysis gas chromatography (GC) still plays an important
role. Scientifically valid methods for the analysis at low concentration levels are currently
still often very close to limits of detections (LODs). The most efficient approach to pesticide
analysis involves the use of multiclass, multiresidue methods (MRMs). The sample
preparation procedure should be taken into consideration together with the
chromatographic analysis and detection in many aspects, mainly in limit of quantifications
(LOQs) and selectivity. In multiresidue pesticides analysis used for an inspection of the
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presence and/or violation of MRLs in a great number of pesticide residues, usually several
chromatographic runs are necessary for qualitative and quantitative analyses. Positive
samples exceeding the MRLs value require a subsequent confirmation. Nowadays, the use
of mass spectrometry as universal detection method that has identification capability with
mass spectral information and high selectivity with extracted ion trace or selected ion
monitoring seems to become indispensable for identification purposes.

Gas chromatography - mass spectrometry (GC-MS) with electron ionization (EI) and the
combination of liquid chromatography (LC) with tandem mass spectrometry (LC-MS/MS)
using electrospray ionization (ESI) are identified as techniques most often applied in multi-
residue methods for pesticides at present (Alder et al., 2006). For GC-amenable semivolatile
pesticides GC methods are still preferred over LC (liquid chromatography) methods due to
higher resolution. After a major advance of recent years in ultra-high performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS/MS), which have been
demonstrated to reliably quantify and identify hundreds of pesticides in less than 10 min
(Romero-Gonzalez et al., 2008), the establishment of faster GC methods instead of
conventional GC methods reaching separation in 25-45 min is a necessary continuation of
the development. Especially fast GC techniques satisfy the present-day demands on faster
and cost-effective analysis (Korytar et al., 2002; Domotorova & Matisovd, 2008). Analysis
time and the cost are the most important aspects that should be considered in the choice of
analytical method in routine application.

This contribution is devoted to the fast gas chromatography in pesticide residues analysis.
Classification according to the GC speeding-up strategies is mentioned and the main part of
the chapter is devoted to the fast GC in the analysis of pesticide residues with the use of
narrow-bore columns (internal diameter I.D. <0.2 mm). Specificity of pesticide residues
analysis as well as problems associated with analysis of pesticides in general are discussed.
Sample preparation mainly from the point of view of time requirements and feasibility for
fast GC is briefly outlined. Special attention to the selectivity enhancement by the negative
chemical ionization approach is devoted. Applicability of fast GC for pesticide residues in
real-life samples is demonstrated.

2. Classification of faster GC

During the last decade fast GC has acquired a real importance in the pesticide residues
analysis. Classification of faster GC based on speed enhancement factor was suggested by
Dagan & Amirav, 1996 and the terms fast GC, very fast GC and ultrafast GC are commonly
used at present days. The speed enhancement factor shows the gain in speed compared to
conventional capillary GC. Van Deursen et al., 2000 suggested a classification based on the
peak half width and the total analysis time. Every reduction of analysis time results in an
identical reduction of the chromatographic zone width due to the shorter residence time of
the components in the column. It is reasonable to use a definition that takes account of the
degree of separation per time. In classification, valuable information based on a peak width
is very useful also from the point of view of the major requirements for instrumentation. The
summarisation of both approaches to the classification of faster GC is in Table 1.

Nowadays fast GC can be performed on commercial gas chromatographs, which are
standard equipped with high-speed injection systems, electronic gas pressure control, rapid
oven heating/cooling and fast detection (Korytar et al., 2002, Matisovd & Domotorova,
2003). Fast GC technique has been established to real sample analysis very slowly. In the last
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few years the number of publications offering application of fast GC in real analysis has
increased (Domotorova & Matisova, 2008, Donatao et al., 2007).

Type of Analysis time Peak width at SEF Efficiency
analysis range half height (N)

>comparable to

fast minutes 1-3s 5-30 conventional GC
very fast seconds 30-200 ms 30-400 25 000
ultra fast sub-seconds 5-30 ms 400-4000 7 000

SEF - speed enhancement factor, N - plate number

Table 1. Classification of faster capillary GC.

3. Strategies of fast GC

Numerous options exist for pushing the speed of capillary gas chromatography as it was
summarized in a few reviews (Matisovd & Domotorova, 2003; Domotorova & Matisova,
2008; Mastovska & Lehotay, 2003). The most often approaches use i) narrow-bore columns,
ii) fast temperature programming, iii) low-pressure gas chromatography (LP-GC), or iv)
comprehensive GCxGC.

3.1 Narrow-bore columns

According to recent review by Donato et al., 2007, the wide majority of high-speed GC
applications described in literature have been carried out by means of reduced columns 1.D.
(internal diameter). The reduction of column LD. is usually combined with strategies as:
changing column geometry (column shortening approach, thinner stationary phase), or its
operating parameters (higher heating rates, above optimum carrier gas flow rate and in
some cases usage of hydrogen as a carrier gas) what corresponds to the theoretical concept
for the practical optimization of analysis speed of routine fast GC proposed by Klee &
Blumberg, 2002. Theory of capillary gas chromatography has already demonstrated that the
application of narrow-bore capillary columns has a number of advantages. Reduction of the
column diameter can increase the efficiency (and consequently, the resolution) and
drastically reduces analysis times. When the L.D. is reduced, optimal average linear velocity
is also faster, what additionally contributes to the higher speed of analysis. The penalty to be
paid is a much lower sample capacity which may result in higher LODs and LOQs and
related higher maintenance frequency is needed.

The list of latest applications of narrow-bore fast GC for analysis of pesticide residues in
food samples is given in Table 2. Various groups of pesticides were investigated by fast GC,
for instance carbamate, organochlorine, organophosphorous, organothiophosphate,
organotin, triazine and others. Prior to GC analysis, pesticide samples (standard solutions or
extracts) were injected to the system using split, splitless, on-column or PTV (programmed
temperature vaporization) injector mainly in cold splitless or in solvent vent mode. Helium
and exceptionally hydrogen were the most frequently used carrier gases. MS detector in SIM
mode is used preferably, specific and selective detectors as ECD (electron capture detector)
and universal as FID (flame ionization detector) are also used.
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Inlet systems and their operation have a significant effect on the performance of GC systems
in pesticide residues analysis. The most frequently used technique of injection in trace
analysis is a classic hot splitless injection. This injection technique has been employed in GC
analysis due to its robustness. It has some restrictions such as small sample capacity and it
may have a negative affect on results of quantitative analysis of pesticide residues, including
discrimination, adsorption and degradation of analytes, which can subsequently influence
the sensitivity. It was shown by Kirchner et al., 2004 that for the compounds with a broad
range of volatilities and polarities good solute focusing and repeatability of the peak area
measurements was obtained. Additionally, the pre-column to protect the analytical column
from excessive contamination was suggested. However, PTV injector provides the best
protection against effects of co-extracted compounds and operating in solvent vent mode
allows even larger sample volume introduction resulting in excellent LOQs. It significantly
eliminates matrix effects by releasing high-boiling co-extracted compounds through the split
vent and/or trapping in a liner. Hada et al., 2000 showed that PTV with solvent vent mode
was useful for large-volume injection (40 pl) into a narrow-bore capillary column because
the injected solvent volume could be reduced to less than 2 pl. The introduction of a large
sample volume is a simple and efficient way to increase sensitivity and useful way to
analyze low-level concentrations. This approach is utilisable mainly for relatively “clean”
matrices.

For a number of reasons (as sample capacity, inlet pressure values required, temperature-
programmable rates), 0.1 mm LD. columns seem to represent the current limit for the
routine use (Matisova & Domotorova, 2003). Properties of two narrow columns with I.D.s of
0.15 and 0.1 mm (15 m length and 0.15 um film thickness, resp. 10 m length and 0.10 pm film
thickness) compared Domotorova et al., 2006 with regards to their advantages, practical
limitations and applicability for fast GC on commercially available instrumentation. The two
columns have the same phase ratio and the same separation power (length to 1.D. ratio) to
allow the method translation with preserved resolution (Klee & Blumberg, 2002). 0.1 mm
LD. column provided speed gain of 1.74 and significantly narrower peaks, but all other
parameters investigated were better for 0.15 mm LD. column concerning more efficient
sample transfer from inlet to the column using splitless injection. Comparison of pesticides
separation on columns with different I.D.s is shown in Fig. 1. Better sample capacity (3 times
higher for 0.15 mm than for 0.10 mm L.D. column) resulted in improved ruggedness (up to
450 matrix sample injections with acceptable performance of analytical column (Kirchner et
al., 2005 a) and simpler fast GC- MS method development. The use of 0.1 mm [.D. column in
comparison to conventional one increased the detection limit as the peaks become sharper
(Kempe & Baier, 2002).

Trends in GC are ever-increasing need for positive identification and for more flexible
methods that enable analysis of a wide variety of samples in one system. These trends
clearly result in the need for MS detection (van Deursen et al., 2000), because it enables
structural elucidation for analyte identification. To obtain the low LODs and LOQs required
for regulation purposes, selected ion monitoring (SIM) must be used. Unfortunately, when
this sensitive mode of detection is used a part of the spectral information is lost. TOF is
generally considered to be the detector of choice for applications with columns of I.D. > 0.1
to < 0.2 mm (Mastovska & Lehotay, 2003) due to their fast data acquisition rates reaching up
to 500 Hz and the subsequent possibilities of chromatographic and spectral deconvolution.
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Elution order (1) Cis, (2) dimethoate, (3) terbutylazine, (4) diazinon, (5) pyrimethanil, (6) chlorpyrifos-
methyl, (7) fenitrothion, (8) chlorpyrifos, (9) cyprodinyl, (10) penconazole, (11) captan, (12)
methidathion, (13) C2, (14) kresoxim-methyl, (15) myclobutanil, (16) tebuconazole, (17) phosalone, (18)
bitertanol, (19) Cas, (20) cypermethrin, (21) ethofenprox; S, impurity from solvent.

Fig. 1. Chromatogram of GC-FID analysis of n-alkanes and pesticides in toluene on the
narrow-bore column CP-5il 8 CB (A) 15 m x 0.15 mm L.D. x 15 pm. (B) 10 m x 0.1 mm L.D. x
10 pm. Injected volume 2 pl of solution 0.25 ng.pl-! of each analyt in toluene. (Domotsrova et
al., 2006).

Quadrupole instruments have been most widely used with conventional capillary GC.
Daluige et al., 2002 utilized quadrupole MS as a detector in the resistively heated GC, the
scan speed of the quadrupole mass spectrometer (16 spectra per second in the range m/z 50-
310) was found to be sufficient for a proper reconstruction of the chromatographic peaks,
and good-quality mass spectra were obtained. Six scans across a peak were sufficient for
peak integration. In pesticide residue analysis with narrow-bore fast GC, Kirchner et al,,
2005 b found that the spectra acquisition rate has a great impact on sensitivity (peak areas,
peak shapes and S/N (signal-to-noise) ratios). The quality of the obtained spectra was not
significantly influenced in the full scan monitoring mode for the fastest scan rates. For
quantitative analysis a SIM mode was able to acquire the sufficient number of data-points
for the proper peak shape reconstruction and good repeatability of peak areas
measurements expressed by RSD (<5%) for all tested dwell times shorter than 75 ms.
However, for shorter dwell times up to 10 ms, the S/N ratio is lower, while peak areas are
not influenced. Proving the quadrupole MS ability for adequate detection of narrow peaks
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without the loss of sensitivity gives the possibility to extend the use of the fast GC to routine
laboratories.

Fast GC-MS methods using narrow-bore capillary columns have been developed and
validated as effective substitutes for conventional capillary GC-MS for limited number of
pesticides (Kirchner et al., 2005 a) and for multiresidue analysis of wide range of pesticides
including carbamates, organochlorines, orhanophosphorous, triazoles and others (Huskova
et al., 2008). The LOQs and ruggedness of fast GC-MS are sufficient for the analysis of
pesticide residues even in baby food (Hercegova et al., 2006; Kirchner et al., 2008). The
method for the determination of 29 pesticides proved or suspected to be endocrine
disrupting chemicals was developed and validated by Huaskova et al., 2010 a. LOQs in the
range of 0.04 to 10 ug.kg?! for majority of pesticides were obtained, dicofol, linuron and
prochloraz gave LOQs < 21 pg.kg? using matrix-matched standards for calibration.

3.2 Fast temperature programming

Combined approaches to realize the analysis faster are usually applied. Fast temperature
programming and narrow-bore column utilization was shown by Ochiai et al., 2006 and
subsequently modified by Samsamoto et al., 2007. 82 pesticides in natural water by fast
screening method employing dual SBSE (stir bar sorptive extraction) - termal desorption
(TD)-GC-MS were analyzed. Fast temperature programming (75 °C.min) using a 0.18 mm
LD. narrow-bore capillary column and fast scanning (10.83 scan.s!) quadrupole MS were
employed. The method showed high sensitivity with LODs < 10 ng.l! and remarkable
precision for most of the target pesticides.

Very fast temperature programming is realized by inserting capillary column into a
resistively heated metal tube, or column enclosed in a resistively heated toroid-formed
assembly, allowing heating rate of 1800 °C.min! and a cool-down time of less than 1 min
(Daliige et al., 2002). Mastovska et al., 2001 used the flash GC technique (resistive heating of
a short capillary column 5 m x 0.25 mm LD.) for the analysis of 15 organophosphorus
pesticides, the GC analysis time was reduced by a factor of more than 10 compared to the
conventional GC technique (moderate oven temperature programming of a six times longer
high resolution capillary column). Due to much narrower peak widths, improved
detectability of analytes (higher S/N) was achieved. In comparison with the alternative fast
temperature programming technique realized by a conventional GC oven, significantly
better retention time repeatability was observed.

3.3 Low-pressure gas chromatography

Typically, LP-GC-MS involves the use of a short narrow uncoated restriction capillary (3 m x
0.15mm LD. or 0.1 m x 0.1 mm L.D.) connected between the inlet and a relatively short wide-
bore analytical column (5-10 m x 0.53 mm ILD. x 1 pm film thickness). This column is
maintained under vacuum conditions due to pumping from the MS system, which causes
the helium carrier gas to have shifted the optimal flow velocity from the van Deemter
equation to greater flow rate. Meanwhile, the restriction capillary allows normal operating
pressure at the inlet (de Zeeuw et al, 2000). Detailed review on LP-GC was recently
published by Ravindra et al., 2008. The main drawback of this technique is the loss of
separation efficiency. Wider peaks compared to other approaches of fast GC do not require
high acquisition rate of MS detectors, therefore, common detection techniques are adequate.
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Another advantage is the lower elution temperature that is beneficial for thermally unstable
analytes and stationary phases, enhancement of S/N ratio leads to the improved detection
limits and it offers a 3-5-fold reduction in analysis time in comparison to conventional GC.
LP-GC-MS using a quadrupole MS instrument was developed and evaluated for the fast
analysis of 57 pesticides in food crops by Mastovska et al., 2004. The further study for fast
LP-GC-MS employing TOF for determination of 100 analytes was developed by Cajka et al.,
2008. The sample throughput of combination of QuEChERS sample preparation technique
followed by LP-GC/TOF-MS (time-of-flight mass spectrometry) was checked by
Koesukwiwat et al., 2010.

3.4 Comprehensive GCxGC

Comprehensive two-dimensional gas chromatography (GC x GC) is a powerful separation
technique in which two gas capillary columns with different separation mechanism are
coupled via an interface called modulator. This modulator is used to focus and efficiently
transfer (i.e. re-inject) the entire effluent from the first column into the second one as
consecutive narrow chromatographic bands. The fast GC separation that takes place in the
second column depends on the nature of stationary phase, its length and the offset of
temperature between this column and the main oven. Advanced detection methods, as a
consequence, necessitate rapid acquisition capacities. Flame ionization detector (FID)
systems are characterized by rapid data acquisition rates (250 Hz max) and are the most
commonly used. Time-of-flight mass spectrometers (TOF MS) have a demonstrated
effectiveness for the positive identification of comprehensive GC analytes (Tranchida et al.,
2004). This type of MS possesses a higher scan speed in respect to traditional quadrupole
systems and is capable of supplying sufficient spectra per peak (at least 10) for reliable
component assignment.

The main features of GC x GC, the influence of the experimental parameters in the final
peak capacity and separation power as well as the main advantages of GC x GC as
compared to other multidimensional chromatographic separation techniques for different
application fields have been discussed in the recent reviews (Adahchour et al., 2006;
Adahchour et al., 2008).

Ramos et al., 2009 evaluated the feasibility of using GCxGC-pECD (micro electron capture
detection) in combination with a miniaturised generic matrix solid-phase dispersion-based
sample preparation method for the fast monitoring of pesticides in real samples. The
comparison of LODs with conventional GC-MS (quadrupole mass analyzer) screening
triazines, organophosphorus pesticides (OPPs) and pyrethroids, in different types of fruits
was evaluated. GCxGC provided lower LODs values.

4. Specificity of pesticide residues analysis

Despite of great efforts in the research of GC amenable pesticide residues analysis the
analysis is complicated by the co-injected matrix constituents responsible for the matrix-
induced chromatographic response enhancement or the subsequent decrease of the
response. When a real sample is injected, the matrix components tend to block active sites in
the GC injector and column, thus reducing losses of susceptible analytes caused by
adsorption or degradation on active sites. This phenomenon results in ordinarily higher
analyte signals in matrix-containing, versus matrix-free solutions (Hajslova & Zrostlikova,
2003).
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DMI - difficult matrix introduction, ECD - electron capture detector, FID-flame ionization detector,
FPD-flame photometric detector, FTD- flame thermo-ionic detector, LVI-large volume injection, MS -

mass spectrometry, NPD-nitrogen-phosphorus detector, PEPD-pulsed flame photometric detector, PTV
- programmed-temperature vaporization (injector), SIM-selected ion monitoring, TDU - thermal

desorption unit, TOF-time-of-flight. Highlighted items use the fast temperature programming.

Table 2. A narrow-bore column and resistive heating fast GC approaches to the pesticide

residues analysis
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Ways to compensate the matrix effects include: (i) use of isotopically labelled internal
standards, (ii) method of standard addition, (iii) use of matrix-matched standards, and (iv)
use of analyte protectants (APs). The most widely used method in laboratories nowadays is
the use of matrix-matched standards. This approach is, however, complicated by the fact,
that the composition of matrix-matched standard should be as close as possible to the
composition of real sample matrix in order to provide good compensation of matrix effects.
The principle of “analyte protectants” use is to find masking agents that would mask active
sites in the GC system and thus would provide strong response enhancement of pesticides.
More than 90 compounds belonging to different chemical classes were evaluated in order to
protect coinjected analytes against degradation and/or adsorption in GC system
(Anastassiades et al., 2003 b). Ethylglycerol, gulonolactone and sorbitol have been chosen as
the most promising substitute of fruit and vegetable matrix.

The influence of chromatographic matrix induced response enhancement in fast GC with
narrow-bore column was studied by Kirchner et al., 2005 a and it is illustrated in Fig. 2,
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Fig. 2. Overlaid chromatograms (n=>5) of selected pesticide standards prepared in neat
toluene (lower responses) and standards prepared in blank apple matrix-matched
standards, both at concentration level 0.0125 ng.pl, corresponding to 5 pg.kg? in apple
matrix, Kirchner et al., 2005 a.

where extracted ion chromatograms (n=5) of several pesticides obtained from the standard
solution in a neat solvent (lower responses) is overlaid with matrix-matched calibration
standard chromatograms (higher responses) of the same concentration injected under
identical conditions (n=5). The chromatographic matrix induced response enhancement was
found to be strongly dependent on the concentration of residues mainly in the lowest
concentration region and is reaching up to 700 % compared to the pesticides solutions in a
neat solvent. Selected results are shown in Table 3. Response enhancement is caused
primary by the deactivation of active sites in the inlet but some improvements of the peak
shapes were observed also under the protective effect of co-eluting matrix components in
the analytical column and retention gap. However, it was shown that fast GC-MS utilizing
narrow-bore columns with 0.15 mm L.D. shows acceptable stability of the separation system
and the responses of pesticides in matrix-matched standards at different concentration
levels do not significantly change during 130 injections with the proper maintenance of inlet
liner and retention gap. Illustrative chromatograms of fast GC separation with narrow-bore
column showing the influence of matrix-matched standards use and the use of analyte
protectants in comparison to the chromatogram without matrix compensation is given in
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Fig. 3. In a neat solvent (acetonitrile MeCN) the shapes of pesticide peaks are very poor,
whereas the chromatogram of matrix-matched standards and also the chromatogram with
APs, which have been utilised for the elimination of matrix effects in real sample analysis,
are suitable for evaluation. It should be pointed out, that measurements in a neat solvent
were performed in a “dirty” chromatographic system. The instrument noise seems to be
comparable to matrix-matched standards and standards in a neat solvent.

However, responses in matrix-matched standards improve significantly. In order to
compare the performance of APs with matrix-matched standards (Kirchner et al., 2008)
calibration curves of selected pesticides were searched in terms of linearity of responses,
repeatability of measurements and reached LOQs utilizing the following calibration
standards in the concentration range 0.001 - 0.5 pgkg?: in a neat solvent (MeCN)
with/without addition of APs, matrix-matched standards with/without addition of APs.
For APs results are in a good agreement with matrix-matched standards. To evaluate errors
of determination of pesticide concentration in samples at the concentration level of
pesticides 0.05 pg.kg! synthetic sample were analyzed and quantified. For less troublesome
pesticides very good estimation of concentration was obtained utilizing APs, while for more
troublesome pesticides such as methidathion, malathion, phosalone and deltamethrin
significant overestimation reaching up to 80 % was occurred (Fig. 4).

Pesticide Relative average peak area in %
Concentration (ng.ul-1)
0.0125 0.025 0.125 0.25 1.25 2.5
Dimethoate 419.7 295.5 209.6 152.9 101.0 89.2
Terbuthylazine 150.2 144.0 129.6 112.3 91.8 76.5
Diazinone 178.7 177.5 148.9 125.3 95.9 79.6
Pyrimethanil 155.8 153.8 134.5 115.2 91.5 74.2
Chlorpyrifos-methyl 227.8 227.6 188.2 152.0 102.9 85.8
Fenitrothion 489.3 487.8 4141 288.8 130.1 101.0
Chlorpyrifos 228.6 229.3 188.9 148.3 106.0 89.6
Cyprodinyl 163.2 168.1 150.2 118.9 98.3 84.2
Penconazole 198.4 203.7 167.4 1304 103.8 89.9
Captan - - 23.8 18.05 18.4 223
Methidathion 332.3 307.5 192.4 135.8 99.9 90.0
Kresoxim-methyl 218.6 220.4 161.1 1294 107.2 94.8
Myclobutanil 438.7 350.8 190.4 141.8 107.8 95.2
Tebuconazole 464.5 433.5 279.0 194.5 127.5 113.2
Phosalone 367.5 377.1 237.8 165.3 112.6 99.3
Bitertanol 1 758.2 700.8 531.1 293.2 160.5 150.9
Bitertanol 2 772.3 709.7 393.6 219.9 111.0 116.8
Cypermethrin 1 378.7 380.0 317.6 193.3 140.1 126.9
Cypermethrin 2 395.7 346.6 278.3 161.6 119.7 104.4
Cypermethrin 3 571.1 4191 253.9 153.3 113.9 96.0
Etofenprox 2229 202.7 153.1 131.5 113.7 99.7

Table 3. Dependence of chromatographic matrix induced response enhancement on
concentration of pesticides measured, expressed as relative peak area of matrix matched
standard to standard prepared in neat solvent, in % (n=>5), Kirchner et al., 2005 a.
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Fig. 3. Fast GC-MS chromatograms of pesticides obtained in SIM mode. A - standards in
neat solvent (MeCN); B- standards in solvent with addition of analyte protectants (2 pg of 3-
ethoxy-1,2-propanediol, 200 ng of D-sorbitol and L-gulonic acid y-lactone); C - matrix-
matched standards (matrix-apple prepared by QUEChERS method). Concentration level

10 pg.kg?, injected volume 2 pl, PTV injection. 1 - pyrimethanil, 2 - fenitrothion, 3 -
tetraconazole, 4 - cyprodinil, 5 - tolylfluanid, 6 - kresoxim-methyl (Haskova et al., 2007)
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Fig. 4. Graf of calculated concentrations of pesticides in synthetic sample using MeCN with
addition of APs and matrix-matched standards (both normalized to triphenyl phosphate) vs.
expected concentration of 50 ug.kg1. Error bars on each column represent repeatability of
measurements, (Kirchner et al., 2008).
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5. Sample preparation in food samples analysis by fast GC

When considering the merits of developing and validating a routine GC method, the total
run time involved in analysing the sample must be considered (Klee & Blumberg, 2002). The
total run time is the sum of the time for sample preparation, sample introduction, separation
and detection, cool down and reequilibrating and reporting.

Sample preparation is usually the limiting step of analytical method determining the sample
throughput in pesticide residues analysis of food and environmental samples. Therefore, it
is necessary to combine a fast chromatography technique with fast sample preparation
technique; the total analysis time can be reduced significantly.

The sample preparation approach known as QuEChERS, which stands for “quick, easy,
cheap, effective, rugged and safe”, firstly introduced by Anastassiades et al., 2003 a
represents a breakthrough in the field of sample preparation. QUEChERS approach use
acetonitrile for extraction of a 10-15 g homogenized sample followed by salt-out partitioning
of the water from the sample using anhydrous MgSO,, NaCl, and/or buffering agents, and
further clean-up using dispersive solid-phase extraction (d-SPE) or disposable pipette
extraction (DPX) with anhydrous MgSOy, primary secondary amine (PSA) and/or in
combination with Cig, graphitized carbon black (GCB) sorbents. Ethyl acetate (EtOAc) is
sometimes used as a substitute solvent in QUEChERS procedure, but generally it leads to
less clean extracts and lower recoveries of numerous pesticides. Acetate-buffered MeCN
version (relatively strong buffering at pH 5) exhibits advantages in comparison to non-
buffered or weaker citrate buffered version, but both were accepted by scientific standards
organizations - acetate version AOAC Official Method 2007.01 and citrate version European
Committee for Standardization (CEN) Standard Method EN 15662. Intercomparison of
unbuffered and both buffered methods (Lehotay et al., 2010) was evaluated in terms of pH-
dependence, co-extracted matrix components, matrix effects and substitution of MeCN with
EtOAc. It was shown, that the use of EtOAc leads to less clean extracts and lower recoveries
of more pesticides, but for GC-amenable pesticides EtOAc gave equivalent results as MeCN.
The QUEChERS approach is very flexible and it serves as a template for modifications on the
analyte properties, matrix composition, equipment and subsequent analytical technique.
QuEChERS reached the worldwide acceptance, it serves as a base to create different
permutations for the analyte(s)/ matrix(es) applications.

Concerning throughput, according to Koesukwiwat et al., 2010, sample preparation of fruit
and vegetables using QUEChERS technique takes <10 min per individual sample, or <1 h for
the two chemists to prepare 32 pre-homogenized samples and <10 min LP-GC run time and
<15 min cycle time allowed > 32 injections in 8 hrs for identification and quantification of
150 pesticides. Time requirements of QuEChERS and gel permeation chromatography
(GPC) in combination with 7 min LP-GC-TOF-MS run time for separation of multiple
pesticide residues were compared by Cajka et al., 2008, and the batch of 12 fruit samples
with 6 matrix-matched standards were analyzed within 4 h with the use of QUEChERS in
contrary to 20.5 h with the use of EtOAc extraction with GPC, thus time reduction by a
factor of 5. However, GPC is considered as universal method for cleaning-up purposes of a
wide range of matrices and multi-class pesticides, the time analysis and the cost is too high.
According to Haskova et al., 2009, the batch of 6 samples in parallel is prepared within 46
min with the fast GC with narrow-bore column single run time 11.45 min.

QuEChERS technique is the most effective technique employing the clean-up step. If the
extract does not contain co-extractants and also a lot of matrix components, avoiding clean-
up step lead to decreasing the analysis time.



144 Pesticides - Strategies for Pesticides Analysis

Other extraction techniques and particularly novel mikroextraction techniques belong to
effective and fast techniques. They overcome the shortcomings of classical liquid-liquid
extraction or solid-phase extraction. To have simple, fast and green procedures
microextraction techniques are developed. Solid-phase microextraction (SPME), stir bar
sorptive extraction (SBSE) and microextraction with packed sorbents (MEPS) are examples
that are used for sample preparation of pesticide residues containing food matrices (Chen et
al., 2010). It was shown by several authors (Ochiai et al., 2005, Barriada-Pereira et al., 2010),
that using SBSE technique allows batch sample preparation, for example 60 samples on one
stir-plate, (typically in minutes (up to 60 min)), high recovery and extremely low LODs at
sub ng.ll. Whereas SPE and MSPD need a concentration step, SPME and SBSE allow
carrying out the extraction and concentration step in a single step. SPME and SBSE are
equilibrium processes, but SBSE enables a much higher capacity because of the large
amount of polymeric phase (24-126 ul) compared to SPME (0.5 pl).

6. Selectivity enhancement by GC-NCI-MS approach

Over the past 10 years, there has been an increased interest in negative ion/molecule
reactions as an ionization technique in MS detection (Liapis et al.,, 2003; Schulz, 2004;
Husgkova et al, b, 2010). In negative chemical ionization (NCI), a reagent gas at higher
pressure is introduced into the ion source. The electron beam in the mass spectrometer
collides with the reagent gas and the essence of the technique is based on the ionization
through the capturing of a low energy electron by the analyte molecule. Compounds with
sufficient electron affinity, such as chlorinated molecules, are very sensitive towards this
mode of detection. NCI is a low energy process with limited fragmentation (easily
identifiable molecular ion) and provides simple mass spectra in comparison to the EI
technique. With this technique, usually a few ions of high abundance are observed in the
relevant mass spectrum and this enhances analyte detectability. Summarily, advantages of
the NCI ionization technique are chromatograms with less chance for the interferences from
ions derived from the sample matrix; better S/N ratio; higher sensitivity and selectivity;
analysis of organic compounds at the ultratrace concentration levels (ppt concentration)
with low LODs and LOQs. Detection limits are usually two orders of magnitude lower than
the corresponding EI-MS or positive chemical ionization methods.

Application of fast GC set-up using narrow-bore column (0.15 mm I.D.) in combination with
MS detector in NCI mode was introduced and compared to fast GC-MS with electron
ionization by Huskova et al., 2009. Multi-residue method of 25 pesticides belonging to
different groups (organochlorines, organophosphates, pyrethroids, dicarboximides, 2,6-
dinitroaniline, triazinone, substituted urea, phthalamide, cyclodiene, triazole, imidazole),
varying in polarity, volatility and other physicochemical properties from non-fatty fruit and
vegetable matrices based on fast GC with quadrupole NCI-MS was developed and
verification of the method was realized. Blank apple sample extracts were used for the
preparation of matrix-matched standards. The illustrative chromatograms of target ions of
endocrine disrupting pesticides in matrix-matched standard solution using both ionization
techniques are presented in Fig. 6. The concentration level corresponding to 10 pg.kg? in
fruit matrix was below or far below the MRL values of all pesticide/commodity
combinations and it was selected with intention to show the potential of the method for
utilizing in ultratrace analysis that is essential in the analysis of endocrine disruptors. EDCs
are compounds that are expected even in minute amounts to be able to disrupt the
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endocrine system and cause cancer, harm to male and female reproductive systems, and
other adverse effects. Chromatogram obtained in the NCI mode (Fig. 6 A) with the very
high response of detector, lower background disturbances and better S/N ratio in
comparison to the EI mode (Fig. 6 B) at the same concentration level can be seen. Matrix-
matched standard solutions were analyzed to determine the linear response range of the MS
detection in the NCI and EI mode, repeatability of the peak area measurement, and to
compare the overall performance of NCI vs. EL. The selected EDCs pesticides were analyzed
in 11.45 min. Linearity of calibration curves constructed from absolute peak areas (Aj),
expressed as coefficient of determination (R?), was in the range of 0.9936 - 1.000 in the NCI
mode and 0.9820 - 0.9999 in the EI mode. Repeatability of calculated R?, expressed as
relative standard deviations (RSDs), for both absolute and normalized peak areas was
<1.1 %. NCI is more sensitive, resulting in up to 100-fold decrease in the lowest calibration
levels (LCLs, Table 4). For the majority of EDCs pesticides the LCLs were 0.01 and
0.05 ng.ml? (0.01 and 0.05 pg.kg?) for fast GC-NCI-MS and 1 ng.ml (1 pg.kg?) for fast GC-
EI-MS. Instrument LODs, LOQs and further validation parameters are listed in Table 4.
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Fig. 6. Chromatograms of target ions of pesticides in matrix-matched standard solutions
analyzed by fast GC-MS in SIM mode at the concentration level of 10 ng.ml-
(corresponding to 10 ng.kg1): A - NCI mode; B - EI mode. Numbering of peaks is identical
with the number of compounds given in the Table 4. (Huskova et al., 2009).



Pesticides - Strategies for Pesticides Analysis

146

¥Z'0 445" 200 1€C 1L 154 00T 0T°0 8660 16660 uLppuwelpdp | 9¢
€89 {44 S0C Y445 1L 9'G 009 050 £666°0 Y6660 urnpouadLo| 67
0641 09¢C LE°S 619 €q 8'C 0001 00'T 28660 26660 zeroppoxd | §g
ce0 16¢ 110 68 6'6 K4 00T 0T’0 66660 0000°T XolIlul | ¢¢
800 6'T1L 00 €€ 0L 19 00T 10°0 26660 86660 ULIYIULJIq | ¢
€c0 Ay 010 €C 1L 44 00T 10°0 66660 0000°T suorpoxdr| Tg
€0'¢ 8/¢€ 160 €Il <L qc 00°0L 00'S S686°0 86660 SUO0D9PIOIYD | (OC
700 CL 100 x4 L'L 8 00T 10°0 86660 96660 €jog-uejnsopuo | 6L
£9°¢ 6 60T LT ¢'8 67V 009 10°0 6£66°0 26660 usjonIu | QL
¢C0 L'0T 200 0'¢ 6'6 6C 00T 10°0 06660 86660 [uengqopAuwr | /1
€a'l L€ 970 L'l 1L L'S 00T 10°0 £666°0 96660 ej[e-uej[nsopus | 9]
g0 97 010 Al 9'6 q'q 00T 10°0 S666°0 96660 SUEPIO[Yd | GT
9'¢c 0evL S0’ 0y 0'6 Gl 00°0L 050 ¥866°0 88660 1odjoy| ¥
8¢0 8L 600 1'6S 18 07 00T 0T°0 88660 68660 uoulzeip | ¢T
060 €0L L0 6'0¢ 9’6 N4 00T 0T°0 86660 66660 suoprwhoord| 7T
L8'TL LyL 9¢'¢ 7'0€ 69 L'y 00°0L 0T°0 02860 79660 [0joorp | 11
£0°TC 9¢6 g9 18¢ 9L 6°C 00°0L 00T 89860 9¢66°0 uoInuif| QL
cl'l 6CL €0 8'8C 1L v'e 00T <00 S666°0 86660 uonpeeu| 6
pJlepueis |eulsiul hO_r_UﬁHQwr_ ]
260 8'¢C 6C°0 L'l 6'6 67 00T 10°0 16660 06660 UI[OZOUIA | /
€€0 S'6C 010 8'8 8'8 8V 00T <00 98660 86660 urznqupauwr | 9
L0 €Il 800 8'¢ce 98 (%% 00T <00 06660 66660 [Apgow
-sojukdiorp| ¢
€Ll Kq" S0 A8 €L 4 00T <00 26660 96660 ouepul]| ¥
€90 OTT 910 L'ee ¢'8 €q 00T <00 ¥866°0 16660 SjeoypwiIp | ¢
800 0'¢ 00 <80 6L LS 00T 10°0 S666°0 96660 U9ZUSqOJIOTydexay | ¢
¥C'0 ¢S50 200 S0 69 14 00T 10°0 08660 86660 ureanpyrn | T
H ION 14 ION 14 ION 14 ION 14 ION
(rrwrSu) | (ppurdd) | (puesu) | (qu-dd) ) (-Tu-Su) s .
001 ao1 vasy 101 A pnsad N

R2 - coefficients of determination, LCL- the lowest calibration level, RSDai - relative standard deviation
(6 replicates), LOD - limit of detection calculated as 3:1 S/N ratio from calibration measurements, LOQ

- limit of determination calculated as 10:1 S/N ratio from calibration measurements.

Table 4. Verification parameters of the GC-NCI-MS and GC-EI-MS analytical methods.
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In the NCI mode, LODs were in the range of 0.15 - 88.82 pg.ml-! (0.00015 - 0.089 pug.kg? in
real sample) and LOQs were in the range of 0.52 - 291.35 pg.ml- (0.00052 - 0.291 ug.kg? in
real sample) for the majority of analytes under the study. Linuron, folpet, chlordecone,
prochloraz, cypermethrin and deltamethrin have the LOD values > 100 pg.ml! and LOQ
values > 300 pg.ml-1. LODs and LOQs obtained in EI mode are at the level of ng.ml-. For all
analytes except linuron, dicofol and prochloraz, the LOQs were below 10 pg.kg, which is
the MRL required for the pesticide residues in baby-food. The NCI mode provided
significantly higher selectivity and sensitivity. Better results for the NCI mode were
obtained as a consequence of minimizing the background interferences and a better S/N
ratio. The method LOQs, determined from recovery studies, was 5 pug.kg?! in EI mode
(except for folpet, chlordecone, endosulfan-alfa and endosulfan-beta). NCI-MS detection
allowed 5 times to even 50 times for some pesticides lower method LOQs. The developed
GC-NCI-MS method fulfilled the EU criterion concerning recovery rates and RSDs at the
concentration of 1, 5 and 150 pg.kg! for all compounds under study.

The main advantage of the GC-NCI-MS measurement procedure was the increase of the
selectivity, e.g., the differentiation between the target component and the accompanying
sample matrix coextractants. As the universal detection by MS in EI mode is changed to
selective detection by the process of chemical ionization (CI), the selectivity is increased, and
the measured sensitivity of the selected analytes is enhanced for a variety of active
endocrine disrupting pesticides with adverse effect on human endocrine system. For the
proper balance it is necessary to mention the disadvantages of NCI, unavailability of library
spectra for analytes and the requirement for an analyte to be active in NCI mode, e.g. to
contain halogen elements are the most weighty.

7. Real-life samples analysis

The most important application of fast GC is in situations, where the results of analysis are
needed close to where the answer is needed (e.g. process control, on-site environmental and
industrial hygiene applications) to obtain increased laboratory throughput. Practicality of
fast GC is a function of a sample preparation step and the matrix interferences, so, for those
applications, where the GC separation is the bottleneck using fast GC is indeed a significant
contribution. Several real-life analyses usually follow the method validation or the
developed method is applied to a screening or monitoring. Examples of real-life samples
analysis employing the fast GC with the narrow-bore columns and resistive heating
approach as an analytical technique for pesticide residues determination were summarised
in Table 2.

Cunha et al.,, 2009 applied the fast LP-GC-MS method for the determination of multiple
pesticides in grapes, musts and wines, 8 min time analysis for fast GC versus 24 min using
conventional approach was obtained. Total analysis time including QuEChERs sample
preparation technique was less than 20 min. LP-GC-MS-MS was applied to the analysis of 65
pesticide residues in fat fruit matrices such as avocado (Moreno et al., 2006), pesticides in
tomato samples (Walorczyk & Gnusowski, 2006), determination of pesticides residues in
tropical fruit (Vidal et al., 2007), analysis time reduction in half was obtained by Arrebola et
al., 2003 for 71 pesticides in fresh vegetables matrices. Koesukwiwat et al., 2010 evaluated
method ruggedness and matrix effects in LP-GC-TOF-MS analysis of 150 pesticides in fruit
and vegetables.
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In this sub-chapter the example of real sample analysis by narrow-bore fast GC-NCI-MS
method combined with QuUEChERS sample preparation developed by our group is
presented. The selected positive findings of pesticide residues in different real fruit and
vegetable samples are shown in Table 5.

NCI EI
Matrix Pesticide Ci RSD Ci RSD

[ng-kg] [%] [ng-kg] [%]
orange malathion 50.1 0.52 52.5 3.5
lettuce iprodione 40.1 1.2 42.0 3.0
peara iprodione 40.1 1.2 41.3 3.4
pears bifenthrin 69.0 5.2 64.8 4.1

myclobutanil 0.07 6.8 n.d. -

metribuzin 0.06 3.0 n.d. -

kohlrabi vinclozolin 0.15 2.1 n.d -

myclobutanil 0.25 3.6 n.d. -
plum iprodione 234.3 0.31 241.1 2.8
strawberry iprodione 40.9 1.2 41.3 34
myclobutanil 24.3 6.3 30.4 4.2
peppet cypermethrin 472 2.2 549 6.0

Table 5. Concentration c; (ng.kg?) of pesticide residues in real samples and repeatability of
measurements expressed as relative standard deviation RSD (%) of parallel extractions; n. d.
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Fig. 7. Chromatogram of target ions of EDCs pesticides analyzed by fast GC-MS in SIM in EI
(upper figures) and NCI mode (bottom figures) in real samples A - orange (malathion), B -
lettuce (iprodione).
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Average pesticide concentration (calculated from triplicate analysis of two parallel samples)
obtained from absolute peak areas and relative standard deviations (RSDs < 6.8 %) for
parallel samples are presented in Table 5. Determined pesticide residues concentrations
were in the range of 0.06 - 241.1 pg.kg-1. The concentrations of pesticide residues determined
by fast GC-MS in the NCI and EI mode were in a good agreement. The example of pears and
kohlrabi shows the ability of the NCI-MS method for the pesticide residue analysis at low
concentration level. For illustration the chromatograms of the target ions of the pesticides
analyzed by fast GC-MS in the SIM mode in the real sample extracts, in NCI and EI
ionization modes, are given in Fig. 7 (Huskova et al, 2009). It is evident from the
chromatograms that there are interferences in EI mode which are dependent on the matrix
(orange, lettuce), whereas in NCI mode very “clean” chromatograms with high responses of
analytes without influence from the matrices were obtained.

8. Conclusions

For pesticide residues analysis ultrasensitive analytical methods are required and there is
still the need to improve the performance and ruggedness of analyses. Despite the
tremendous developments and improvements in the analytical instrumentation, for most of
substances there is continuous need to employ the extraction and preconcentration steps.
Speeding-up analysis in gas chromatography is the unavoidable way in routine analytical
laboratories requiring higher throughput and reduced costs of performed analyses. The use
of narrow-bore capillary columns with the enhanced separation efficiency and the use of
short wide-bore column for low-pressure GC are the most promising ways and an
additional research in these areas is expected. The advances obtained in the study of fast GC
are a base of knowledge for comprehensive gas chromatography where the fast GC takes a
place.

Nowadays fast GC can be performed on commercial gas chromatographs with standard
equipment for high-speed injection, electronic pressure control, rapid oven heating/cooling
and fast detection. The main stress of this contribution was given to the advances and
achievements in the area of narrow-bore approach of speeding the GC analysis up, as there
is the significant contribution of our research group to the study of possibilities and
limitations and to the search on ruggedness of fast GC with narrow-bore columns for
pesticide residues analysis at ultratrace concentration level. It was shown, that not only
time-of-flight, but also in laboratories widely used quadrupole MS detector was shown to
broaden its ability to detect the narrow peaks without the loss of sensitivity. Multiresidual
fast GC methods for analysis of pesticide residues in different non-fatty fruit and vegetable
samples employing MS in electron ionization and negative chemical ionization modes were
developed. The use of negative chemical ionization was demonstrated as a tool for
sensitivity enhancement for selected analytes and matrices. Applicability of the methods
was demonstrated on real samples. The special emphasise was given to the analysis of
samples contaminated by endocrine disrupting pesticides with the aim to obtain LOQs
significantly lower in comparison to MRL values.
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1. Introduction

The agricultural production of food and feed on an economically competitive basis needs an
ever-increasing application of pesticides. Pesticide is a general term that includes variety of
chemical and biological products to kill or control pests such as fungi, insects, rodents and
weeds. In the European Union (EU) approximately 320,000 tonnes of active substances are
sold every year, which accounts for one quarter of the world market (The Pesticides Safety
Directorate, York, United Kingdom). Residues in fruit and vegetables, cereals, processed
baby food and foodstuffs of animal origin are controlled through a system of statutory
maximum residue limits (MRLs). The maximum residue limits (MRLs) are defined as: “The
maximum concentration of pesticide residue (expressed as milligrams of residue per
kilogram of commodity (mg/kg)) likely to occur in or on food commodities and animal
feeds after the use of pesticides according to good agricultural practice (GAP)" (Proposed
PAHO/WHO Plan of Action for Technical Cooperation in Food Safety, 2006-2007). MRLs
vary ordinarily within the interval 0.0008-50 mg/kg (The Applicant Guide: Maximum
Residue Levels, The Pesticides Safety Directorate, York, United Kingdom), typically
between 0.01 and 10 mg/kg for adult population. The lower values of MRLs are set for baby
food —EC specified the MRL of 0.010 mg/kg (Pesticides and the Environment, A Strategy
for the Sustainable Use of Plant Protection Products and Strategy Action Plans, London,
United Kingdom), the lowest levels are set for particular special residues (Status of active
substances under EU review (doc. 3010); Commission Directive 2003/13 and 14/; Council
Directive 98/83/).

The most efficient approach to pesticide analysis involves the use of chromatographic
methods. Sometimes, the resolving power attainable with a single chromatographic system
is still insufficient for the analysis of complex mixtures. The coupling of chromatographic
techniques is clearly attractive for the analysis of multicomponent mixtures of pesticides.
Truly comprehensive two-dimensional (2D) hyphenation is generally achieved by frequent
sampling from the first column into the second, which is a very rapid analysis. In this study
are presented different modes of multidimensional chromatographic separation techniques
including multidimensional gas chromatography (MDGC), multidimensional liquid
chromatography (MDLC) and multidimensional planar chromatography (MDPC) applied to
analysis of pesticides.
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2. Mutidimensional chromatographic techniques applied to analysis of
pesticides

2.1 Mutidimensional Gas Chromatography (MDGC)

The application of multidimensional gas chromatography has been focused in essentially
two areas: (i) increasing peak capacity of the separation system, and (ii) increasing the speed
of analysis of the separation system. In common with all multidimensional separations, two-
dimensional GC requires that the target analytes are subjected to two or more mutually
independent separation steps and that the compounds remain separated until completion of
the overall procedure. Figure 1 shows several potential on-line modes of two-dimensional
GC operation. These couplings demonstrate GC-GC performed by using a single heart-cut
from the primary to the secondary column, multiple heart-cuts, transferred to multiple
intermediate traps, and heart-cuts to a multiple parallel secondary column configuration
(Lewis, 2002). For all three of the examples of two-dimensional gas chromatography
configurations shown in Figure 1, an interferacing unit is required between the primary and
secondary column.

2.1.1 Introduction to heart-cutting Multidimensional Gas Chromatography (MDGC)

The non-intrusive manipulation of carrier gas effluent between two columns clearly has

significant advantages in 2D GC. In addition, a pressure-driven switch between the columns

introduces no extra band broadening to an eluting peak. A basic principle of pressure
switching which has subsequently been used extensively for heart-cutting, venting and
backflushing within two-dimensional systems was described by Deans (Deans, 1968). In this
process are highlighted three distinct phases, i.e., that of survey of prefractionation, sample
transfer and backflush of the primary column (Bertsch, 1990). The principle of operation is
shown in Figure 2. The basis of the method is in the diversion of flows by using pressure
balancing at junctions. The flow of carrier gas to each junction is controlled by solenoid
valves, with the magnitude of pressure introduced being determined by the inlet and outlet

pressures of the interacting devices and their individual flow resistances (Lewis, 2002).

There are three phases in the operation of DEANS switch (Lewis, 2002):

a. Prefractionation-operation in the SURVEY position illustrated in Figure 2 results in a
balance of pressure such that flow from the primary column is diverted at the junction
between the columns (marked ‘A') towards Detector 1. This set of pressures prevents
the sample entering the second column, but does provide the carrier gas for the second
column. This is supplied as excess pressure at the junction A.

b. Sample transfer - The second pressure configuration results in both columns being
coupled in a sequential manner. A minor portion of the primary eluent is split at
junction A to go to Detector 1, with the majority passing directly on to the secondary
column.

c.  Analysis of fraction-once the sample transfer is complete, the third pressure configuration
is adopted. The carrier gas flow through the secondary column is maintained by excess
pressure at junction A, supplied from regulator B. Concurrently, the primary column is
backflushed by also using the pressure supplied from regulator B.

Following the backflush of the primary column and separation of the analytes on the second

column, the system can then be returned to its original prefractionation position, ready for

the next sample injection (Lewis, 2002). The most intriguing developments in GC include
comprehensive new designs for two-dimensional gas chromatography (GC x GC) and
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Fig. 1. Two-dimensional gas chromatography instrumental configurations: (a) direct transfer
heart-cut configuration; (b) multiple parallel trap configuration; (c) multiple parallel column
configuration; D 1 - first detector; D 2 - second detector (adapted from Lewis, 2002).
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Fig. 2. Survey, sample transfer and backflush positions used during the non-intrusive
DEANS heart-cut switching process; @ - Carrier pressure regulation; E On/ off valve;
m Needle valve (adapted from Bertsch, 1990).
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fluidic switching (DEANS switching) for multidimensional separations. Improvements in
electronic pressure and flow control in modern GC instruments and the development of
miniature and inert devices for column connections have greatly improved the performance
and reliability of these techniques which has created new applications for these powerful
techniques.

2.1.2 Heart-cutting Multidimensional Gas Chromatography (MDGC)

The heart-cutting multidimensional gas chromatography (MDGC) to determination of the
enantiomeric fractions of o,p-DDT was described (Mufioz-Arnanz et al., 2009). The MDGC
system employed throughout consisted of two independent GC chromatographs, both
equipped with a 63Ni-ECD system. The two chromatographs were designated as the first
and the second dimension chromatographs, referred to as the 1D and 2D chromatographs,
respectively. The heart-cutting MDPC configuration used in the paper cited is shown in
Figure 3.

injector DEANS system / transfer line

EPCA1 EPC2 ECD1 ECD2
| 0 It/ N\ —_—

™ i ™

[}

\

,\ 11" uncoated column ‘\enantinselecﬂve
column

'\ non enantioselective
column

Fig. 3. Schematic diagram of the MDGC system used. Note the presence of the deactivated
and uncoated fused silica capillary columns, which permits a total length from the injector
to the detector in the 1D chromatograph equal to the distance that the analytes have to cover
between the injector and the 2D ECD system (From Mufioz-Arnanz et al., 2009. With
permission.).

Cuts or selected fractions were transferred from the first dimension column to the second
using a system (DEANS), located in the 1D chromatographic oven, that was pneumatically
controlled by means of two independent electronic pressure control (EPC) units. A
temperature-controlled transfer line was directly connected to the DEANS switching system
using press-fit connection. The instrumental LOD and LOQ were 2.1 pg pL-1 and 7.1 pg uL1,
respectively for o,p-DDT.
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Fig. 4. Second dimension chromatogram showing the separation between p,p’-DDD and the
two 0,p’-DDT enantiomers (From Mufioz-Arnanz et al., 2009. With permission.).

As shown in Figure 4, a good separation between p,p'-DDT and both o,p-DDT enantiomers
was achieved. The 1D and 2D chromatograms obtained in the analysis of one soil sample are
shown in Figure 5. The described MDGC method is reliable for determination of
organochlorine pesticides in soil samples.
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Fig. 5. (a) First dimension chromatogram showing the trace of the organohalogen
compounds in a soil sample. Note the cut carried out between minutes 27 and 29. (b) Second
dimension chromatogram showing the separation of the o,p"-DDT enantiomers from the rest
of the species transferred in the same cut to the 2D system. (From Mufioz-Arnanz et al.,
2009. With permission.).

2.1.3 Introduction to GC x GC separation
Single-column gas chromatography analysis has become the standard approach for
measurement of volatile and semi-volatile constituents in numerous applications. However
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the separation provided by conventional gas chromatography can be significantly enhanced
by using comprehensive two-dimensional gas chromatography (GC x GC) instead. The
comprehensive GC x GC technique was introduced by Phillips and co-workers (Liu and
Phillips, 1991; Phillips and Xu, 1995; Phillips and Ledford, 1996). GC x GC technique have been
reviewed (Geus et al., 1996; Bertsch, 1999, 2000; Phillips and Beens, 1999; Dalliige et al., 2003).
Some fundamental and detailed information are included in book entitled “Multidimensional
Chromatography’ edited by Mondello, Lewis and Bartle (John Wiley & Sons, 2002). A GC x
GC system consists of two columns with different retention mechanisms, which are connected
in series. In the truly multidimensional system, the separation mechanisms in the first and the
second columns are different and independent of each other and the separation obtained in the
first column is maintained during the modulation and separation in the second column.
Generation and visualization of GC x GC chromatogram is shown in Figure 6.
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Fig. 6. Generation and visualization of a GC x GC chromatogram (From Dalltige et al., 2002.
With permission.).

Peaks, or spots in the contour plot are identified by their retention times in the 1D and 2D, i.e,,
by their coordinates in the contour plot. Mass spectra for target analyte confirmation and/or
the identification of unknowns can at present be obtained only from the chromatogram of the
raw data (Figure 6, “raw 2D-chromatogram”). The total retention time of each peak of interest
in the contour plot was calculated by adding the retention time from the first and second
dimension. This total retention time is equivalent to the retention times in the raw 2D-
chromatogram, where the peaks can be identified on the basis of their mass spectra, as is
routinely done 1D-GC-MS. From the resulting peak table, both retention times (1D and 2D
coordinates) were calculated to locate these peaks in the contour plot (Dalltige et al., 2002).

The two columns used may be operated at the same or independent temperatures. The
sample is separated on the first column with conventional temperature program (most often
1-5°C per minute). During separation, small successive adjacent fractions of the eluate of the
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first column are retained and focused at the beginning of the second column by means of a
cryogenic modulator, which essentially works like a cold trap. After the trapping of each
fraction, the modulator is switched off or moved away to effect the release of the retained
analytes and the rapid injection on the second column (Dalltige et al., 2002). However, in
practice, the sampling rate in the first dimension is limited by the duration of a single
separation cycle in the second dimension. Thus, it would be advantageous to use as short a
time for second-dimension to be efficient, it is advantageous to use longer time.
Consequently, a compromise usually has to be struck between the first dimension sampling
frequency and the second dimension separation time (Harynuk et al., 2005). Theoretical
studies indicated that the optimum primary dimension sampling frequency is achieved
when each primary dimension peak is sampled three to four times (Murphy et al., 2005).

The transfer of analyte from first dimension (1D) to second dimension (2D) by modulator
and intervenes between the two dimensions gives important results in both dimensions,
which arise from the modulation process. These are as follows (Marriott, 2002): (i) the zone
to be passed (or more correctly, pulsed) from 1D to 2D must be compressed in space; (ii) the
compressed zone must be delivered to 2D very rapidly, and as a sharp pulse; (iii) 2D must
be capable of giving fast GC results, achieved by a combination or all of the following, i.e., a
short column, thin film thickness, narrow i.d. column (giving high carrier linear velocity)
and higher temperature (if a two-oven system is used); (iv) the peaks produced at the
detector will be increased in peak height response due to the above process; (v) all of first
column solute is transferred to the second column.

In practice, a number of mechanisms are used to enable refocusing and zone compression at
the point of transfer, ranging from cryogenic and chemical micro-traps, to phase ratio
refocusing at cooler over temperatures, when the secondary column is held at temperatures
independent of the first column.

Overloading of the second dimension column in comprehensive two-dimensional gas
chromatography separations can have a very significant effect on the available separation
space in this dimension. The pesticides concentration in the samples are usually small and
then narrow diameter columns should be used in second dimension of GC x GC experiment.
Narrow columns have significant advantages, most important of which is the separation
speed. It is much easier to obtain a very fast separation speed with narrower peaks under
conditions of no overload in the second dimension. When analyzing samples in which the
concentrations of the analytes or matrix components are unknown and may be high, it may
be better to use larger diameter columns in the second dimension. In addition, this may lead
to better overall resolution in the second dimension, unless the carrier gas flow rate in the
system with the narrow second dimension column is reduced significantly (which lengthens
the overall analysis time and might result in less efficient separation in the first dimension).
It has been reported that it may actually be better to use columns with the same diameter in
both dimensions in preliminary GC x GC experiments (Harynuk et al., 2005).

2.1.4 Comprehensive two-dimensional Gas Chromatography (GC x GC) applied to
analysis of pesticides

As described earlier, substantial improvements in two-dimensional GC were not forthcoming
until Phillips and his research group introduced and implemented an entirely new form of
Two-Dimensional Gas Chromatography, called comprehensive two-dimensional GC, or
GCxGC. The full sample is separated on a first, usually long conventional column, and then
the entire sample is subjected to the second short column (in repeated cycles, hence
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comprehensive), the eluting compounds are focused (usually cryo focused) in space and pulse-
injected into a second column for their second dimension separation. A common phase
selection strategy uses in first dimension separation of analytes according to their boiling
points, whilst the second dimension separates analytes according to polarity.

In the literature, not too much attention has been devoted to the trace-level determination of
pesticides, because there are many detailed protocols for their precise and accurate analysis
by mean of 1D-GC-MS. The GC x GC technique has few main limitations (Poliak et al.,
2008): (i) high price; (ii) difficult and expensive maintenance; GC x GC technique with
thermal modulation requires inconvenient and costly maintenance in the form of daily
consumption of carbon dioxide or liquid nitrogen; (iii) problematic compatibility with mass
spectrometry; GC x GC technique with thermal modulation generates narrow GC peaks
with less than 100 ms width, that are hard to combine with standard QMS, thus seems to
require fast and expensive time-of-flight mass spectrometry (TOFMS). Nevertheless, now
the GC x GC technique is more often applied as screening method for various groups of
volatile and semivolatile analytes, because GC x GC (especially TOFMS) is a very promising
powerful tool for identification and determination of pesticides. Figure 7 shows diagram of
modern GC x GC-TOFMS instrument. GC x GC provides unsurpassed resolution capability,
the most pressing need is to prove that the implied complexity of a mixture is represented
by the multitude of peaks spread about 2D space.

Gos

Heated Transfer Line — ,II_-I-'
h h
Vial with Calibration Compound dimension Chwaimietagrap
column
Push Pulse Plate.
Electron Focusin Electron
Optics Beam = Sampling Inlet
lon Source Chamber f‘;:::dﬂﬂ" Cnidar Bot Pl

1-10u \:urru..\.. ._
f Il;l_1"{ =
| Jul

Turbomelecular | | |
Pum P_H'uk 1

& J sl
Fi _. .“_..-r" Cuplllanl 1
| | Column [§ 48

: 1
y *—— Main
e Iy A Oven

len Focusing

Optics |
| e
= Thermal Medulater — 1" dimension column
o — 5i I
I Steering nnd—a..ﬁﬁh 2 - = 'g::! -
Deflection Plates
Datector

Einzel l.t:ns——-H__H
: el

—Main Analysis
Chamber

— 0.1-1p Torr

ﬁ?‘%@\ A
g Instrument control/data

— Reflectran processing computer

"
Turbomalecular

Pump —

Fig. 7. Diagram of modern GC x GC - TOF MS instrument (From LECO Corporation, 2008.
With permission.).
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Determination of 287 pesticides at trace levels by GC x GC - TOFMS was described (Koning
and Gumpendobler, 2007). GC x GC - TOFMS was able to analyze hundreds of pesticides in
a single run. The use of GC x GC - TOFMS provides an enhanced separation mechanism
that helps eliminate coelutions and provides users with a very structured and visually
stimulating chromatogram (Koning and Gumpendobler, 2007).

As seen by viewing the second dimensions of the GC x GC contour plot in Figure 8, many
coelutions would occur when analyzing in a single dimension mode. Figure 9 displays a
zoomed section of the contour plot indicating the coelution of four pesticides along the
second dimension. However, these four pesticides are separated due to the selectivity of the
second orthogonal separation (Koning and Gumpendobler, 2007). The separation of toxic
analytes including 11 persistent halogenated pesticides by GC x GC - TOFMS was described
(Focant et al., 2003). The feasibility of the coupling between GC x GC - TOFMS and the
thermal desorption-programmable temperature vaporization injector was demonstrated
from quantitative point of view. Figure 10 illustrates the process responsible for the sharp
re-injections of trapped analytes into the second column.

Especially, the determination of pesticides in complex matrices, such as food, often requires
modern, rapid and universal methods. Comprehensive two-dimensional gas
chromatography and isotope dilution time-of-flight mass spectrometry (GC x GC-
IDTOEFMS) for the simultaneous measurement of selected organochlorine pesticides (OCPs),
polychlorinated biphenyls and bromide flame retardants in human serum and milk was
described (Focant et al., 2003). The GC x GC-IDTOFMS results demonstrated the efficiency
of this multianalyte measurement approach for such important matrices as serum and milk
for human biomonitoring. Figure 11 illustrates GC x GC-TOFMS chromatogram of the 11
persistent organochlorine pesticides in a human sample.

Fig. 8. GC x GC chromatogram for 287 investigated pesticides (From Koning and
Gumpendobler, 2007. With permission.).
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Fig. 9. Zoomed contour plot indicating coelution in the first dimension, but four analytes
separation in the second dimension (From Koning and Gumpendobler, 2007. With
permission.).
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Fig. 10. Sequence of events responsible for (1) trapping, (2) releasing and re-focusing, and (3)
re-injecting into the second column using a quad-jet cryo-modulator (From Focant et al.,
2003. With permission.).
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Fig. 11. (A) GCxGC-TOFMS chromatogram of the 11 persistent pesticides analyzed in
human sample. The signal was reconstructed using six to eight characteristic ions for each
compound (deconvoluted ion current traces). (B) A closer look at the region of the
chromatogram where DDE (1) and dieldrin (2) eluate. The chromatogram has been
reconstructed using the sum of the characteristic ions of the two species. (C) Shows the
cluster corresponding to the “slices” that can be recombined to produce the GCxGC contour
plot shown in (B) (From Focant et al., 2003. With permission.).
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Fig. 12. GCxGC-TOF MS versus 1D-GC-TOF MS for the analysis of a carrot extract. (a)
GCxGC-TOF MS contour plot. (b) 1D-GC-TOF MS chromatogram of the same region;
upper trace, TIC scaled to 1%; lower trace, m/z 323 ion trace. (c) Mass spectrum obtained
after GCxGC separation showing the characteristic m/z values of chlorfenvinphos (m/z 81,
109, 267, 295, 323). (d) Library spectrum of chlorfenvinphos and (e) spectrum obtained at the
retention time of chlorfenvinphos after 1D-GC separation (From Dalliige et al., 2002. With
permission.).

In another study (Zrostlikova et al., 2003), authors demonstrated GC x GC - TOFMS as a
powerful tool for solving the problems with reliable confirmation of pesticide residues at
very low concentration levels as required for the analysis of some types of samples of baby
food. The most troublesome matrix interferences observed in apple and peach were eluted
as very broad asymmetric peaks completely overlapping the peaks of pesticides in the first
dimension “boiling-point” separation. However, thanks to differing retention of these co-
extracts they were in most cases efficiently separated in the second dimension of GC x GC
experiments. The limits of detection for most pesticides were well below 10 ng/mL and the
reliable confirmation of analyte identity was possible at 10 ng/mL level for typically
troublesome pesticides such as polar organophosphorus pesticides, methamidophos or
acephate (Zrostlikova et al, 2003). In another paper, authors (Dalliige et al., 2002)
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demonstrated the dramatically improvement of separation in comparison with conventional
GC by employing GC x GC - TOFMS with cryogenic modulator. All analyzed 58 pesticides
in food extracts could be identified using their full-scan mass spectra, which was not
possible when using 1D-GC-TOFMS. GC x GC-TOEMS versus 1D-GC-TOFMS for the
analysis of a carrot extract is shown in Figure 12.

Comprehensive two-dimensional gas chromatography (GC x GC) coupled with nitrogen-
phosphorus detector (NPD) and with micro electron-capture detector (WECD) was applied
for the separation and quantitation of fungicides in vegetable samples (Khummueng et al.,
2006). The comparison of different column sets and selection of the temperature program
were carried out with a mixture of nine N-containing fungicides, eight of which were
chlorinated. Both techniques: GC x GC-NPD and GC x GC- pECD were compared. The non-
polar/polar column set used in GC x GC, with thicker film phase in the 2D column gives
symmetric, non-tailing peaks in GC x GC analysis with NPD detector. The limit of detection
(LOD) and limit of quantitation (LOQ) were less than about 74 and 246 ng L-1. The described
study shows that GC x GC-NPD has a potential for the routine analysis of fungicides in food
and vegetables samples, providing a low LOD and LOQ and a good repeatability and
reproducibility of peak response (Khummueng et al,, 2006). Determination of pesticide
residues in grapes samples by GC x GC- pECD and GC x GC coupled with flame ionization
detector (FID) was also described (Pizzuti et al., 2009). In this study, a new compressed air
modulator was used in GC x GC- pECD experiments. Figure 13 shows dual-stage

(A)

compressed air

.

(B)

o

%

&

Fig. 13. (A) Schematic representation and (B) a photograph of the dual-stage compressed air
modulator for GCxGC (From Pizzuti et al., 2009. With permission.).
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Fig. 14. GCxGC-pECD contour plots for a matrix extract spiked at 0.05mgkg! with
pyrethroid pesticides. Target compounds are numbered as follows: (1) byfenthrin; (2) cis-
permethrin; (3) trans-permethrin; (4-7) cypermethrin (I, 11, I1I, IV); (8) fenvalerate; (9)
esfenvalerate; (10) deltamethrin. (From Pizzuti et al., 2009. With permission.).
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Fig. 15. Analysis of a non-spiked orange extract by GCxGC-pECD using (A) ZB-5xHT-8, (B)
ZB-5xBPX-50, (C) ZB-5xSW10, (D) DB-17xHT-8, (E) DB-17xBPX-50 and (F) HT-8xBPX-50 as
column combinations. (From Ramos et al., 2009. With permission.).
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compressed air modulator for GCxGC instrument. This modulator uses compressed air to cool
two small portions in the first centimeters of the second chromatographic column of a
comprehensive multidimensional gas chromatography system. The GC x GC system proposed
was applied in the determination of pyrethroid pesticides (bifentrin, cypermethrin,
deltamethrin, fenvalerate, esfenvalerate, cis- and trans-permethrin) in grape samples.

Figure 14 shows GC x GC- nECD contour plots for a matrix extract spiked at 0.05 mg kg
with pyretroid pesticides. The values of method (GC x GC- pECD) limit of quantification
(LOQ) were 0.01-0.02 mg kg for all pyrethroids and the values of recovery were between
94.3 and 115.2% with good precision, RSD < 18.4% (Pizzuti et al., 2009).

Determination of three classes of pesticides (organophosphorus pesticides, triazines and
pyrethroids) in selected fruits, i.e., orange, apple, pear and grape by GC x GC- pECD also
was described (Ramos et al., 2009). Six column combination with different polarities were
tested (Figure 15). Firstly, an apolar phase, ZB-5, was combined with phases of increasing
polarity, i.e. BPX-50 and SW, and of different selectivity, i.e., HT-8. Secondly, a more polar
phase, DB-17, was tested as first dimension in combination with HT-8 and BPX-50 as second
dimension columns (Ramos et al., 2009). The proposed GC x GC- pECD allowed accurate
determination of the analytes at levels far below the MRLs set in current EU legislations
even if no further concentration of the collected extract was carried out.

2.2 Mutidimensional Liquid Chromatography (MDLC) applied to analysis of pesticides
2.2.1 Introduction to Mutidimensional Liquid Chromatography (MDLC)
Multidimensional chromatography (also known as coupled-column chromatography (LC-
LC coupling) or column switching) represents a powerful tool and an alternative procedure
to classical one-dimensional high performance liquid chromatography. Multidimensional
liquid chromatography (MDLC) separation has been defined as technique which is mainly
characterized by two distinct criteria: (i) the first criterion for a multidimensional system is
that sample components must be displaced by two or more separation techniques involving
orthogonal separation mechanisms; (ii) the second criterion is that components that are
separated by any single separation dimension must not be recombined in any further
separation dimension (Giddings, 1984; 1987).

Multidimensional liquid chromatography (MDLC) can be performed as in MDGC either in
on-line or off-line mode. With off-line operation, the fractions eluted from the primary
column are collected manually or by a fraction collector and then reinjected, either with or
without concentration, into a second column. This approach has the advantage of being
simple, does not need any switching valve, and the mobile phases in each column need not
be mutually compatible. These mode has also disadvantages: (i) more time-consuming; (ii)
procedure are labour-intensive; (iii) sample loss or contamination during handling; (iv)
recovery of sample is low. On-line mode of MDLC have the advantage of automation by
using pneumatic or electronically controlled valving, which switches the column effluent
directly from the primary column into the secondary column. The on-line technique is more
reproducible, no loss off sample and contamination occurs. Automation improves reliability
and sample throughput, and shortens the analysis time, as well minimizes sample loss or
change since the analysis is performed in a closed-loop system (Corradini, 2002).

What characterizes coupled-column chromatography (LC-LC coupling) when compared to
conventional multistep chromatography is the requirement that the whole chromatographic
process be carried out on-line. The transferred volume of the mobile phase from the first
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column to the second column (from 1D to 2D) can correspond to a group of peaks, a single

peak or a fraction of a peak, so that different parts of the sample may follow different paths

through the LC-LC configuration (Corradini, 2002).

LC-LC coupling can be subdivided into both systems (Regnier & Huang, 1996):

- homomodal LC-LC is a type of development, in which the chromatographic
improvement occurs by switching columns of analogous selectivity. The goal is mainly
to optimize an already satisfactory separation, that is, to concentrate a dilute sample
(sample enrichment) or to shorten the analysis time;

- heterogenical LC-LC is a type of development achieved by varying the separation
mechanism during the separation process; selectivity changes may be made by varying
the nature of the stationary phase, which can posses complementary separation
characteristics.

The term ‘LC-LC’, and more generally ‘multidimensional’, is usually restricted to

heterogenical LC-LC system, which involve separation modes which are as different as

possible (orthogonal), and in which there is a distinct difference in retention mechanisms

(Giddings, 1984).

The LC-LC separation system may be used in both modes (Regnier & Huang, 1996):

- profiling mode is to separate all single components from multicomponent, complex
sample. In this mode every component from the first column (primary column, 1D) is
fractionated and transferred to the second column (secondary column, 2D);

- targeted mode is to isolate either a single or a few components of similar retention in a
complex sample containing components having a wide range of capacity factor values.
Targeted LC-LC analysis is carried out by transferring a wide or narrow cut of the
chromatographic effluent from the 1D to 2D by flow switching and the mobile phase is
thereby diverted or reserved. The fraction of interest to be transferred to a secondary
column may consist of early-eluting analytes (first eluted zone, the ‘front-cut’), or
components eluted in the middle of the chromatographic effluent (‘heart-cut’) or at the
end of the chromatogram (‘end-cut’) (Ramsteiner, 1988).

Multidimensional liquid chromatography (MDLC) has been applied to analysis of non-

volatile pesticides, but presently the MDLC is used generally rather less often than MDGC.

2.2.2 Coupled-column chromatography (LC-LC Coupling) applied to analysis of
pesticides

Screening and analysis of polar pesticides based on coupled-column reversed-phase (RP)
liquid chromatography (LC-LC) and GC-MS has been used as a powerful tool in the
execution of environmental monitoring programmes (Hogendoorn et al., 1996). Reversed-
phase liquid chromatography in combination with UV detection is an attractive technique
for the analysis of polar pesticides in aqueous samples. It is robust, rugged and allows the
direct injection of aqueous samples, without the need for extraction, derivation or other
sample manipulations. A relative disadvantage is that the sensitivity attainable with UV
detection is usually insufficient for trace analysis. Consequently, a sample preconcentration
step is needed for sensitive analysis. The compatibility of the mobile phase system with
aqueous samples allows on-line sample enrichment by large volume injections in
combination with LC column switching techniques. Authors shows LC - LC (RP in both
dimensions) examples of chromatograms of an extract of a raw drinking water sample
indicating a monolinuron residue of 0.1 ug L1 and ground water sample containing 0.08 pg
L1ETU (Hogendoorn et al., 1996). The coupled-column (LC-LC) configuration consisting of
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a 3 pm Cig column (50 x 4.6 mm LD.) as the first column and a 5 pm Cig semi-permeable-
surface (SPS) column (150 x 4.6 mm 1.D.) as the second column appeared to be suitable for
screening of acidic pesticides in surface water samples (Hogendoorn et al, 1999). In
comparison to LC-LC employing two Cis stationary phases in both dimensions, the
combination of Cig and SPS-Cjg columns significantly decreased the baseline deviation
caused by the hump of the humic substances when using UV detection. The developed LC-
LC procedure allowed the simultaneous determination of the target analytes bentazone and
bromoxynil in uncleaned extracts of surface water samples to a level 0.05 pg L1 in less than
15 min. Figure 16 shows example of LC-LC chromatogram with two acidic herbicides
separated on the Cis (1D) and SPS-Cys (2D) columns combination (Hogendoorn et al., 1999).
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Fig. 16. LC-LC-UV (217 nm) chromatogram with the C;s (1D) and SPS-Cys (2D) columns
combination of an extract of ditch surface water sample containing 0.37 pg L- of bentazone
and 2.3 pg L1 of bromoxynil (From Hogendoorn et al., 1999. With permission.).

Concerning the determination of analytes involved in the studies mentioned above coupled-
column LC-LC methods were used for analysis of ETU (Hogendoorn et al., 1991) and
chlorophenoxy acid herbicides (Sancho-Llopis et al., 1993).
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2.3 Mutidimensional Planar Chromatography (MDPC) applied to analysis of pesticides

2.3.1 Introduction to Mutidimensional Planar Chromatography (MDPC)

The application of multidimensional planar chromatography combined with different

separation systems and modes of chromatogram development is often necessary for

performing the separation of more complicated multicomponent mixtures. High separation
efficiency can be obtained using modern planar chromatographic techniques which
comprise two-dimensional development, chromatographic plates with different properties,

a variety of solvent combinations for mobile phase preparation, various forced-flow

techniques and multiple development modes. By combination of these possibilities,

multidimensional planar chromatography (MDPC) can be performed in various ways.

Giddings defined multidimensional chromatography as a technique which includes two

criteria (Giddings, 1990):

- the components of the mixture are subjected to two or more separation steps in which
their migration depends on different factors,

- when two components are separated in any single step, they always remain separated
until completion of the separation.

Nyiredy divided multidimensional planar chromatography techniques as follows (Nyiredy,

2001, 2002, 2003):

- comprehensive two-dimensional planar chromatography (PC x PC) - multidimensional
development on the same monolayer stationary phase and two developments with
different mobile phases or using a bilayer stationary phase and two developments with
the same or different mobile phases;

- targeted or selective two-dimensional planar chromatography (PC + PC) - technique, in
which following the first development from the stationary phase a heart-cut spot is
applied to a second stationary phase for subsequent analysis to separate the compounds
of interest;

- targeted or selective two-dimensional planar chromatography (PC + PC) - second mode
- technique, in which following the first development, which is finished and the plate
dried, two lines must be scraped into the layer perpendicular to the first development
and the plate developed with another mobile phase, to separate the compounds that are
between the two lines. For the analysis of multicomponent mixtures containing more
than one fraction, separation of components of the next fractions should be performed
with suitable mobile phases;

- modulated two-dimensional planar chromatography ("PC) - technique, in which on the
same stationary phase the mobile phases of decreasing solvent strengths and different
selectivities are used;

- coupled-layer planar chromatography (PC-PC) - technique, in which two plates with
different stationary phases are turned face to face (one stationary phase to second
stationary phase) and pressed together so that a narrow zone of the layers overlaps, the
compounds from the first stationary phase are transferred to the second plate and
separated with a different mobile phase;

- combination of multidimensional planar chromatography methods - technique, in which
the best separation of multicomponent mixture is realized by parallel combination of
stationary and mobile phases, which are changed simultaneously. By use of this
technique, e.g., after separation of compounds in the first dimension with changed mobile
phases, the plate is dried and separation process is continued in perpendicular direction
by use of the grafted technique with changed mobile phase (based on the idea of coupled
TLC plates, denoted as graft TLC in 1979 (Pandey et al., 1979).
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2.3.2 Multidimensional Planar Chromatography (MDPC) applied in pesticide analysis
2.3.2.1 Comprehensive Two-dimensional (2D) Chromatography on One Adsorbent

One of the most attractive features of planar chromatography is the ability to operate in the
two-dimensional (2D) mode. Two-dimensional TLC (2D-TLC) is performed by spotting the
sample in the corner of a square chromatographic plate and by development in the first
direction with the first eluent. After the development is completed the chromatographic
plate is then removed from the developing chamber and the solvent is allowed to evaporate
from the layer. The plate is rotated through 90° and then developed with the second solvent
in the second direction which is perpendicular to the direction of the first development. In
2D-TLC the layer is usually of continuous composition, but two different mobile phases
must be applied to obtain a better separation of the components. If these two solvent
systems are of approximately the same strength but of optimally different selectivity, then
the spots will be distributed over the entire plate area and in the ideal case the spot capacity
of the two-dimensional system will be the product of the spot capacity of the two
constituent one-dimensional systems. If the two constituent solvent systems are of the same
selectivity but of different strengths, the spots will lie along a straight line; if both strength
and selectivity are identical, the spots will lie along the diagonal.

Computer-aided techniques enable identification and selection of the optimum mobile
phases for separation of different groups of compounds. The first report on this approach
was by Guiochon and co-workers, who evaluated ten solvents of fixed composition in two-
dimensional separation of nineteen dinitrophenyl amino acids chromatographed on
polyamide layers (Gonnord et al., 1983). The authors introduced two equations for
calculation of the separation quality - the sum of the squared distances between all the
spots, Da, and the inverse of the sum of the squared distances between all the spots, Dg.
Steinbrunner et al. (Steinbrunner et al., 1986) proposed other functions for identification of
the most appropriate mobile phases - the distance function DF and the inverse distance
function IDF, which are the same form as D4 and Dj, respectively, but which use distances
rather than the squares of distances. The planar response function PRF has been used as
optimization criterion by Nurok et al. (Nurok et al., 1987). Strategies for optimizing the
mobile phase in planar chromatography (including two-dimensional separation) (Nurok,
1989) and overpressured layer chromatography (including two-dimensional overpressured
layer chromatography) (Nurok et al., 1997) have also been described. Another powerful tool
is the use of graphical correlation plots of retention data for two chromatographic systems
which differ with regard to modifiers and/or adsorbents (De Spiegeleer et al., 1987). The
interpretation of plots is illustrated in Fig. 17. The plots on Figure 17 indicate then directly
the positions of spots on a two - dimensional chromatograms (2D-TLC). As shows Figure
17F the best separation of complex mixtures by 2D-TLC is possible with differentiated Rr
values in both systems, then the correlation plots of retention parameters for two
chromatographic systems are poor (Tuzimski & Soczewiriski, 2002). Good separation can be
achieved when the spots are spread over the whole of the chromatographic plate area
(Tuzimski, 2004; Tuzimski & Soczewiniski, 2002a-d; Tuzimski & Bartosiewicz, 2003). The
largest differences were obtained by combination of normal-phase (NP) and reversed-phase
(RP) systems with the same chromatographic layer, e.g., cyanopropyl (Tuzimski &
Bartosiewicz, 2003; Hauck et al,, 1996). An example of this type of 2D development is
illustrated in Figure 18d.
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Fig. 17. Characteristic correlations Ry vs. Rr ; (From Tuzimski & Soczewiniski 2002a, With
permission.).

2.3.2.2 Two-dimensional thin-layer chromatography

In 2D development the mixtures can be simultaneously spotted at each corner of the
chromatographic plate so that the number of separated samples can be higher in comparison
to the “classical 2D development’ (Hubert et al., 1988, Dzido, 2001). An example of this type
of 2D development is illustrated in Figure 18a-d. Figure 18d shows a videoscan of the plate
which shows separation of three fractions of the mixture of nine pesticides by 2D planar
chromatography with NP/RP systems on a chemically bonded-cyanopropyl stationary
phase.
Nyiredy (Nyiredy, 2001; Szabady & Nyriedy, 1996) described the technique of joining two
different adsorbent layers to form a single plate. Also large differences were obtained by
combination of normal-phase systems of the type silica/nonaqueous eluent and reversed-
phase systems of the type octadecyl silica/water + organic modifier (methanol, acetonitrile,
dioxane) on multiphase plates with a narrow zone of SiO, and a wide zone of RP-18 (or vice
versa) which are commercially available from Whatman (Multi K SC5 or CS5 plates)
(Tuzimski & Soczewinski, 2002a-d; Tuzimski & Bartosiewicz, 2003). Tuzimski and
Soczewinski as first used bilayer Multi K plates for separation of complex mixtures (Figure
18b) (Tuzimski & Soczewiriski, 2002a-d; Tuzimski & Bartosiewicz, 2003).
Method development for 2D-TLC of complex mixtures can be formulated as follows
(Tuzimski & Soczewiniski, 2002a):
- determine Rr vs. % modifier plots for polar adsorbent and nonaqueous eluents
composed of heptane (or hexane) and 2-3 polar modifiers; choose compositions of
eluents for optimal differentiated retention of the components (in the range 0.05 - 0.70)
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- determine Rr vs. % modifier concentration plots for aqueous RP systems (octadecyl,
cyanopropyl silica or other polar adsorbents) for methanol and acetonitrile modifiers
and choose optimal concentration of modifier

- correlate the Rr values for NP/RP combinations and choose that corresponding to
optimal spacing of spots on the plate area

- use the optimal combination of NP/RP eluents for a bilayer or monolayer plate (silica,
cyanopropyl silica, etc.).

Horizontal chambers can be easily used for two-dimensional separations. The only problem

seems to be the sample size. In a conventional two-dimensional separation used for

analytical purposes the sample size is small. The quantity of the sample can be considerably
increased when using a spray-on technique with an automatic applicator. Soczewinski and

Wawrzynowicz have proposed a simple mode to enhance the size of the sample mixture

with the ES horizontal chamber (Soczewiriski & Wawrzynowicz, 1981).
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