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Abstract

The need to analyze multi pesticide residues continues to be imperative and applying a suitable experimental
design remains the core to achieving a comprehensive chemical analysis. The pretreatment of a sample has been
found to be the most important rate-determining step as it affects the instrumental process and data analysis. The
use of the SPME technique coupled with GC-MS to determine multi-residue pesticides is found to be applicable in
environmental, pharmaceutical, food, clinical, forensic samples in three modes (DI-SPME, HS-SPME and MD-SPME).
This has gained much recognition due to its advantage over the classical or previous sample pretreatment methods
such as SPE, LLE, LDME, HFME and DLME. Before applying SPME coupled to a GC-MS detector, several conditions
need to be met in order to accomplish enhanced extraction rate, efficiency and sensitivity of experimental procedures.
The large numbers of data sets obtained with the advent of various instrumental techniques can be analyzed speedily
by applying chemometric methods to screen the various parameters affecting the calibration methods by statistical
application so as to achieve the best optimization of the experiment. This review aims at looking at the different
chemometric methods for multivariate parameter optimization in experimental design for the analysis of pesticide

residues in water.
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Introduction

Resolving chemical analysis such as in environmental, industrial
and biological samples to obtain reproducible and accurate results
starting from the start-up stage (sample pre-treatment) to data analysis,
in determining multi pesticide residues involves the ability to choose an
appropriate experimental design. Sample pretreatment is a crucial step
in chemical analysis, therefore the relevant methodology to achieve a
safer, cheaper and more accurate determination must be considered
[1]. Several methods such liquid-liquid extraction, pressurized liquid
extraction, accelerated solvent extraction, microwave assisted solvent
extraction, soxhlets extraction, supercritical fluid extraction, purge and
trap, solid phase extraction and other methods have been reported in
the literature on its applicability to determine trace pesticide residues
[2-5] but most are found to be expensive, time-consuming, use of
large volumes of toxic organic solvents [6,7], hence the need to find a
method that will solve the above shortcomings.

Solid Phase Microextraction (SPME) is an extraction method
developed by Pawliszyn and Arthur to pretreat samples either in solid,
liquid or gas phase [8], and it is based on reaching an equilibrium
between the analyte in the sample matrix and extraction phase [9-11].
The technique involves the use of either self-made or commercially
available fibers as shown in Figure 1, coated on a fused silica wire for
the purpose of sampling, extraction and desorption of the analyte with
an appropriate instrumental technique such as Gas Chromatography
(GC), Capillary Electrophoresis (CE), High Performance Liquid
Chromatography (HPLC), Matrix-assisted laser desorption/ionization
(MALDI) and others, coupled with detection techniques such as Mass
spectrometry detection (MS), Electron Capture Detection (ECD),
Flame Photometric Detection (FPD), Nitrogen-Phosphorus Detection
(NPD), Diode Array Detection (DAD) [12,13]. The use of SPME-GC
has been applied for the analysis of volatile or semi volatile organic
compounds such as, PAHs, PCBs, pesticides, phenols compared to
HPLC [14] and has been reviewed in several studies to solve the various

problems posed by previous sample pre-treatment methods. The SPME
technique can be regarded as being greener, [15] faster, relatively
cheaper, versatile, and can be automated with short extraction time as
well as being more accurate and simple procedure [16].

SPME was known to be limited to use in organic compound
determinations such as poly aromatic hydrocarbons (PAHs), volatile
organic compounds (VOCs) and volatile compounds such as benzene,
toluene, ethyl benzene and xylene, BTEXSs, etc. [17]. However in recent
studies, it has been shown to be used to determine metal inorganic
compounds as the target analyte [18]. With the increasing development
of analytical instruments such as gas chromatography (GC) and others,
this leads to the generation of complex data with limited analytical
time to process, therefore, it has become very imperative to be able
to analyze these generated data with the best approach such as using
a chemometric tool. The automation of the analytical instrument is
very critical since the classical method of sample pretreatment is very
laborious and about 75% of the time is spent on this stage, hence the need
to apply a less time-consuming analytical process [19]. Chemometrics
uses different tools for collecting and analyzing chemical data with the
aim to design the experiment by screening and optimizing the various
experimental parameters.

Several review articles have established the use of SPME and
chemometrics in chemical analysis and the aim of this review is to
present recent development or modifications of SPME and the use of
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chemometrics in analyzing environmental samples such as pesticides
in food, water, soil and other forms of sample systems.

Experimental Methods

Consideration when developing an SPME method

When considering the SPME method for sample preparation and
pretreatment, the focus is to achieve a greater extraction rate, efficiency
and sensitivity; hence many parameters need to be optimized for
enhanced detection and sensitivity.

Choice of fibre

The choice of fibre is one of the most important steps in the SPME
method and it depends on the concentration level and range, sample
complexity, analyte polarity and molecular weight /size of the sample
matrix. Fibres are generally classified into four categories, namely:
coating type, film thickness, polarity and absorbent or adsorbent. The
compositions of the fibre are as follows: pure liquid polymer (PDMS,
PA) and mixed film consisting of solid particles and liquid polymer
(carboxen-PDMS, DVB-PDMS). The pure liquid polymer extract
through absorption (analyte diffuse and dissolve into the fibre) while
for porous particle fibre, extraction is via adsorption (analyte residing
as a mono-layer). Mixed films combine extraction through absorption
of liquid polymer with adsorption of porous particle [20]. All SPME
fibres have the ability to a certain extent to extract both polar and non-
polar analytes but the overall polarity of the coating determines its
suitability.

The characteristics of the fibre include polarity, surface activity,
porosity, mechanical strength and thickness [10,21]. The reuse of
fibre is possible for about 50-100 extractions but due to its fragility;
excessive usage will lead to its breakage during injection or agitation.
However, this limitation has been improved by recent development of
a metal alloy with elastic property on which the fibre is coated [20,22].
The extraction time of an SPME fibre depends on the thickness;
hence, for very thick fibers longer extraction times are necessary
for better recoveries, while for thinner fibres the extraction time is
shorter. Previously, commercially made fibres from liquid polymeric
coatings (PDMS, PA) were the only available fibres but recently, newly
specialized fabricated fibres have been developed and several new
methods for deposition of fibre are shown in Figure 2 [23,24]. Chong
et al used a sol gel-PDMS and it was thermally stable when placed in a
heated GC injector at 320°C unlike the commercially available PDMS
which bleeds at approximately 200°C inside the heated GC injector
[25,26].

PDMS is the most commonly used fibre and have been employed
for several applications such as determination of several main
groups of pesticides in water at ppb levels [27-29], waste water [30-
32], soil [33], food [33,34], and biological fluids [35,36,30]. There is
a limited range of stationary phase and this gives rise to restriction
for applicability [10].

Derivatization

For complex sample matrices which may pose difficulty in
extraction such as ionic and polar compounds, it is necessary to
derivitize the sample so as to make the sample extraction process easier
and to aid better detection. Derivitization can be applied before, during
or after extraction, post derivitization only aids chromatographic
separation and detection [37] e.g., dilution, centrifugation, use of
organic solvent, pre-concentration [38-43]. This is done to prevent
irreversible absorption of large molecules from the sample matrix,

thereby increasing the life span of the fibre coating and hence improve
SPME performance.

Exraction mode of SPME

Three extraction modes exist in the use of SPME fibre, namely
direct immersion, headspace, and membrane protecting SPME as
shown in Figure 3.

Direct Immersion Solid Phase Microextraction (DI-SPME):
Direct Immersion method is based on the insertion of fibre-coated
polymeric stationary phase just below the sample matrix (Figure 3),
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Figure 1: Commercial SPME device [18].
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Figure 2: Current trends in SPME coatings [15].
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Figure 3: Mode of SPME extraction [44].
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throughout the extraction time for the absorption of the analyte of
interest. In achieving this, a certain level of agitation is made on the
sample matrix in which the extent is dependent on either it is a gaseous,
aqueous or solid sample. A gaseous sample will require a lower extent
of agitation while the others will require more and this can be achieved
by using sonication, stirring, rapid fibre or vial movement [44]. The
extracted analyte is then thermally desorbed in the pre-heated GC [45].
DI-SPME can be used to analyse low polar and low volatile organic
compounds unlike HS-SPME but apparently, there is an additional
sample pre-treatment, which requires derivitization before subjecting
it to SPME [46]. This is done to prevent irreversible absorption of large
molecules from sample matrix, thereby increasing life span of the fibre
coating hence improve SPME performance. Different pesticide groups
in ground and surface water were analysed using DI-SPME-GC-MS
[47].

Headspace Solid Phase Microextraction (HS-SPME): Headspace
Solid Phase Microextraction (HS-SPME) has three equilibrium
phases namely, headspace, fibre coating and aqueous phase, as shown
in Figure 3. The setup is similar to that of DI-SPME except that the
headspace is placed above the sample matrix. The analyte of interest
has to pass through the vapour phase before extraction is attained. The
decision to use HS-SPME instead of DI-SPME is based on the sample
type i.e., considering the analyte volatility and the matrix composition.
Hence for highly volatile compounds and dirty matrices, HS-SPME is
employed.

This technique requires a shorter operation time due to the higher
diffusion coefficient of the analyte for example, gaseous analyte [48].
For semi-volatile compounds (gaseous phase) when the concentration
is low, this might lead to low extraction rate, but it can be enhanced
by agitation and increase in operating temperature [49], reduced
sample contamination and derivitisation i.e., minimal use or absence
of solvent, better reproducibility, longer life span of fibre coating, and
automation is achievable by connecting to an auto sampler, resulting
in larger sample throughput. Unfortunately, HS-SPME has some
drawbacks in its usage, and there is a shortage of commercially available
range of stationary phases [10], reproducibility of fibre to fibre coating,
limited to volatile compounds, carry-over effects is very noticeable,
laborious and time-consuming to optimise the experimental variables
and conditions [50].

Membrane Protection Solid Phase Microextraction (MP-
SPME): Since the extraction of analyte from sample matrix with either
dirty or high molecular weight components leads to damage to the fibre
coating when immersed directly into the sample, MP-SPME technique
is practiced to prevent this since there is a barrier (membrane, usually
silicon tube) between the sample and fibre coating, (Figure 3). The inert
gaseous analyte passes through the membrane and enters the sorption
trap where it is retained for desorption in the GC column injector. This
prolongs the life span of the fibre coating, by disallowing the migration
of interferences, but there is a decrease in diffusion of the analyte due to
the presence of the membrane, therefore, the extraction time is longer.
This can be enhanced by increasing the operating temperature which
leads to shorter extraction time [51].

Determination of extraction time: To attain equilibrium during
SPME extraction, the time taken depends on several factors such as fibre
coating (thickness), agitation conditions, physico-chemical property of
analyte (volatility), and concentration of analyte. The requirement of
extraction sensitivity determines the extraction time which can range
from minutes to hours. When the highest sensitivity is required, the
analyte extraction coating is maximized, hence, more time is involved

but when highest sensitivity is not necessary, there is a reduction in
extraction time [21]. Extraction time must be optimized for each
determination and the operating conditions must be consistent.
Typical extraction time is illustrated in Figure 4.

Optimization of extraction conditions: The extraction parameters
that affect the rate and efficiency include the following: - time of
extraction, temperature, time of desorption, pH in acidic herbicides of
chlorophenol derivatives [31], ionic strength [30] and sample agitation.

Enhanced extraction can be achieved by applying the following:

o Adjusting the fibre coating - when the fibre coating is made thicker
or longer, it leads to an increase in the extraction i.e., this doubles
the mass of analyte absorbed during extraction.

o Temperature adjustment to suit the analyte in question, hence for
high boiling point analyte, the temperature is increased and lower
temperature for lower boiling point anayte. The rationale for this is
that an in increase in diffusion leads to a decrease in distribution
constant hence, a faster equilibration time is achieved.

For organochlorine (OCPs), organophosphorus (OPPs) and
triazine pesticides, it has been reported that the increase in
extraction temperature to about 60°C, has led to better recoveries
of these pesticides [34,52-55].

o The use of more polar polymer (coatings), for polar compounds
aids in greater extraction ability.

» Addition of NaCl or NaSO, to aqueous samples leads to increased
extraction ability, although, in other studies [56,57], there was an
insignificant change in the extraction efficiency by the addition of
salt.

o pH adjustment for slightly acidic or alkaline compounds [58].

e Sample agitation helps to reduce the diffusion layer, hence
equilibration is attained faster. Several agitation methods were
used in analyzing different triazine pesticide groups, e.g., magnetic
stirrer, flow through extraction and fibre vibration. All methods
of agitation came in handy but the fibre vibration has an added
advantage of being able to be automated hence an increase in
sample throughput [59].
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Figure 4: Typical extraction time profile [52].
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e Geometric enhancement, such as using cooled SPME devices [60-
62], electrochemically enhancing SPME by putting on the suitable
potential, e.g., potentiometry and cyclic voltammetry CV to fibre
coating for both extraction and desorption stage [63-65], magnet-
in-tube SPME which is useful for diamagnetic analytes. The
principle is based on the use of a controlled magnetic field, that
leads to pre-concentration of analyte attributable to the difference
in magnetic field generated between the analyte of interest and the
sample matrix [66] and using purge-assisted headspace SPME to
increase mass transfer of analyte either from an aqueous or gaseous
sample matrix, e.g., 7-nitrobenz(a)anthracene, 6-nitrochrysene,
which are both high boiling point compounds [52,67].

Instrumentation

Good performance is a major requirement for the selection of
an analytical instrument in order to achieve great separation and
detection of analyte. Although several instruments have been reported
to be coupled with SPME such as GC, CE, HPLC, SFC, MALDI, Nano
spray MS interface, GC is the most frequently applied and for rapid
desorption of analyte, conditions such as a narrow needle (to increase
the flow leading to efficient desorption) and with the splitter turned oft
during injection [68].

GC-MS is more popular since it can both be coupled and has
adjustable selectivity by applying appropriate molecular and fragment
ions to prevent interferences from the sample matrix [69]. GC
coupled to mass spectrometry usually uses electron ionization (EI)
and chemical ionization (CI). EI is mostly used for pesticide analysis
[70,71] while CI has a better selectivity but signal intensity varies and
offers less information due to fewer fragments [72]. The database of
several pesticides determination using electron ionization (EI) mass
spectra are readily available.

Optimization of desorption condition

At equilibrium, the extraction process is achieved and completed,
followed by desorbing the extracted analyte into a thermally heated
injected GC or HPLC. In achieving efficient desorption, a high linear
flow rate is necessary, and the analyte must be removed immediately
from the fibre coating to prevent interaction with coatings [73].

Calibration method

SPME calibration is applied to ensure that no interference is
contributed by the fibre or instrument, and is achieved by running a
fibre blank. The fibre must be conditioned before and after analysis
in the GC injector, and post-conditioning is necessary if the sample
matrix has a high molecular weight. When the distribution constant
can be estimated by using the physicochemical and chromatographic
parameters or from literature, then the calibration procedure can be
omitted otherwise a suitable calibration method must be employed.
Three different calibration methods can be employed, namely, classical
method, equilibrium method and diffusion-based calibration [74].

Screening and optimization for SPME-GC-MS using chemo-
metrics tools

In modern day studies, the use of analytical instruments gives
rise to the possibility of generating large data sets which may lead to a
severe data analysis problem. Obtaining a faster and better data quality
approach with less laboratory work, the chemometrics approach
can be employed to achieve this objective. Chemometrics uses
mathematics, logic and statistics to achieve optimized experimental
design and ability to analyze data from the chemical system [75]. It

has several applications in medical analysis, petrochemicals, industrial,
pharmaceuticals (drug design), food chemistry, process analytical,
biological (metabolomics, proteomics), environmental [76,77]. The
chemometric method (method or tools) includes; experimental design,
signal analysis, pattern recognition, calibration and general statistics
[78].

Experimental design

Statistical analysis of data is not the most important stage of the
experimental procedure, but the design of experiment is very crucial to
obtain meaningful data [79]. The results of a good experimental design
includes screening (elimination of variables), optimization (improve
chromatographic separation), saving time and quantitative modeling
(models from mathematical origin). There exist different techniques
in achieving excellent design e.g., factorial design, fractional factorial
design, Placket-Burman, central composite design, mixture design
and response surface design can be used [80]. In the chemical system
several variables (homogeneous or heterogeneous) affect the yield or
response. These require proper screening and optimization without
having to compromise the quality or response value. To achieve this,
the experimental design chosen depends on the aims and objectives of
the researcher, ability to determine which factors influence the yield/
response and overall compatibility [81].

Complete factorial design: In contrast to the univariate design
technique, which involves the varying of one factor at a time while
other factors are held constant, i.e., a single factor is used to measure
response, the complete factorial design or screening design involves the
consideration of all possible factors simultaneously to determine effect
on response or yield [81,82]. The variables can either be qualitative or
quantitative, be easy to perform and can be used for estimation if there
is any interaction between the factors. Factorial design usually involves
a two-level study i.e., low and high, to eliminate the need for several
experiments (univariate design). The main disadvantage of screening
design is that the number of experiment increases rapidly leading to
an unacceptable work load. When the level of factor is too close or too
far apart, the response effect is deemed to be insignificant or be out-of-
range [83]. This can be avoided by careful investigation of the literature
or by using a higher level such as the three-level designs. Two-level
fractional factorial design was used to optimize the determination of
contaminants in Duero River by the SPME technique. Four variables
(sample time, sorption temperature, desorption temperature, salt
concentration) were screened and it was established that sample time
was the most significant factor [84] in this study. Abdul Rauf and Tan
used the experimental factorial design method to determine some
multiclass pesticide residues in apples using HS-SPME-GC-MS [85].

Fractional factorial design: As stated above, the shortcoming of the
complete factorial design method is the large number of experiments
e.g., using a 10-factor at two-level design would require 1024
experiments, which is very impracticable. It makes factor screening
inefficient due to the omission of relevant factors. The fractional
factorial design is thereby used to solve this problem by using certain
fractions such as half, one-quarter, one-eighth of the experiments from
the complete factorial design. The factors must be replicates, and only
applicable to level two and with a maximum power of experiments of
2 [86,87]. Six variables were screened using 22 fractional factorial
design, and the significant variables were optimized using CCD during
the determination of volatile phenols in water by fiber-SPME [88].

Plackett-Burman design (screening): This is suitable for four-level
experiments - 4" and gives information on the main effects of factors
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Matrix Instrum.entl SPME fibre Analyte Extraction mode  Ref Chemometric tool
detection
Aquaculture-seawater | GC-MS/MS PDMS OPPs and pyrethroid SPME [94] CCD
Grape and apple GC-MS - Pesticides SDME [88] Multivariate strategy
Water GC-ECD PA OCPs SPME [95] Response surface methodology
. PDMS, PDMS/DVB, CAR/PDMS, PA, . .
Greek wine GC-MS DVB/CAR/PDMS Primary aromatics HS-SPME [18] 2-level Placket-Burman
| 6-2 : 5 :
Food GC-ECD PDMS/DVB SPME [96] | 2572 fractional factorial, CCD Design
Human plasma GC-MS Pentachlorophenol HS-SPME jo7] ~ Wwo-levelfull faCCéOD”a' design and
Cow milk GC-MS PDMS-DVB OPPs HS-SPME [98] Multivariate factorial design
White wine GC-MS DVB-CAR-PDMS Fungicides SPME [99] RSD
. GC-NPD -
Grape, must and wine GC-ECD Fungicides [100] PLS
Bovine milk GC-uECD PDMS-DVB pyrethroid pesticides SPME [101] 25" fractional factorial design

Table 1: Sample pretreatment for different sample matrix using SPME-GC and its corresponding chemometric method employed.

and not their interactions. The 2-level Plackett-Burman design also
called Taguchi designs or Hadamard matrices, was the chemometric
tool used during the extraction and determination of primary aromatics
in wine using SPME-GC-MS. This was used to evaluate variables and
for further optimization [19].

Central Composite Design (CCD): All the above-mentioned
experimental designs are used to screen for relevant factors, and
CCD is used for more detailed design by optimizing the factors and
give detailed quantitative response information, when no replicates
are available. The sodium chloride content and extraction time were
established as the significant variables after screening and optimization
of the experimental procedure using fractional factorial design and
CCD for the determination of methyl-tert-butyl in water using HS-
SPME-GC-FID was investigated [89,90]. In 2009, Elpiniki used CCD to
optimize the extraction of multiclass pesticide residues in grapes using
SDME-GC-MS [91].

Mixture design: This involves mixtures of several factors whose
sum total is a constant value [92].

Response surface design: Response surface design is used for the
most important variables, i.e., their optimal conditions and it is divided
into symmetrical and asymmetrical designs [77,93]. Barreiro et al.
applied screening and response surface design during the experimental
design for the determination of alachlor in water using SPME [94].

Multivariate calibration: Multivariate calibration methods
use mathematical tools for chemical analysis when simultaneous
measurement of variables or factors is required to achieve selectivity
and consistency [95]. Multivariate calibration can be applied to
near Infrared (NIR), reflectance analysis as well as to NMR, IR, UV,
chromatography (GC, HPLC), thermal analysis, image analysis and
electrophoresis [96]. The methods include partial least squares (PLS),
principal component regression (PCR), classical least squares (CLS),
inverse least squares (ILS), cluster analysis, discriminant analysis and
artificial neutral network.

General statistics: The use of statistics to report and evaluate
data is achieved by using mathematical tools. Statistics is used to
determine errors in analysis which can be determinate (procedural or
instrumental) or indeterminate (instrumental noise) to gain some level
of confidence in the generated data. The common statistical technique
includes t-test which is used to test for significance of the individual
term, f-test, outlier test, ANOVA, etc. Determination of pesticides
analyte with various sample matrices using SPME-GC-MS and its

chemometric tools [97-101] are shown in Table 1.

Conclusion

The complexity of a chemical system for analysis requires the
development of a suitable experimental design so as to achieve
comprehensive results. Prior to the use of SPME certain conditions
must be fulfilled so as to accomplish enhanced extraction rate, efficiency
and sensitivity in order for the sample to be extracted efficiently. The
application of chemometric tools can be used to optimize the different
variables or parameters affecting the extraction using the SPME
technique and to analyse obtained data from instrumental response.
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