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Abstract

During the last decade, public concern over carbamate pesticide residues has increased
remarkably and their accurate determination in environmental samples is gaining great
importance. These compounds are present in environmental samples at low
concentration levels; one or several pre-concentration steps are therefore required to
1solate the target analytes, bring them to an appropriate concentration level, and
remove matrix interference components. This work describes the development of an
analytical approach to ultimately allow the combined exiraction and detection of

eserine, as an example of a carbamate pesticide, within a single microfluidic device.

The current study has been based on the use of the well-known approach using solid-
phase extraction (SPE} for eserine sample preparation, with a silica-based monolith
used as an SPE sorbent. A silica-based monolith rod was fabricated by the sol-gel
process and modified with octadecyl groups for eserine extraction. This sorbent
material was found to have a good surface area of approximately 312 m? g after the
modification step. A high exiraction efficiency of 96.58% recovery was demonsirated
for eserine using the octadecylated silica monolith. The SPE appreach was rapid,

taking less than 10 min, and used a low volume of sampie of 300 pL.

In this study, a very sensitive and rapid microfluidic-chemiluminescence method was
developed for the determination of eserine. To the researcher’s knowledge, there has
been no published data to date in the literature for the determination of eserine by a

chemiluminescence method.

The method developed was based on the reaction of luminol with hydrogen peroxide.

All the chemical and physical parameters in the reaction system were optimised in




order to obtain the best selectivity, sensitivity, and sample throughput. Under the
optimal conditions, the enhanced CL intensity was linear for an eserinc concentration
over the range 1 x 10 to 1 x 10* pg L with a good coefficient of linearity
(R?=0.9901), The limit of detection (LOD) was 0.057 ug L' and this is below the legal
limits (0.1 pg L) established by the European Union for drinking water. Intra-day

and inter-day coefficients of variation were below 10% over the range studied.

The proposed method was successfully employed to determine eserine in
environmental water samples. The average recoveries for UHP water, tap water, and
river water were 113.25% with RSD of 4%, 71.25% with RSD of 7%, and 59% with
RSD of 13.75%, respectively. The recovery for 1, 10, 100, and 200 pg L' of tap water
were 70.6%, 71.5%, 74.3%, and 68.6%, respectively. The proposed method provides

good recoveries in compliance with the EU guidelines for routine analysis.
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Chapter 1: Introduction

i.I  Pesticides

Pesticides are substances used in the environment in order to combat a variety of pests
that can destroy crops, as well as to improve the quantity and quality of the food
produced and help to limit many human diseases.! Among the different ways to
classify pesticides, one way is to categorise them according to their type of use. The
major pesticide groups are: fungicides, applied to kill fungi; herbicides, employed to
eradicate weeds and other unwanted plants; and insecticides, used to kil insects and
other arthropods. Algicides, rodenticides, molluscicides, pheromones, acaricides,
plant growth regulators, nematicides, and repellents are among the other types of

pesticides.’

A pesticide can be a biological (e.g. virus or bacteria) or chemical control agent. Since
the beginning of agriculture, chemical substances have been employed by humans to
control pests, among which inorganic compounds such as mercury, arsenic, lead, and
sulphur  are  included.  Paul  Miiller  discovered the wuse  of
dichlorodiphenyltrichloroethane (DDT) as an insecticide in 1939, which had an
imntense effect on pest control and made its use globally prevalent.? Effective control
of diseases such as malaria transmitted by mosquitoes and the bubonic plague
transmitted by fleas which were responsible for the deaths of millions of people over
the course of time, is the reason behind the widespread acceptance of pesticides at that
time.* Following the discovery of some toxic actions of DDT on birds and the

publication of the book Silent Spring by Rachel Carson in 1962, acceptance gradually



declined.” Globally, particularly in developed countries, the registration and utilisation
of pesticides is rigorously regulated at present, owing to their probable toxic actions
on human health and on the environment. Pesticides remain crucial for nourishing and
shielding the public from diseases despite a little evolution in the biological control
and in the development of resistance of plants to pest.’ It has been estimated that
approximately one-third of the world’s crop production would be destroyed by pests

without the use of pesticides.’

During the past few decades the application of pesticides has rapidly increased and the
world market of pesticides has doubled.®®? The timeline of pesticide sales during the
last years is shown in Figure 1-1 The main market sales of pesticides were herbicides,
fungicides, insecticides, and others with 43.8%, 26%, 25.6% and 4.6%, respectively,
in 2012."° The world agricultural pesticide industry is predicted to expand and achieve

US $58.9 billion in 2016."!
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Figure 1-1: Global pesticide market from 1992 to 2012; values are expressed in
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However, this widespread use of pesticides has caused great social and scientific
concern all over the world due to the possibility of contamination of water (e.g. ground
and surface waters), crops {e.g. fruit and vegetables), soil and air, as well as a
consequent potential impact on the environment and public health.'? According to the
World Health Organisation (WHO), there are three million acute cases of pesticide
poisoning and 250,000 unintentional deaths each year.'> Some pesticides are highly
toxic, environmentally stable, liable to bicaccumulation, and persist in the
environment over long periods of time.'® Exposure of the public to pesticide residues,
comprising both physical and biological degradation products found in water, food
and the air, could result from environmental contamination or occupational

exploitation.'™ ¢

The majority of pesticides are sprayed over crop fields or applied to soils. Only 1% of
the total amount of pesticides reaches the target pests.'” Pesticide residues have been
found in rain, groundwater, foods and drinking water.'3*® The amount of pesticides in
a few samples of river water and groundwater was found by the UK Government to
go beyond the values permitted for drinking water.”' Along with the human food
supply, mixtures of pesticides are also found in the aquatic envirenment, together with
the surface waters that sustain aquatic life.”? Five or more pesticides were found in
over 50% of all streams analysed in the United States.”> Humans would be vulnerable
to mixtures of pesticides and their degradation products if the water treatment does not
successfully remove pesticide residues, when streams and groundwater are used as a

source of drinking water.?"

As aresult, to reduce contamination of surface and ground water guidelines have been

formulated, and regulatory limits and guideline levels for residues in drinking water



have been established. Many countries have severely restricted the maximum
acceptable concentration of pesticides in water, food, air, and biological materials.?*
For instance, the European Union (EU) has established a maximum permissible
concentration of 0.1 pg L™ for individual pesticides, and 0.5 pg L' is the maximum
permissible total concentration of all pesticides in drinking water.”> Consequently,
these legal limitations have given rise to the need for analysis with increased

selectivity and sensitivity that merge automation and cost-effectiveness with

favourable selectivity, reproducibility, and sensitivity.*®

1.2 Analytical techniques for pesticides

The monitoring of pesticides in hatural water becomes a very important analytical
requirement for drinking water quality and to minimise human exposure. The
determination of trace and ultra-trace pesticides in complex matrices is always a
challenge to analytical chemists., Traditionaily, gas chromatography (GC) has been
commonly applied for pesticide analysis in environmental, clinical, and food samples
due to its high sensttivity and selectivity. However, a number of pesticides, such as
carbamate, pyrethroid and some organophosphorus, are not suitable for GC separation
because of their high polarity, low volatility, or thermal lability. These drawbacks can
be sometimes avoided by derivatisation from earlier GC injection.?” % Moreover,
high-performance liquid chromatography (HPLC) is preferred over the GC technigue
coupled with different detection systems such as mass spectrometry (MS)?, ultraviolet

(UVY*, and fluorescence®' for the determination of carbamates.



However, many of thé aforementioned techniques are often expensive, time
consuming, large in size and lab-based, and they require high consumption of reagenis,
sample transport, and storage. In addition, in the delay between sampling and analysis,
the sample 1is highly susceptible to losses and contamination. Currently,
miniaturisation of analytical techniques, such as lab-on-a-chip, is an effective means
to overcome many of the limitations of traditional techniques, with features such as
low reagent consumption, small sample size, increased speed of analysis, portability,
and remote operation.*? ** Miniaturisation of analytical techniques and lab-on-a-chip

have been detailed in more depth in Sections 1.6 and 1.7.

1.3 Pesticides sample preparation

The analysis of pesticide residues in environmental water samples involves sample
preparation and analytical instruments. Despite the rapid development in analytical
instruments, their detection limits, detector noise and final quantification are usually
affected by the interferences from complex matrices. Hence, sample preparation has
always been considered as the bottleneck in the analytical laboratory for the accurate
and effective analysis of trace pesticide residues. Approximately 60%—70% of the total
analysis time is currently spent on sample preparation steps.* ** 33 The object of the
saimple preparation step is to isolate the analytes of interest from a sample matrix and
remove the interferences as much as possible. Generally, sample preparation includes
extraction, clean-up and pre-concentration steps.*® The process of extraction and pre-
concentraftion of the environmental samples can be complicated, time consuming, and
labour intensive. The ideal sample preparation methods should be fast,

environmentally friendly, precise, and accurate. In addition, it should keep sample




integrity and consume little solvent. Typically, pesticide residues from liquid samples
{e.g. environmental waters) are isolated and concentrated using two of the most
acceptable extraction methods, such as liquid-liquid extraction (LLLE} or solid-phase

extraction (SPE).37%

1.3.1 Liquid-liquid extraction

Historically, liquid-liquid extraction (LLE) is the earliest sample preparation
technique used in analytical chemistry for the exiraction of pesticides in aqueous
samples. It i1s dependent on the partition of the analytes of interest between two
immiscible liquid phases. Hence, LLE has also been known as immiscible solvent
extraction.”® One phase is generally agueous, which contains the dissolved sample,
whereas the second phase is an organic solvent. In this technique, the aqueous sample
is shaken with a suitable volume of an appropriate organic solvent in a separatory
funnel that will lead to migrating the target analytes from the aqueous phase to the
organic phase 2, as shown in Figure 1-2. For this reason, the analyte should be more

soluble in the organic solvent than in water.”

In environmental analysis, LLE is mostly used for the extraction of non-volatile and
semi-volatile pesticides. Carbamates usually have low solubility in water but are
soluble in the more polar organic solvents (e.g. methanol or acetone). Moreover, they
are moderately soluble in medium polarity solvents {e.g. dichloromethane or
chloroform); they are commonly poorly soluble in non-polar solvents (e.g. petroleum,
ether).’® Sometimes, mixed solvents have been employed to modify the solvent

strength. For example, eight carbamate pesticides were extracted from aqueous



environmental samples with chloroform and determined by HPLC with a mean

recovery of 71%.%?

LLE has some advantages such as simple, good extraction recovery, large sample
capacity, and low demand on the analyst’s skills and reliability. Nevertheless, it also
has several serious shortcomings, the most notable being it is an environmentally
unfriendly technique due to the large quantities of solvents consumed and the
subsequent generation of waste. In addition, it is time consuming, difficult in
automation, expensive, labour intensive, and leads to potential loss of analytes.
Furthermore, polar pesticides cannot be extracted using this technique. Due to these

limitations, LLE has been gradually replaced by SPE.2 4344

Organic phase

Analyte

Aqueous phase ——>

Before extraction After extraction

Figure 1-2: Liquid-liquid extraction (LLE) technique




1.3.2 Solid-phase extraction

In the 1970s, solid-phase exftraction (SPE) was introduced and shortly became a viable
alternative sample preparation approach to LLE. It is now the most popular sampling
technique in several areas of chemistry including food *°, pharmaceutical *, clinical
47 environmental *¢, and industrial chemistry.*® The principle of SPE is analogous to
that of liquid-liquid extraction (LLE), involving a partitioning of the analytes of
interest between two phascs. Nevertheless, as an alternative to the two immiscible
liquid phases in LLE, SPE involves partitioning between a liquid (sample matrix
containing the analytes of interest) and a solid phase (sorbent). The target analytes, in
the liquid sample, are trapped in the solid surface (sorbent), and subsequently eluted

5% SPE has & number of

by an appropriately selected minimal volume of solven
different fonmats that are commercially available, namely: cartridges, discs, columns,

coated stir bars, 96-well plates and micropipette tips.*®

Due to its high adaptability, the SPE can be used for many purposes, such as trace
enrichment (concertation), removal of sample interferences (clean-up), solvent
exchange, and sample storage.’® Sample interferences usually cause problems for the
detection of analytes of interest (e.g. overlap band in the chromatogram) that can
negatively affect results. In environmental complex samples, a large number of
interferences can make it difficult to separate the analyte bands. These interferences
can often be reduced or removed by this approach.®’ In addition, SPE can be used to
increase the analyte concentration when the sorbent is eluted with a small volume of
strong solvent. This process is termed trace enrichment and 1s frequently used to
concentrate sub- part per billion concentrations of target analyte such as pesticides

from environmental water samples.>



SPE has a variety of distinctive advantages over liguid-liquid extraction. For instance,
it 1s relatively fast, reduces cost and labour, achieves relatively high recovery of the
analyte, concentrates the analyte, uses small volume of the sample, is suitable for
automation, reduces organic solvent consumption and disposal, reduces potential
emulsion formation, completely removes interferences and is environmentally
friendly.?® 534 Nevertheless, there are some disadvantages of the SPE approach such
as limited capacity of the sorbent, cracks appearing in the sorbent structure due to
dryness through the extraction steps, possible risk of cartridge blockages caused by

large particulates in the sample and contamination through manufacturing.>® >

In spite
of all these disadvantages, solid-phase extraction is stitl commonly used rather than

the LLE approach in environmental analysis.*

Typically, the SPE technique can be carried out by two ways: offline or online
procedures. In the first procedure, the sorbent is disconnected from the following
method of analysis {e.g. HPLC), while in the other the sorbent is directly connected
with the following method of analysis. The offline SPE equipment is inexpensive and
simple, thus completely appropriate to on-site sampling. Conversely, this approach is
time consuming, needs a large amount of the eluted organic solvent, and it could cause
a possible contamination or loss of the analyte of interest during the evaporation
steps.”™ *7 In environmental analysis, the SPE technique can be easily coupled with an
analytical system, such as HPLC %, liquid chromatography/mass spectrometry
(LC/MS) * and GC ™, to achieve sample preparation and analysis without the need of
an operator. Generally, online SPE techniques are fast (by reducing the analysis time),
increase sample throughput, are more beneficial for a limited volume of sample, and
improve precision. The online combination of SPE and GC is more complex due to

the sensitivity of the GC system to water and the drying process increases the risk of



losing volatile analytes, whereas HPLC is more favourable with SPE since they are
both depend on partitioning between a liquid/mobile phase and solid
sorbent/column.*>* Despite the demand trend towards online SPE procedures, offline
SPE is probably still the most extensively used sample preparation approach to extract
pesticides from environmental and food samples. It continues a valuable technique for
analysing pesticides in complex matrices due to its high flexibility when the elution

solvent is unsuitable for the subsequent method of analysis.>’

Additionally, there are some friendly miniaturised SPE techniques that have been used
for the extraction of carbamate pesticides from environmental water samples such as
solid-phase microextraction (SPME), stir-bar sorptive extraction (SBSE), magnetic
solid-phase extraction (MSPE), and molecularly-imprinted solid-phase extraction
(MISPE). These SPE techniques represent an opportunity to reduce solvent

consumption, time of extraction, and overall cost. *1-¢3

13.2.1 Solid-phase extraction procedure

The general SPE procedure has to provide the analyte of interest from the sample that
is free from interferences and concentrated enough for detection.’® The SPE process
fundamentally consists of four successive steps, as shown in Figure 1-3: conditioning,
application of the sample (loading), washing (removal of interferences) and elution
(recovery of the analyte). Initially, the sorbent is activated by flushing an appropriate
solvent (e.g. a non-polar sorbent is activated by a polar solvent) that allows the sorbent
functional groups to solvate, and remove the air in the voids and any possible
impurities present in the sorbent.*® ° Then, the sorbent equilibrates with the same

solvent in which analytes are dissolved in order to wet the sorbent and make an

10



appropriate environment to enlarge the adsorption of the analytes in the solid phase. It
is essential to keep the solid sorbent wet between this step and loading the solution of
sample. Otherwise, the target analytes will not be efficiently trapped and poor

recoveries will be achieved.%

Following the conditioning step, the solution of sample is loaded into the solid sorbent
by gravity, pumping or by an automated system. Hence, the target analytes are retained
and concentrated in the sorbent material. In addition, some of the sample constituents
may also be retained by the solid sorbent and others may pass through, therefore
enabling some purification of the analyte. In the third step (washing), the solid sorbent
is rinsed by a suitable solvent, similar to the sample solution, to remove undesired

sample constituents without displacing the analytes,** 3 6

Finally, the target analyte is eluted and removed from the sorbent by a minimum
amount of a suitable solvent, and then prepared for further analysis. All the successive
SPE steps need careful respect for the nature of the SPE sorbent, the solvent and their

influence on the target analyte.%
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Figure 1-3: Typical solid-phase extraction (SPE) steps

1 .3.2.2 SPE retention mechanisms

There are several retention mechanisms that are utilised for the interaction of the target
analytes with the SPE solid sorbent. Traditionally, solid-phase extraction sorbents can
be categorised into three classes: normal-phase (NP), reversed-phase (RP), and ion-
exchange (IE).”” Normal-phase (NP), also known as polar phase, is generally a polar
sorbent material (hydrophilic) such as silica (SiO;), and magnesium silicate (MgSiO3),
or silica material chemically functionalised with highly polar groups, for example diol
groups, cyano, and amino. This phase is especially suitable for the extraction of polar
analytes that dissolve in non-polar organic solvents such as hexane (C¢Hi4), toluene
(C7Hs), and chloroform (CHCIs). The retention mechanism of the target analyte is
mainly due to polar interactions (e.g. hydrogen bonding and dipole-dipole interactions)

between the polar functional groups of the analyte and the polar groups on the surface

12



of sorbent. Figure 1-4 illustrates the mechanism of a hydrophilic extraction. The

analyte retained by these mechanisms is eluted by passing a polar solvent that broken

the binding mechanism.>* ¢

—

/ \\0
Analyte

diol-modified silica sorbent
[(Si02)x(CH2);OCH:2CH(OH)CH:(OH))

Figure 1-4: Polar interactions between a diol-modified silica sorbent and the

analyte (phenol) via hydrogen bonding!

Reversed-phase (RP), also known as non-polar phase, is generally a non-polar sorbent
material (hydrophobic), which can be polymer-based or silica-based modified with a
non-polar functional group (hydrocarbon chains) such as ethyl (C2), octyl (C8), and
octadecyl (C18). The RP is more appropriate to extract non-polar or moderately polar
organic analytes (e.g. carbamate pesticide) from polar aqueous matrices. Here, the
interactions occur between the functional groups on the sorbent and hydrophobic parts
on the analyte molecule via van der Waals or dispersion forces. The C18 phase is the
most extensively used sorbent in RP for many applications due to the high
hydrophobicity and ability to extract many compounds with different chemical
properties. However, the main drawback of C18 is that it does not give the best
selectivity.*” % The mechanism of a hydrophobic extraction in the case of C18

modified silica sorbent with two non-polar compounds is shown in Figure 1-5. The
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elution of retained analyte is mostly made by using a non-polar solvent to disrupt the

forces that bind the analyte to the sorbent.

reversed-phase octadecyl (C,g) modified silica sorbent

Figure 1-5: Non-polar interactions between bonded silica sorbent and two

analytes via van der Waals forces”!

The ion-exchange (IE) method includes extraction of analytes in solution: negatively
charged analytes (anionic) can be extracted using positively charged functional groups
that are bonded to the silica surface (such as aminopropyl and quaternary amine),
whereas positively charged analytes (cationic) can be extracted using negatively
charged functional groups that are bonded to the silica surface (such as
benzenesulphonic acid and carboxylic acid). These SPE phases are most appropriate
for extraction of charged analytes (such as acidic and basic compounds) from polar or
non-polar organic samples. Figure 1-6 shows the mechanism of ion-exchange SPE.
The electrostatic attraction occurs between the charged functional groups that are
bonded on the sorbent and the charged functional group of the target analytes.**** The

ion exchange sorbent retains analytes of opposite charge depending upon the pH.
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These electrostatic attractions can be disturbed by neutralising the sorbent or the
analyte with a pH change or by using a solvent with an appropriate ionic strength that
contains ions that compete with the target analytes for binding sites on sorbents.
Basically, there are three types of ion-exchange: cation exchange, anion exchange, and
zwitterion-exchange. The first type is the cation exchange, where the sorbents are
negatively charged and interact with positively charged analytes (cations) such as use
a resins that a cross-linked with an aliphatic sulfonic acid (- SOs) functional group.
The second type is an anion exchange, where in this case the sorbents are positively
charged similar the analyte carries a negative charge, where an aliphatic quaternary
amine group (-N* {CH3)3) are commonty used. Also, an ionizable functional group
such as amine or carboxylic acid (COOH) can be used for weaker exchange. In
zwitterion-exchange, the sitica backbone contains molecules which can be negatively
or positively charged; therefore the functional group can attach to it, where amino

acids group expel of this process.*”7!

b Analyte
50" «—» NH,*
(a} benzenesulfonic acid-modified silica sorbent
Analyte

o /\©
§ SN N (CH;}s «——» -00C
@

(b) trimethylaminopropyl-moditied silica sorbent

Figure 1-6: Examples of IE interactions: (A) strong cation-exchange sorbent and

(B) strong anion-exchange sorbent’"
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1.4  Materials used as SPE sorbents

The SPE sorbent selectivity depends on understanding the knowledge of the chemistry
and mechanism of interactions between the functional groups on the sorbent surface
and the target analytes, as described in Section 1.3.2. The materials used as sorbents
for SPE can be generally categorised based on their nature as organic based, such as
natural and synthetic polymers, and inorganic based, such as silica gel (SiO2) and
magnesia (MgO). Materials used as sorbents in SPE arc highly analogous to those
normally used as stationary phases in typical HPLC.” Therefore, the solid-phase
materials should rapidly adsorb quantities of the analytes of interest and easily efute
the analytes from the solid particles.** Overall, successful SPE sorbents should have a
number of properties including being porous with large surface areas, offer chemical
stability towards the sample matrix and elution solvents during all SPE steps, be free

of leachable impurities, and have easily modified surfaces.”* 7

Traditionally, at the turn of the twentieth century, Tswett used calcium carbonate as a
sorbent to separate plant pigment with petroleum ether as the mobile phase, and he
named the process ‘chromatography’.’ In the early 1930s, some inorganic oxide
sorbents, including silica gel, alumina, and diatomaceous earth, were applied for
normal-phase to clean up samples in organic solvents.”’ Braus ef al. used metal pipes
filled with 1200-1500 g of granular activated carbon for the isolation of organic
contaminants from surface waters in the early 1950s.” Abel et al. introduced a solid
reversed-phase (non-polar) polymer by chemically bonding silica surfaces with

trichlorosilane.’® Riley and Taylor, in 1969, were the first who stated the use of
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poly(styrene-divinylbenzene) resins as a replacement for active carbon, for the pre-

concentration of organic compounds from sea water.”’

In the mid-1970s, silica-based sorbents chemically modified by C18 were used in
solid-phase extraction and introduced in different formats such as disposable
cartridges and syringe barrels.” The review by Hennion in 1999 reported the most
significant features of reversed-phase silica and polymer sorbents in both biological
and envircnmental areas, but they are required to be conditioned with solvent and
remain wetted prior to applying the sample solution.” Afterwards, Waters Company
infroduced to the market a polymeric water-wettable sorbent, called Oasis
hydrophilic—lipophilic balanced (HLB), used for acidic, basic and neutral analytes

which do not necessarily need the conditioning step.”

Later, several numbers of sorbents and formats were developed, automated, and
miniaturised in solid-phase extraction, but silica is the most widely used material due
to its relatively tow cost, its different structural forms, availability in a various range
of pore sizes and the surface can be simply modified with different functional groups
to increase its selectivity towards different desired analytes.** % Generally, the popular
materials that have been applied as solid-phase extraction sorbents are particles (silica-

based) and monoliths, which will be described in detail in the next sections.

1.4.1 Particles

As discussed previously, silica-based particles are the most comimon materials used as
sorbents for SPE and offer a number of advantages over other materials. Traditional

particle SPE beds, for example columns or cartridges, are created by loading a certain
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mass of silica particles into the bottom, and the silica particles are held in place by two
polyethyliene filters, upper and lower, on each side of the bed. The particle size of the
silica particles is typically in the range 40-50 um. These are much larger than the

HPLC cotumn particles (3-5 pm).%

These traditional particle SPE columns have some problems with their particles such
as a shortage of particles to completely fill the available space; the preparation of
particles neceds skilled technicians and special instruments since the extraction
efficiency is based on the quality of particles packed in the column. In addition, this
type of stationary phase requires rigid and highly porous frits that are capable of
retaining stlica particles in place and avoiding the generation of bubble formations

during analysis, which is frequently difficult to achieve.®

In fact, the efficiency of the sorbent material for extracting the analytes can be
enhanced by improving the surface area, which can be achieved by the decreasing of
the size of particle. Nevertheless, this can trigger an increasing in the backpressure,

which is inversely proportional to the particle size squared.*

In order to prevent the increased back pressure, the bed length should be decreased.
However, this can also limit the number of interaction sites on the sorbent surface,
leading to a reduction in the sorbent capacity. Furthermore, particle-based SPE
carfridges create channels after several usages. This is to allow the analytes to move
rapidly through these channels before they interact sufficiently with the sorbent. These
drawbacks urge the requirement for more accurate and uncomplicated SPE material
which can offer a high surface area and extraction cfficiency without any serious

problems. As a result of this demand, the use of monolithic material for SPE
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application has become a convenient way to overcome the particle-packed problems.”™

83,54

1.4.2 Monolithic materials

During the last 25 years, modern monolithic columns have been attracting attention as
they overcome some of the drawbacks of particle-packed columns in terms of
analytical performance, time and column efficiency, qualifying them as a strong
alternative to particle-packed columns. In chromatographic science, monolithic
columms have several properties such as their large through-pores and small skeletons,

which provide low backpressure and high efficiency.%

The new generation of these materials has had different names in the hterature over
the years. Historically, Hjerten ef al. compressed polyacrylamide gel within an LC
column for chromatographic separation, and they introduced the term ‘continuous
beds’ in 1989.% Afierwards, Svec and Frechet in 1992 fabricated what was known as
‘continuous ‘polymer rods’, a rigid macroporous polymer formed by a moulding
process and utilised as a separation media in the HPLC.¥ Later, several groups of
scientists fabricated inorganic silica-based material known as “porous silica rods’®®, or

‘continuous column support’.® In 1993 came the first use of the term ‘monolith’ to

define a single piece of functionalised cellulose sponge used for protein separation.*

The term ‘monolith’ derives from the Greek, and it translates into ‘a single stone’
According to Tanaka and Unger, a *monolith is a continuous porous object whose
morphology and pore structure can be varied over a wide range’.®' A monolith can be

defined generally as a continuous porous structure without interparticle voids.”? It also
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describes a technological or geological characteristic such as a boulder or mountain,
involving a single massive stone or rock. An example of a boulder, obtained by a
Chinese empress and utilised to embellish the entrance of one of her palaces, is

presented in Figure 1-7.%

Monoliths have been formatted in different ways such as discs, rods, and membranes.
They can generally be divided according to type, for example based on the nature of
materials used for the preparation they are organic, polymer-based monoliths and
inorganic such as silica-based monoliths. Additionally, depending on the size of the
pores, they can be categorised into three groups: microporous (< 2 nm), mesoporous

(2-50 nm), and macroporous or through-pores (> 50 nm).°"%*
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Figure 1-7: An image of the porous monolith located at the access of the Summer

Palace Park in China®?

Each pore has a specific benefit; micropores are the most essential pores with regard
to the separation. Nevertheless, large molecules sometimes cannot pass through the
micropores; then, they will interact with the mesopores. The main advantage of the
macropores is to permit a high solvent diffusion and mass transfer resulting in a
reduction of the backpressure of the column. For extraction, mesopores can thus

increase the monolith surface area, resulting in increased permeability.’!
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Several papers have compared monolithic materials and packed particles. Most of the
authors agreed that monelithic materials have a number of advantages over packed
particles, such as high porosity linked to a high permeability and high surface area,
robustness, a wide range of flow rate, high separation efficiency and low back pressure.
Furthermore, monolithic cotumns do not require a frit system in comparison with

packed particles. 9293

Figurc 1-8 illustrates the structural differences between a particle-packed column (A)
and a monolithic column, made from a single piece of a porous solid with relatively
targe channels for convenient flow (B). It can be seen from the SEM micrographs of
the two chromatographic columns that the monolithic bed includes a much greater
number of channels penetrating the bed compared to the particle-packed column. In
addition, the channels’ diameter in the rmonolithic structure is decreased, permitting a
significant reduction in the lengths of path necessary for mass fransfer between the

stationary and mobile phases.”
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Figure 1-8: The characteristics of internal stracture of {A) particle packed, and

(B) monolithic chromatographic beds”

Owing to the unique characteristics of monolithic materials, they are applied in a
diversity range of areas. For instance, monolithic materials have been utilised in
various separation science applications, such as gas chromatography (GC), capillary
electrochromatography (CEC), and high-performance liquid chromatography
(HPLC).®® These applications have been reported in many reviews,> %% As
documented previously, monolithic materials can be categorised into organic polymer-
based monoliths and inorganic silica-based monoliths. They are different 1n their
preparation chemistry, in which polymerisation is used for the polymer-based
monolith whereas hydrolytic polycondensation is used for the silica-based monolith.
In this research, emphasis is given to the inorganic silica-based monolith in the next

sections.
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1.4.2.1 Organic polymer-based monoliths

Hjerten ef al. introduced the first macroporous polymer monolith which is formed by
a simple moulding process.®® These monoliths are polymerised in situ within a tube
(e.g. column, capillary or a microchip) in which they remain after the preparation is
achieved. Generally, the mould is filled with a mixture of monomer, porogenic
solvents, cross linker, and a free radical initiator. Then, the mould is sealed and
polymerisation is completed under carefully controlled photo or thermal conditions.
After the polymerisation reaction, the polymer monolith is flushed with appropriate
solvent, such as methanol or tetrahydrofuran, in order to eliminate porogenic solvents,
the initiator, and other unreacted components that remain in the monolith pores. The
washing step is performed by using a mechanical pump. Furthermore, the monolith is
ready to use for a further experiment. Organic polymer monoliths are mostly based on

polystyrenes, polyacrylamides, or polymethacrylates. %> %7

1.5 Inorganic silica-based monoliths

Silica monoliths represent an active area of research. According to a SciFinder
electronic library search, there have been more than 800 papers published, from 1991
to 2011, describing methods based on silica monoliths. An inorganic silica monolith
1s prepared as rods from a single-piece structure of porous silica (consisting of
skeletons and through-pores), using a sol-gel process. The subsequent surface

modification of a silica monolith can also be achieved with relative ease.’'%°

Silica monoliths emerged much later than polymer monoliths. In the early 1990s,

Nakanishi et al. reported a sol-gel approach to making silica-based monoliths. The
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earliest paper explaining the successful use of porous silica rods for HPLC was
reported by Tanaka and colleagues in 1996, who used a sol-gel process based on the
hydrolysis and polycondensation of tetramethoxysilane (TMOS) in the presence of
polyethylene oxide (PEO) as a template. This process produced monolithic materials
with a continuous silica structure with defined macropores and mesopores. The length

of the rods produced was 83 mm with a diameter of 7 mm *

In 1996, Fields ef al. fabricated a silica xerogel from a potassium silicate solution
within a fused capillary and used it to analyse polycyclic aromatic hydrocarbons
(PAHs). However, the column possessed very low efficiency (5000 plates/m).¥ In
1998, Horvath and colleagues published a further approach which consisted of packing
fused silica capillaries with octadecylated (ODS) 6 um particles, followed by a thermal
treatment, to produce monolithic columns for micro high-performance lquid
chromatography (pHPLC) and capillary electrochromatography (CEC). These
columns offered good efficiency, characterised by a theoretical plate height of 16 um

for p-HPLC and 8 pm for CEC.1%

Additionally, Adam ef al. used a similar method for the fabrication of monolithic silica
capillaries by sintering particles.!®! In 1998, Zare e al fabricated monotithic silica
capitlaries by incorporating 3—5 pm ODS-particles into a sol-gel solution, which was
then placed into a fused silica capillary for CEC. The monolith was investigated with
a mixture of aromatic compounds, and it provided efficiencies of up to 80,000

plates/m.'®

Several scientists have also fabricated monolithic fuscd silica capillaries by sol-gel
bonding of particles using a number of modified methods.'%"'% When silica monoliths

were manufactured as rods 4 and 4.6 mm in inner diameter, the challenge was to cover
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the silica rods within pressure-stable, leak-tight, cylindrical columns with
corresponding fittings.®® In 2000, researchers from Merck KGaA, Darmstadt,
completed this task by a cladding process using poly (ether-ether-ketone) (PEEK).
Since that time, monolithic silica columns have become commercially available in

different column dimensions. An example is Chromoliths, which is a trade name

g, 106

manufactured by Merck, as shown in Figure 1

Figure 1-9: Monolithic silica rod (lower); Monelithic silica colamns

Chromolith™ cover with PEEK and previded with colimn end fittings

In 2008, Tanaka et a/. generated 1,000,000 theoretical plates of aromatic hydrocarbons
with retention factors of up to 2.4, with a t0 of 150 min. This was accomplished when
three 100-pm-i.d. columns were connected to form a 1130-1240 ¢cm column
system.'” In the case of MonoClad columns, Miyazaki er @/ achieved a higher
pressure resistance than with PEEK cladding by covering a silica monolith with two

layers of polymer and encasing it in a stainless steel tubing, as illustrated in Figure 1-
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10.'% Recently, Haswell et al., developed a resin silica monolith encapsulation method
that enables direct fluidic connection to the monolith using standard union fittings, as
shown in Figure 1-11.' As the monolith developed in the present work was based on

a hydrolysis and sol-gel process, these processes are discussed in more detail the

following sections.
Monolithic silica Second polymer layer
Stainless-steel tube First polymer layer

Figure 1-10: Schematic design of a MonoClad column

Figure 1-11: Monolith encapsulation mould assembly (A) Silicon release spray
lined 20 mL syringe (B) Rubber syringe ends in place, with HPLC fittings
inserted (C) Monolith suspended between HPLC fittings
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LS4 Sol-gel reactions of silica

Silica-based monoliths are prepared by the sol-gel process based on two kinds of
reactions: hydrolysis and polycondensation of alkoxides. Normally, the hydrolysis is
initiated by mixing water with silicon alkoxide (M-OR) in the presence of alcohol as
a co-solvent. The hydrolysis of M-OR produces silanol groups (M-OH), which then
condense with one another to produce a polycondensed chain of M-O-M linkages and
water. The sequent condensation results in an increase in metalloxane (in the case of
silicon, siloxane) oligomers that link together to form a network structure of silica gel
skeletons with macropores. Alcohol also can be produced as condensate when the

amount of water is limited.!'® "' The chemical reactions of the sol-gel process are

shown in Figure 1-12.

QR Hydrolysis CIJR
RO-Si—OR + H0 = ————= RO-Si—OH + ROH

OR Esterification OR

: OR OR

iR + ?R _Alcohol condensation RO-Si—O0-Si—OR —
RO_S(I;;OR HO_E‘;OR Alcoholysis OR OR

QR ” CI:‘.R Water condensation QR ?R
i S i = RO-Si—O0-5i—OR + H,0

OR OR Hydrolysis & O

Figure 1-12: Scheme of reaction during the synthesis of silica monolith

|.3:0.1 Starting material

The reaction mixture consists of silica gel, an organic additive, a catalyst, and water.
There are many choices of silica source that have been used to manufacture silica gel.
Water glass (sodium silicate) 1s employed to prepare macroporous silica monoliths

when purity is not required.''? Silicon alkoxides, mostly tetraethoxysilane (TEOS) and
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tetramethoxysilane (TMOS), are commonly used as a silica source according to their
purity, low cost, and availability.”" ** Figure 1.13 shows the chemical structure and
properties of TEOS and TMOS. Nakanishi ef al. have widely used TMOS to fabricate
monoliths for easier hydrolysis; hydrolysis using TEOS is a little slower in making a
homogeneous solution from the starting materials.®® ''> Wagh et al. described the use
of three kinds of precursors, polyethoxydisiloxane (PEDS), TMOS, and TEOS, to
fabricate monoliths, and they found that TMOS produced a higher surface area with
narrower and more uniform pores than TEOS; however, PEDS was better than both.''
Colon et al. found that methyltriethoxysilane (MTES) produces a higher surface area
than TEOS and a more flexible network. Methyl-modified alkoxides, such as MTES
or methyltrimethoxysilane (MTMS), are utilised as minor components. Based on the

works of others, such as Harreld et al., a mixture of TMOS and MTES have been

used.''

_ . \_o 0_/

0\ /O \ /

Si Si

/\ 7%

—0 o— /—0 0—\
Tetramethoxysilane (TMOS) Tetraethoxysilane (TEOS)
Formula : C4H;0,4Si Formula : CgH,)0,4Si
Molecular weight : 152.22 g mol™ Molecular weight : 208.33 g mol™

Figure 1-13: The chemical structure and properties of TMOS and TEOS

Generally, silicon alkoxides offer slow hydrolysis and polycondensation kinetics when
compared to other metal alkoxides; thus, a catalyst is necessary to promote the reaction.
The catalyst can be a base, such as N-methylimidazole (CH3C3H3N3) or an acid, such

as nitric acid (HNOs) or acetic acid (CH3COOH), mixed or dissolved in water before
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the introduction of the additive. The type and concentration of the catalyst play an
important role in determining the macroporous formation of silica monoliths.
Furthermore, silicon alkoxides are insoluble in water; therefore, another solvent

(polar-non-polar) is required to homogenise the mixture.”!> 16117

Additives: Organic additives are required in the preparation of silica monoliths. They
can induce phase separation between silica and water. Polyacrylic acid (PAA) was
used as a porogen for first time by Nakanishi ef al.''®, who later used a water-soluble
polymer, polyethylene oxide (PEO), and claimed that the size distribution can be
controlled by adjusting the concentrations of TMOS or PEO.'"? Furthermore, Martin
et al. used polyethylene glycol (PEG) and agreed that low concentrations of PEG lead
to a strong solid matrix, and vice versa.''® Later, Tanaka ef al. showed that an increase
in the concentration of PEG leads to a decrease in the domain size. PEO is broadly
applied with a range of molecular weights and is easy to dissolve in water.'* Shi et al.
have used triblock copolymer (F127) to fabricate a TMOS silica monolith with
continuous textural pores and mesopores, and interconnected skeletons. F127 has been

demonstrated to act as a template function and phase separation inducing agent.'?!

1:5.1.2 Sol preparation and hydrolysis

The overall steps for preparing macro/mesoporous silica monoliths using the sol-gel
process are illustrated in 1.14. The process includes four steps: (i) hydrolysis of silicon
alkoxide in the presence of porogen additive; (ii) phase separation and gelation; (ii1)

ageing and solvent exchange; and (iv) drying and heat treatment.
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Starting Sol Phase Separation  Aging and Solvent  Evaporation

and Gelation Exchange Drying
ARR
_— S —
Water-Soluble Polymer, Add
Catalyst and Water l
o
Silicon Alkoxide (TMOS)

*eat-Trealment

[

Double Pore
Silica
Mesoporous structure  Macroporous structure
2-50 nm >50 nm

Monolithic silica rod

Figure 1-14: The overall steps of preparing silica monolith and the structure of

monolithic silica rod with the bimodal pore structure®!

1.5:1.3 Hydrolysis and phase separation and gelation

Hydrolysis is initialised by first mixing water, the catalyst, and the additive. A few
minutes are enough to dissolve the additive in water and achieve a homogeneous
solution. Next, silicon alkoxide is added to the solution under stirring at ice
temperature, as the reaction between water and silicon alkoxide is exothermal. Under
mixing, the droplets of silicon alkoxide become dispersed in the solution to form a
turbid mixture. Then, after a couple of minutes, the mixture is converted to a
transparent solution, and reaction heat is generated. If alcohol is used, the temperature
might reach its boiling point. After the transparent solution is obtained, it is poured

into a mould as a gel under a constant temperature, before its viscosity becomes too
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high.”" 1?2 This moulding step can be affected by some factors, including the mould
shape (which defines the final shape of the product), cleanliness of the mould to
prevent any possible contamination and the type of mould used (to avoid any

interaction between the solution and mould).!??

During the gelation process, the mould should remain stable, avoiding any possible
mechanical disturbance. Here, the condensation reactions yield particles that
subsequently compose clusters and increase the solution viscosity. In addition, a three-
dimensional network will be formed when the hydrolysis and polycondensation
reactions are achieved. The gelation temperature is generally in the range of 40—

SOOC.‘}I, 122

The hydrolysis and condensation reactions can be influenced by differences in the
processing parameters of the chemical compositions. Motokawa et al. examined the
influences of using different starting materials and physical parameters during the gel
formation process on the structural morphology of silica monoliths. They prepared
monolithic fused silica capillary columns by using 18 mixtures of TMOS and MTMS.
The fabricated monoliths exhibited a range of skeleton diameters from 1 to 2 um and
macropore diameters from 2 to 8 pm. Silica monoliths with a smaller domain size

showed lower back pressure and greater column efficiency.'?* 123

1.5.1.4 Ageing and solvent exchange

Kirkbir et al. showed that washing the gel with an aqueous solution of ethanol results
in an improvement of the permeability of the sol part of the gel.'*® Einarsrud et al.
demonstrated that silica gel can be strengthened by ageing it in ethanol solutions, water,
and TEOS.'?” Later, they also showed that the permeability of the gel can be increased

by washing it in water by dissolution and reprecipitation.'?® During the ageing step the
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solvent evaporates, leading to shrinkage of about 25% in the gel network.'*® Dai ef al.
used an ionic liquid, because of its low vapour pressure, which eliminated shrinkage
in the gel network.'? Reichenauer reported that the external microspore surface area
could be decreased by washing the gel in water, followed by supercritical drying,

leading to no significant shrinkage of the gel '3

Following gelation, solvent exchange is required to generate the size of the mesopores
required for separation/adsorption. Ammonium hydroxide (NHsOH) is commonty
used to tailor mesopore, as an increase in the concentration of NH4OH leads to larger

mesopores. A higher temperature also can produce larger mesopores, up to 50 nm. !

During polycondensation reactions of silica in the presence of water-soluble organic
polymer, the phase separation takes place between the silica-polymer system and
water. It generates a skeleton with a bicontinuous network of macropores on the silica
surface. The sizes of the macropores and skeleton may be controlled by the molecular

weight and the concentration of polymers.'!?

Shrinivasan et al. synthesised TMOS monoliths using different molecular weights of
PEO (10kDa and 100kDa). The morphological structures of the TMOS monolith are
different in the presence of variable PEO molecular weights, as shown in Figure 1-15.
The SEM image of a TMOS monolith of 10kDa MW PEO shows the diameter of
macropores between 5 and 7 um with surface area of 40 m* g™, On the other hand, the
SEM image of a TMOS monolith of PEO containing 50% 10kDa MW and 50%
100kDa MW has a macropore diameter between 2 and 4 um with a surface area of 380
m? g'!; whereas the SEM image of a TMOS monolith of 100kDa MW PEO has a

surface area of 520 m? g! and macropore diameter of less than I pm.'*
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Figure 1-15;: SEM image of (A) TMOS monolith prepared from 10kDa MW PEO
(100%), (B) TMOS monolith prepared from 10kDa MW PEO (50%) and 140kDa
MW of PEO (50%) and (C) TMOS monolith prepared from 100kDa MW PEO

(100%) (adopted with a permission from the publisher, Elsevier)!*

Fletcher ef al. synthesiscd the biporous silica monoliths with both macropores (um)
and mesopores {(nm) in the skeleton structure. They also found that the sizes of the
macropores and skeleton may be influenced by the molecular weight and

concentration of the polymers.'*

Minakuchi et al. suggested that increasing the molecular weight and concentration of
PEQ leads to a delay in phase separation relative to the sol-gel transition. This allows
the silica network to grow more in the gelation stage before the structure of the silica
monolith is frozen. Hence, increasing the molecular weight and concentration of PEQ
results in an increase in the thickness and sirength of the skeleton structure and so the
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porosity and permeability of the monolith decrease. The shrinkage in the wet gel

enabled the monolith to be removed from the mould for the basic treatment, 5 120

To increase the surface area of the monolith, the well-aged form with basic treatment
was produced by thermal decomposition of ammonium hydroxide or urea solution at
a temperature near to 100°C to form the mesoporous structure. These mesopores are
shaped inside the silica skeleton by a dissolution—reprecipitation process, where
dissolution of the silica occurs on the convex surface and reprecipitation occurs on the

concave surfaces by adjusting pH and temperature.!3% 13

Numerous experiments suggested that the experimental parameters such as the basic
treatment period, pH, and temperature may influence the performance of monolithic

material and the pore size distribution, 3" 136-139
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1.5.1.5 Diving and heat treatment

Drying is the last process in the preparation of a monolith. This step is critical, as
shrinkage of the gel can lead to damage and cracking of the monolith. It has a minimal
influence on the monolith structure. During drying, shrinkage of the gel is driven by

the capillary pressure, Pc, which 15 described by equations (1-1) and (1-2).

Pc= (2 yLV cosd) th”! (1-1)

Where, YLV is the surface tension of the pore liquid at the liquid vapour interface.
@ is the contact angle.

1 is the pore radius.

th=2Vp Sp™ (1-2)

Where, Vp is the pore volume.

Sp is the surface area.

Drying removes the majority of the organic compounds from the wet gel monolith.”"
'3 In general, the temperatures applied are between 40 °C and 80 °C, depending on
the starting materials. Subsequently, a heat treatment is performed at high temperature
from 500 °C to 650 °C to remove the organic residues without causing any possible
deformation on the structure of the monolith. Furthermore, the mechanical stability on
the silica monolith improved due to the heat treatment whereas the surface area and

the pore volume decreased,!'! 133
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o Properties of silica-based monoliths

Monolithic silica materials represent a three-dimensional network structure and
exhibit bimodal pores, through-pores, and mesopores (see Figure 1-16). The through-
pores, also called macropores, enable flow paths through the column and allow the
analyst to enter the mesopores. The mesopores contribute mainly to the surface area.
The term ‘skeleton size” denotes the average thickness of the silica network, whereas
the term ‘domain size’ denotes the total size of both skeleton and through-pores. The
sizes of the mesopores and macropores can be controlled independently.”’ 40
Mesopores are formed in the skeleton in the 10-20 nm range, and they can be adjusted
after the formation of the network structure by the basicity of an etching solution,
reaction time, and temperature, whereas the sizes of the silica macropores and
skeletons can be adjusted by the composition of the starting mixture.'*' The size of
macropores is usually larger than the size of the skeleton, leading to (macropore size
to skeleton size) ratios of up to 4.0. This porosity is greater than that of a particle-
packed column.''® !> The total porosity of a monolithic column is about 85%, which
is 15-20% higher than a particle-packed column with 5 pm particles. This porosity

can be divided into 80% macroporous, 10-15% mesoporous, and a small percentage

of microporous. High porosity leads to high permeability or a low pressure drop.'*®

142, 143
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Mesoporous (@ 13 nm) ) - Macroporous (@ 2 ym)

Figure 1-16: SEM photograph of the typical porous structure of monolithic silica
columns (in the middle), the macropore or through pore (right), and the

mesoporous structure of the silica (left)'?

1.53 Monolith for sample preparation using SPE

Solid-phase extraction (SPE) has become one of the most widespread extraction
techniques used in the extraction and pre-concentration of analytes in matrices of
environmental, clinical, food, and biological samples, because it is simple and
versatile. In SPE, the analyte of interest is transferred from the aqueous phase to a
sorbent phase and subsequently eluted in an appropriate solvent. SPE can offer the
benefits of reducing analysis time, sample volume, organic solvent consumption and

disposal, cost, and labour.”!

Monoliths are becoming increasingly popular as a sample preparation tool which is
apparent in a number of publications.'**-'4” Historically, monoliths were first used as
extraction sorbents for SPE of polar organic compounds in 1998,'“® and as sorbent

material in a microfluidic device to extract peptides and proteins in 2001."*° These
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materials have several advantages over more conventional particulate maierials. For
example, they offer low backpressure and high permeability, depending on their
structure, and ease of preparation and automation; in addition, they form adjustable
shapes and can be modified with any chemical functionality, On the other hand,
monolithic sorbents have some limitations, such as a small surface area, narrow

column dimensions, and limited commercial suppliers,'>

Various applications have been revealed for online SPE coupled with LC14% 151152 gpg
inline pre-concentration with monoliths with capillary electrophoresis (CE),!¥-'5% and
many types of offline devices have been designed {(e.g. attaching the monolith to a
syringe, stir bar, pipette tip, or spin column). Figure 1-17 illustrates some examples of
commercially available SPE formats.'#” 1*¢ Some applications of silica monoliths as

offline SPE are shown in Table 1.1,

/

hic—————— Monolith

._:}

MonoTip MonoSpin OMIX

{200 pi capacity) {1 mi capacity} {100 yi capacity)

Figure 1-17: An image of commercially available silica monolith spin column and
pipette tips presenting the optimum volume of sample and technique of

extraction !
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Table I-1: Some applications of silica-based monolith as offline SPE

Packing type Material Analyte Saniple Ref.
ne.
Fused silica
capillary with TEOS-PEO- . . (57
syringe device CI8 Methamphelamine Urine
(40 mm x 0.2 mm
id)
Silica rod in pipette
. TEOS-PEO- . . Aqueous 158
tp C18 Peptides/proteins |
(2.8 mm id, 1 mm sampie
thickness)
Polycyclic
Stir bar (SBSE) aromatic Aqueous 150
40 mm (without TMOS-PEG hydrocarbons sample
magnetic stir) (PAHs)
Silica disc in spin _
TEOS-PEO- Pesticides
column i Serum 160
(4.3 mmid, 1.5 mm Cl8 (Amitraz)
thickness)
Silica disc in spin 4 .
column Silica-C18 CPG'SUCI t_:s BO\T‘IIIIZG 161
(43 mm id, 1.5 mm (Cyromazine) mi
thickness)
Epinephrine,
- . . - 83
Silica rod in plastic TMOS-PEG 110rmetanephrn‘le, Urine
syringe (2mL) and metanephrine
TMOSPEG | Morphine and Serum 162
codeine
TMOS-PEG Ketamine Urine 163
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1.54 Chemical modification of silica-based monoliths

The surface chemistry of silica is polar and displays different configurations of silanol
groups (SiOH). The silanol groups are the points of attachment for the bonding of
different ligands to silica. These groups can be presented in three forms: isolated
(single hydroxyl groups) where the surface silicon atom has three bonds into the silica
backbone and the fourth to an OH group, vicinal or bridged silanols (two isolated
silanol groups attached to two adjacent silicon atoms are bridged by an H-bond), and
germinal (two hydroxyl groups attached to one silicon atom). The three types of

silanols available for bonding are shown in Figure 1-18.47-67.164

H H H H H
{ Y
|
N Si Si Sj
[\ /N ] /\
Silica Silica Silica
Isolated Silanol Vicinal Silanol Geminal Silanol

Figure 1-18: Types of silanols on silica available for bonding

Moreover, the silanol groups can retain compounds on to the silica surface by
hydrogen bonding due to the strong energies of absorption for these groups. An
isolated silanol group has an absorption energy of 7.9 kcal mol™!, while vicinal and

geminal silanol groups have absorption energies of 13 kcal mol™.*’
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The surface of the silica-based monolith can be chemically functionalised by bonding
the silica surface with another chemical species to obtain the required stationary phase
through an appropriate chemical reaction. Generally, the chemical modification of the

silica surface can be performed by three types of reactions, as shown in Table 1-2.5

Table 1-2: Reactions for the chemical modification of silica

Type of reaction Surface linkage
Organosilanisation Si-0-81-C
Esterification 8i-0-C
Chlorination Si-Cl

In this project, the chemical medification of the silica monolith is based on
organosilanisation, to achieve a stationary phase for reversed-phase SPE.
Organosilanisation is the most common reaction for the modification of silica, which
is based on using a derivatisation reagent such as chlorosilanes or alkoxysilanes, to
generate a more or less hydrophobic surface on the silica. The two types of

derivatisation reagents differ in their reaction rates.

R-SiCls > R-Si{OCH;)3 > R-Si{OCH2CH3)3

Trichlorosilane > Trimethoxysilane > Tricthoxysilane
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Alkoxysilanes are less reactive than chlorosilanes. Chlorosilanes react immediately
upon contact with reactive groups. Alkoxysilanes react slower than chlorosilanes and
can be used to avoid chioride ions or to achieve an additional reactive functional group
such as amines. The produced bonded phase can be greatly influenced by the type of

substitution on the silane. Figure 1-19 illustrates some of the typical silanes.*” ¢

¢ R R
R—Si—Cl R—Si—Cli R— éi_CI
& & L
Trichlorosiane Dichlorosilane Manochlorosilane
?CH:; QOCH,CH,
R—Si—OCH; H—Sji—OCHQGHS
|
OCH; OCH,CH;
Mathoxysilane Ethoxysilane

Figure 1-19: Some types of silanes

Monochlorosilanes are commonty applied for the modification of a silica surface or
the endcapping of active sites with phases normally having 2, 4, 8, or 18 carbon atoms
attached. These phases are mainly known as C-2, C-4, C-8, and C-18 phases,
respectively. Trichlorosilanes and dichlorosilanes can be employed for modification
as well. Nevertheless, the presence of water in trichlorosilane and dichlorosilane
reactions can result in cross-linking and decrease the permeability of the silica
monolith. Moreover, three-dimensional polymers and linear polymers are difficult to

produce and manufacture.
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Thus, in this work monochlorosilanes (octadecyl, C18) was used to modify the surface
of the silica-based monolith, due to factors such as its ability to retain non-polar and
moderate polar pesticides from a liquid sample, offering high permeability with better

extraction efficiencies, 47

Octadecyl (C18) is the most hydrophobic phase and also known as octadecylsilane
(ODS) materials. Figure 1-20 shows derivatisation of silica with a chlorpsilane reagent
(octadecyldimethylchlorosilane). The degree of surface loading by the R group of the
monochlorosilane (C-2 to C-18) will vary from 5% to 19% by weight as carbon for
the packing material. The octadecyl type (C18) sorbents have the greatest capacity due
to the longer chain alkyl groups. The sorbent capacity is stated in mifligrams of analyte

sorbed per gram of sorbent, % ¢

O/ R’ 0/ TI
N / \0 \ si-

O“‘*“':‘ai——OH + Ol—8i—R —
0 R O

\ \

R’ = Typically CHy

R = CH3-(CH3z}7-; Octadecyl

Figure 1-20: Synthesis of C18 bonded monofunctional phase

The functionalisation of the silica surface generally takes place in the silanol groups
of the mesopores (2—-50 mm) since the mesopores are more accessible to the anaiytes

of interest as well as the derivatisation rcagents (octadecyl groups). Conversely, the
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silanol groups in the micropore (>2 nm) are generally inaccessible due to the blockage

that occurs by the bonded moieties in the mesopores, as can be seen in Figure 1-21.%*

67

Alkyl chains
attached to the

silica surface

Micropores blocked
by bonded phase

Figure 1-21: Schematic diagram indicates the porous silica surface, presenting

the inaccessibility of some micropores>*.

Some of the silanol groups on the silica surface can be left unreacted after
derivatisation due to reaction conditions and steric hindrance. For a small alkyl group,
the movement is very restricted and the nearby silanols are not blocked. However,
when the attached bonded organic moieties are large (e.g. octadecyl groups), their
movement can block the neighbouring silanol groups, hinder other organic moieties

from reaching the surface, and retain a considerable number of free silanols.**”!

The presence of free silanol groups on the derivatised surface may have a negative

influence on the sorbent performance because they can cause polar interaction with
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the sample and make the elution of the analyte more difficult. In order to minimise the
number of free silanol groups remaining on the modified silica sorbent, a further
reaction known as endcapping can be performed by treating the derivatised sorbent
with a small silane molecule such as trimethylchlorosilane (TMCS) or
hexamethyldisilazane (HMDS), as can be seen in Figure 1-22. The endcapping process
allows a more hydrophobic surface to be produced and generates a more uniformly

non-polar stationary phase.®” 7!+ 165
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Figure 1-22: Endcapping of free silanols with TMCS for a C18 sorbent
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Conditioning of the bonded silica sorbent before applying the solution to the sample
is a common operation significant to achieving the promised performance of the
sorbent. When the C18 sorbent is unconditioned and dry, the orientation of the
octadecyl bonded phase material on the sorbent surface is random. Water is often used
as a solvent for the sample. If the solution of the sample is loaded on the sorbent, the
environment neighbouring the bonded organic moiety would be highly polar and this
environment is not appropriate with octadecyl groups. The alkyl groups have the
tendency to aggregate among themselves in order to minimise the exposure of the high

polarity medium, as can be seen in Figure 1-23 (A).

To overcome this problem, the octadecyl chains required to be conditioned with an
organic solvent such as acetonitrile, methanol, or tetrahydrofuran before the use of the
sorbent. The conditioning step makes the octadecyl bonded phase less aggregated and
fully opened, and also allows the sorbent to have maximum interaction with the target

analyte, as can be seen in Figure 1-23 (B) and (C).>* 77

i, 10557 L]

>

Decreasing polarity of conditioning sorbent and increasing polarity of bonded phase

Figure 1-23: Schematic diagram presenting the influence of conditioning process
on octadecyl bonded silica: (A) without conditioning (B) partially conditioned (C)

totally conditioned™.
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155 Physical characterisation of silica-based monoliths

Silica monoliths are physically characterised to establish their flow and surface area
properties in order to design new and efficient separation media. Various techniques
have been employed to investigate the pore structure of silica monoliths containing
through-pores (pores of width > 50 nm) and mesopores (pores of width between 2 and
50 nm). Some of these methods are mercury porosimetry (MP), liquid permeation (LP),
nitrogen sorption, microscopy and image analysis, and inverse size-exclusion
chromatography (ISEC). Inverse size-exclusion chromatography (ISEC) is applied for
the assessment of mesoporous structures based on the size separation of polymers.
This approach obtains mesopore size distribution and the porosity from a relationship

between the silica mesopore size and the molecular size of the polymer standards.”""

97,142

In this research, the following techniques, (1) nitrogen sorption and (ii) microscopy
and image analysis, were selected to investigate and characterise the pore structure of

the fabricated silica-based monoliths.

15541 Nitrogen sorption

One of the most common methods for mesoporous analysis is the nitrogen sorption
isotherm at 77 k, which provides information about the physical properties of silica
monoliths including the specific pore volume, the specific surface area, and mesopore

size distribution.

In this technique, the amount of adsorbate (nitrogen gas) is adsorbed in the solid
adsorbent (silica-based monolith) at a constant temperature depending on the applied

pressure. The adsorption process is called physical adsorption (physisorption) when
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the interactions between the adsorbate and the adsorbent are relatively weak (van der
Waals) and there are no chemical bonds formed. Moreover, this adsorption process

usually produces reversible changes.

At a certain pressure, defined as equilibrium pressure (P), the progress of gas
adsorption stops and the number of atoms or molecules being adsorbed equates to the
number of atoms or molecules desorbed from the surface. The surface area of the solid
then can be measured by the physical adsorption of adsorbate molecules. The most
commonly used expression to quantify the amount of the adsorption phenomenon is

the adsorption isotherm.

In general, the measurement of the adsorption isotherm curve is achieved from plotting
the amount of gas adsorbed (preferably in cm?® g™'), (y-axis) against the equilibrium
relative pressure (p/pg), (x-axis), where pp is the saturation pressure of adsorptive gas
{N2) at the temperature of the measurement. There are six various types of adsorption
isotherms categorised by the International Union of Pure and Applied Chenustry

(IUPAC), which are illustrated in Figure 1-24.% 166 167
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Figure 1-24: JUPAC classification of gas physisorption isotherms. The adsorption
and desorption isotherms have six different forms (I-VI): (I) microporous, (II)

non-porous or macroporous, (III) non-porous, (IV) mesoporous, (V) mesoporous,

and (VI) non-porous.

From the IUPAC classification of the sorption isotherms, the type I isotherm shows a
steep increase in the adsorbed amount with rising pressure up to the saturation pressure.
This type of isotherm is obtained when adsorption is restricted to a monolayer or
adsorbents containing micropores, which have a relatively small pore diameter not

wider than 2 nm.

Type 1l isotherms are obtained with non-porous or macroporous absorbents (with
pores larger than 50 nm). This type of isotherm describes unrestricted monolayer-

multilayer adsorption. In Figure 1-24 (II), point B, which is the start of the almost
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linear middle section of the isotherm, shows the step at which monolayer coverage is

finished and multilayer adsorption is about to begin.

The type III is convex to the relative pressure axis over its entire range and thus does
not offer a point B. It results in very weak adsorbate-adsorptive interactions for non-

porous materials.

The type 1V isotherms have a characteristic feature which is a hysteresis loop. This
feature is related to the filling and emptying of mesopores (pores with a size of range
between 2nm and 50nm) by capillary condensation and limited uptake over a range of
high relative pressures (p/po). The initial point (B) of the type IV isotherm is referred
to as a monolayer-multilayer adsorption as it pursues the same direction as the
corresponding part of a type Il isotherm found with the given amount adsorbed on the
same surface area of a non-porous solid. Type IV isotherms are observed in numerous

mesoporous industrial adsorbents.

The type V isotherm is comparable to type III isotherms, not only do they simulate
very weak adsorption interactions, but they also include a hysteresis loop due to the
presence of mesopores. Finally, type VI isotherms, known as stepped isotherms,
correspond to the formation of multilayers of non-porous solids which appear as a

stepwise multilayer adsorption on a uniform solid surface.'® %7

% Yo Electron microscopy and image analysis

The two most widespread electron microscopy techniques used for studying the
physical aspects of silica-based monoliths are scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). SEM has been employed to investigate
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the morphology of monoliths after the drying step, and it can be used to assess the

skeleton and flow-through pore diameters of the silica monolith.

In addition, this technique can be combined with energy dispersive X-ray spectroscopy
(EDX) to offer a valuable instrument to determine the elemental composition of the
fabricated silica monolith as part of the analysis. SEM-EDX is therefore a powerful
tool, particularly when comparing the morphological merits of two products and
examining product quality. Nevertheless, SEM-EDX requires the solid sample to be
destructed as a part of the preparation prior to establishing an analysis. TEM is a more
powerful method than SEM, which gives excellent images of tiny structures down to

the Angstrom scale.”!: 198

1.5.6 Comparison between silica-based and polymer-based monoliths

Numerous studies have compared the main classes of monolithic materials, inorganic
silica-based and organic polymer-based, and have confirmed that each monolith has
its own unique characteristics and weaknesses. The substantial difference between
silica and polymer monoliths is their internal structures and porous properties.
Figure 1-25 shows the differences in pore morphology between the two types of
monoliths. Nevertheless, both types of monolith include one feature in common,

which is the presence of macropores.!'®
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Figure 1-25: SEM photographs of (a) bimodal pore structure silica monolith with
macropores and thin skeleton containing mesopores, and (b) typical polymer

monolith with globular structures'”

Silica-based monoliths possess a bimodal pore structure, macropores (through-pores)
and mesopores, with relatively high surface area of several hundred m? g”'. The
macropores offer the sorbent a high hydrodynamic permeability, while the mesopores
on the surface of the thin skeleton present a high surface area and increase the number

of sites available to interact with the target analyte. '70-172

The bimodal structure allows easy penetration of the small molecules to interact with
the adsorption sites, and offers fast diffusion. These pore structures give improved
efficiency of extraction and are generally utilised for low and medium molecular mass
substances such as pesticides and drugs. However, silica monoliths show relatively

lower performance for extraction of macromolecules, for example proteins and other
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biopolymers, because the macromolecule needs wide pores to allow easy access and

good penetration.!”!: 72

In contrast, organic polymer monoliths have a globular structure (Figure 1-23, b),
which consists of soft matter composed of cross-linked polymer. Moreover, the
absence of mesoporous structures in the polymer monoliths results in significantty
lower surface area compared to the silica monoliths. Hence, organic monoliths have
shown low efficiency for the extraction and separation of small molecules. The
morphology of this type is more appropriate for extraction and separation of

174,

macromelecules.!” 17> A further extensive comparison between silica and polymer

monaoliths is summarised from the previous monolith literature in Table 1-3.

Table 1-3: Summary of comparison between silica and polymer monoliths based

on the literature review 176

Comparison Silica monolith Polymer monolith
Preparation method Simple Simple
Preparation time Long™ Short! 77 178

High (200-800 m?g') 7% ' | Limited surface area

Surface area 180 (100400 m> g‘l)m‘ 181

Permeability High?®- 17 189 Moderate %2 183

They can shrink or swell

They have high mechanical | when exposed to various
Chemical and thermal ) .
N strength and high thermal | organic solvents, and are
stability -
stability, ' affected by temperature.

182, 183
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Stability over pH range

Not stable at high pH

values®

Stable over a wide range

of pH values'®

Surface modification of

the monolith

They can be simply
modified with several
functional moieties

resulting an additional

efficiency and selectivity.*

164

They have many cross-
linking bonds, which
need hours to reach
equilibrium for the

activation of surface.'™

Fabrication nside

microchip

Complicated, since the
position of the monolith
instde the microchip cannot
be defined due to their
fabrication based on using

thermal initiation. 1 186

Simple, since the
initiation of a
polymerisation reaction
can be achieved by

photoinitiation (light).'®"

188

Extraction efficiency

A number of papers
demonstrate their use as
materials for extraction

with high efficiency.'®

A number of papers
demonstrate their use as
matertals for extraction
with relatively good

efficiency.'”®
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1.6  Miniaturising environmental analysis

Over the past few decades, massively increased production in the pharmaceutical,
industrial, biochemical, and medical ficlds has resulted in an increasing list of
contaminants and a rise in environmental guidelines. As the number of potentially
harmful pollutants increases, extensive calls are made on environmental analysis.
Monitoring of contaminants in the water, soil and air is an effective element in
understanding and controlling hazards to human health and the environment. Given
this need as well as the cost and time involved in conventional analytical methods for
environmental samples (e.g. chromatographic methods), there is an urgent

requirement for portable, robust, and accurate monitoring methods.'?" 1%?

In this context, chemical sensors become a suitable approach for the development of
portable systems for environmental monitoring. These systems transform chemical
information into an electrical or optical signal. The sensors have some positive features
such as rapid analysis and cost-effectiveness; nevertheless, they are often limited

regarding selectivity.'*1%

The advancement of automated flow injection analysis (FIA) offers another solution
for portable systems in the field of environmental analysis. FIA was first invented by
Rutzicka and Hansen in the mid-1970s.'”® FIA, being a continuous flow system, is
based on the injection of a sample into an unsegmented carrier stream of reagents,
which in turn transports it into a detector. The use of this approach has assisted towards
the design of a ‘total analysis system’ (TAS), involving the entire analysis carried out

within a single system.*
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The basic advantages of FIA are simple instrumentation, large throughput, high
sensitivity, and reduction of scurces of contamination. However, besides a number of
advantages, FIA also exhibits some disadvantages such as high reagent consumption,

large sample volumes, and consequently large waste production.

Sequential injection analysis (SIA) is an alternative approach to overcome the
problems found in FIA. In this method, the solutions (e.g. sample and reagents) are
aspirated into a holding coil by valves and reverse flow is used to stack the sample and
reagents before detection. However, one drawback of SIA. is its tendency to run slower

than FIA.IQT'I%

The shortage of aforementioned methods in the field has led to the miniaturisation of
analytical metheds, which has been an interesting research area during the last few
years. Manz et al. first introduced the concept of the ‘micro total analysis system’
(microTAS, pTAS) in the early 1990s, whereby all the steps of chemical analysis such
as sample preparation, separation and detection are miniaturised and performed in one

automated system (a few square centimetres).?*

This analytical miniaturisation concept can be termed in different ways, for example
lab-on-a-chip or microfluidic devices. Figure 1-26 illustrates the concept of
miniaturisation and functional integration of these laboratory processes on to a

nticrochip. Microfluidics technology will be discussed in greater detail in Section 1.7.
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Figure 1-26: Miniaturising and functional integrating laboratory processes on to
a microchip device (adopted with a permission from publisher John Wiley and

Sons), 201
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1.7  Microfluidics

Microfluidics refers to the behaviour and manipulation of low volumes of fluids
(typically nanoliters or less) in channels with micrometre dimensions. In addition,
microfluidic devices offer a variety of distinctive benefits for environmental
monitoring applications, such as low consumption of samples and reagents, low waste
production, low expense, portability, rapid analysis time, minimised risk of

contamination, and incorporation of multiple analytical processes.20% 293

In recent years, numerous researchetrs have focused on the use of microfluidic
technotogy for environmental analysis. Marle and Greenway studied the use of
microfluidic devices in the arca of environmental monitoring. They described
microsystems with different detection methods such as absorbance, fluorescence,
chemiluminescence, and electrochemical detection.’? Chen ef al. covered the wide
application of microchip electrophoresis coupled with electrochemical detection for
environmental poltutants.”™ Li et al. presented a review of the current development of
the applications of microfluidic systems for real environmental samples in 2009.2% In
2012, Jokerst ef afl. reviewed the published literature over the past three years on
advances in mtegration of the three analytical processes: sample preparation,
separation methods, and detection, in microfluidic analysis for environmental

samples.'”’

Due to their favourable properties and wide-ranging applications,
microfluidic devices have been examined in order to develop portable approaches for

the monitoring of environmental pollutants.
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1.7.1 Subsirates

Since microfluidic devices have been widely used in variouns areas of applications, the
properties of the fabrication material can play an essential role in the achievement of
the application and this has resulted in a wide diversity of substrate materials being
introduced.?®> The substrate materials utilised for the production of microfluidic

devices can be divided into three major groups: inorganic, polymeric, and paper.®*

Inorganic materials can include silicon and glass. Silicon was onc of the carliest
materials used to fabricate microfluidics devices and has contributed to the rapid
development of microfluidic technologies. Silicon possesses high thermal
conductivity, excellent surface stability, and solvent compatibility.****® However,
silicon is relatively expensive, is incompatible with electro-osmotic flow (EOF) and
is not transparent in visible light (inappropriate for systems that use optical detection).
To overcome these drawbacks, transparent materials such as glass or polymer can be

bonded to silicon in order to generate a hybrid system. 206209

Different glass materials such as fused silica, soda-lime, and borosilicate glass have
been widely utilised in microfluidic device fabrication. These substrates have good
optical transparency, EOF compatibility, excclent thermal stability, and high
resistance to several chemical solvents. However, glass has shortcomings such as a
high cost of fabrication (require clean rooms), easy to fracture, and high temperature

bonding processes (< 650 °C).2%% 210

Polymer-based materials are an attractive alternative for the fabrication of microchip
devices, because they include a wide range of substrates. Polymeric materials can be
divided into two main classes: elastomers such as polymethylmethacrylate (PMMA)

and thermoset polyester (TEP), and thermoplastics such as polydimethylsiloxane
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(PDMS), polycarbonate (PC) and polystyrene (PS). They are relatively inexpensive,
disposable, easily manufactured and have good mechanical flexibility. Nevertheless,
polymers have some disadvantages; for example, low resistance to organic solvents,

limited operation-temperature range, and gas permeability, 20% 211,212

Recently, paper has been suggested as an alternative material used for the fabrication
of microfluidic devices. Paper is inexpensive, biocompatible with many biological
samples, available in an extensive range of thickness, is lightweight, and is
disposable.?%213 As no substrate is well suited for all microfluidic applications, hybrid
materials have also been established in order to take advantage of their comparative

benefits to the full, for example polymer/glass. !4

Nevertheless, for carbamate pesticides monitoring in environmental samples, it can be
easy to choose a material based on the most appropriate properties. Moreover, several
studies have successfully utilised glass microfluidic devices for the detection of
carbamate pesticides.?'>?!7 As a result, glass was used as the substrate material for the

fabrication of microfluidic device in this study.

1.7.2 Device fabrication

There are several aspects to consider when selecting the most suitable method for
microfluidic device fabrication such as process time and costs, the availability of
fabrication equipment, the preferred substrate materials, the device design and

reproducibility of the fabrication method.?'®-21°
1.7.2.1 Photolithography and wet etching

The earliest and most widely used technique for glass and silicon chip fabrication is

photolithography and wet etching. The substrate (glass or silicon) is covered with two
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layers; the first layer is metal (e.g, chromium) and the other layer is a photoresist. The
required channel design is generated in a mask form. The mask is placed above the
layers and exposed to UV light. The exposed photoresist layer is then removed, and
the uncovered metal layer removed using a metal etchant. Finally, the whole device is
etched using an appropriate etching solution, such as hydrogen fluoride (11F), followed
by thermal bonding to close the substrate microstructures.”'® *** The process of this
fabrication technique will be detailed in Section 2.5. Table 1-4 illustrates some
substrate materials that have been utilised for pTAS chips and relevant applicable

fabrication methods, 2% 22!

Table 1-4: A number of substrates used for the fabrication of microfluidic devices

and the most commonly used technique for fabrication in each substrate

Material Fabrication technique
Photolithography and wet etching, laser cutting,
Glass deep reactive ion etching (DRIE)
Silicon Dry etching, LIGA
Elastomers Soft lithography
Thermoplastic Hot embossing, injection moulding
Paper Photolithography, wax printing, PDMS application,
plasma treatment
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1.7.3 Fluid manipulation

Fluid movement in microfluidic devices requires low flow rates and minimal pulsation.
Numerous methods are available for pumping fluids within a microfluidic channel,
and two of the most common methods are pressure driven flow (hydrodynamic) and

electro-osmotic flow (EQF).*®

Pressure driven flow (PDF) can be generated due to off-chip pressure {(e.g. syringe
pumps coupled fo a microchip via connectors and tubing) to move aqueous and non-
aqueous solutions through a microchannel. The hydrodynamic flow depends on the
microchannel geometry and the viscosity of the liquid, and is mostly laminar resulting
a characteristic parabolic flow profile, as shown in Figure 1-27 (A). Syringe pumps
are selected over traditional peristaltic pumps for flow injection analysis (FIA)} due to

the low flow rates required within the micro fluidic devices.??!: 222

In contrast, the working mechanism of electro-osmotic flow (EOF) is based on the
movement of bulk fluid with an electrical field. Depending on the charge and size of
ionic and non-ionic particles, they move towards the cathode with different rates of
flow.2'® Microfluidic devices are fabricated from glass or silica that permits a
negatively charged surface at pH > 4 because of the deprotonation of silanol groups
(=8i-0-). The outer negative ions (anions) are aligned with mner positive ions (cations)
and form double rigid stern layers. Although, these cations are not capable of
neutralising anions completely, therefore a diffuse layer is formed in the system. When
the electric current is applied, the cations of the diffuse layer move towards the

cathode.??

This motion causes a flat flow profile with homogeneous velocity across the width of

the channel with slow movement close to the internal surface wall, as shown in Figure
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1-27 (B). There are couple of disadvantages of this system: (a) it generates Joule heat
causing band broadening and loss of separation resolution; (b) it is related to
electrokinetic movement that generates gas bubbles in the system as the result of
electrolysis causing the break of the flow rate.??* In this research, PDF was applied for

precise control of the flow rate and to prevent the EOF shortcomings.

(A) (B)
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Figure 1-27: (A) Parabolic flow profile of a fluid as it is passed through a
microchannel via hydrodynamic pumping (B) Flat profile generated by electro-

osmotic flow (EOF) through a microchannel

1.7.4 Mixing

Rapid mixing of the sample and reagents is essential for analytical purposes. The small
channel size within a micro fluidic device means that the flow of liquid within this is
predominantly laminar due to the dominant viscous forces. The dimensionless
parameter, the Reynolds number (Re) gives the ratio of viscous and inertial forces and

is utilised to identify whether flow of the fluid is laminar or turbulent (equation 1-
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3).?# At low Reynolds numbers (<2000) laminar flow occurs, where fluid motion is
smooth and constant. At high Reynolds numbers (>2000), inertial forces are dominant
generating eddies and turbulent flow. Figure 1-28 shows both laminar and turbulent

flow.

Figure 1-28: Diagram showing A) well-defined laminar flow, and B) random,

turbulent flow.

R, = — (1-3)

Where, R, is the Reynolds number.
p is the density of the liquid (kg m™).
V is the velocity of the liquid (m s™).
L is the channel diameter (m).

1 is the viscosity (Ns m™).
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Laminar flow can be expected when the channels’ diameters are very small in
microflutdic devices. Therefore, in the presence of a concentration gradient between
adjacent parallel laminar streams, molecules are transported across their common
interface only by the mechanism of diffusion.”?® The Einstein-Smoluchowski equation
can be utilised to measure the extent of molecule diffiision, as can be expressed in

Equation 1-4.2

s
i

2Dt (1-4)

Where, X is distance to be travelled (cm)
D is the diffusion coefficient (cm® s™")

t is the time required (s)*

From equation 1-4, it can be shown that when the diffusion coefficient is large (i.e.
with a small molecule) the diffusion time is rapid. For the same molecular size (the
same diffusion coefficient), a decrease in the dimension of channels can also reduce
the time required for diffusive mixing. For instance, scaling down the channel width
from 1 mm to 50 um considerably decreases the time taken for a water molecule to

mix fully by 400 times (from 200 s to 500 ms).**®

1.7.5 Detection

Microfluidic devices have been employed in a wide range of analytical applications

| 229, 230 231, 233
?

such as environmenta pharmaceutical, 232 forensic, and clinical
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applications.* #** One of the most important components of the microfluidic
technology is a highly sensitive detector. This component has the ability to identify
low concenirations of the analyte of interest within small sample volumes.
Electrochemical and optical techniques are the most popular detection systems used
in microfluidic devices for environmental analysis due to their portability and cost.!”"

203 This section will be focused on optical detection methods generally used in the field

of study.
Optical detection

Optical techniques of detection, including ultraviolet-visible spectrophotometry,
fluorescence and chemiluminescence, have been employed for environmental

applications.
Ultraviolet-visible spectrophotometry

UV-VIS spectrometry is one of the oldest detection metheds to be applied in
microflnidic devices; it has been used in a wide variety of analytes. Nevertheless, the
short opfical path length of microchannels (mostly 5 to 50 mm) significantly hinders
sensitivity and detection limits and reduces the absorbance signal,'”! according to the

Beer—Lambert Law (equation 1-5).

A= gl (1-5)

Where, A is the absorbance
£ is the molar absorptivity coefficient (dm? mol"! em™)
C is the concentration (mol dm™)

| is the path length (cm)
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A further drawback to UV-VIS spectrometry is the requirement for a light source
which can increase the complexity of the detection method for microchips. Despite
these disadvantages, several rescarchers arc working to develop this detection method
on microfiuidic devices. This development focuses on miniaturisation of
spectrophotometers by reducing the size of light sources, as known light-emitting

diodes (LEDs). LEDs can be easily incorporated into microfluidic devices.*”*

Diamond et af. designed three layered ‘T” microchips containing UV-LED as the light
source. The colorimetric reagent of hydrochloric acid, ammonium metavanadate and
ammonium  molybdate  reacted  with  phosphate 1o form  yellow
vanadomolybdophosphoric acid, which showed absorbance at 380 nm. The yellow
method was used to determine phosphorus in river water. The LOD of this method in
the microfluidic system was 0.2 mg L™ and the dynamic linear range was 0-50 mg L’
1236.237 They developed an autonomous microfluidic sensor with an incorporated UV-
LED detector. The incorporation of reagent and waste storage, sampling, wireless
communication, colorimetric detection, and the power supply produced a miniaturised

and portable sensor, which could measure phosphate for seven days.”®

Ueno et al. developed a portable microfluidic device with UV absorbance for the
detection and identification of atmospheric aromatic volatile organic compound gases,
specifically benzene, toluene, and xylenes (BTX). A fibre optic link moved light from
a UV lamp to the microchip. They achieved a 0.05 mg L™ detection limit for toluene

gas in a sampling time of 30 min.?*’
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Fluorescence

Fluorescence is the ability of some organic and inorganic components (fluorophores)
to absorb light at a specific wavelength and subsequently emit light at a different
wavelength. The emitted wavelength is always longer than the initial incident
wavelength, revealing the fact that electromagnetic radiation is partly absorbed by the
material and partly emitted by lower energy photons.”* Fluorescence is a detection
technique belonging to the photoluminescence technique, along with

phosphorescence.**! The fluorescence. intensity is described by equation 1-6:

[ = kPyc (1-6)

Where, 1 is the intensity of the incident light
Kk is a constant
By is the radiant power of the incident light
C is the concentration of the emitting species (mol dm>)**2
According to Equation 1-6, the intensity of light is proportionate to the radiant power,
which means it can use to detect the analyte at very low concentrations depending on

a powerful light source which led to being very sensitive technique.

Fhiuorescence detection is an excellent option for detection in microfluidic systems
because of its high sensitivity accompanied by low detection limits. These benefits
overcome the typical limitations related to absorbance due to the limited path length

. : s
in a microchip.!*% 20

Nevertheless, fluorescence is not without its own disadvantages, including the limited

number of substances that show native fluorescence for environmental analytes and
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the complexity and large size of optical instrumentation. The supplement of a
fluorophore to environmental analytes involves further sample preparation steps and
leads to increases in the cost of the experiment. Regardless of these drawbacks,
fluorescence detection has been utilised effectively for environmental analysis with

microfluidic technology.!*!

The process of luminescence is demonstrated by the Jablonski diagram, as illustrated
in Figure 1-29. The Jablonski diagram shows that a molecule will absorb a photon
which produces the excitation of an electron to an excited singlet state (Sz). The
excited electron through internal conversion (IC) will relax to another excited singlet

state (S1). The electron can take place in one of two routes,'*”*4!

The first route is when the electron returns {o the ground state (So} and emits light
through fluorescence (F) or chemiluminescence (CL). The lifetime of the process is
very short, approximately 10 to 107 seconds. The second route is when intersystem
crossing (ESC) occurs in an excited triplet state (T2}, and then the electron relaxes back
to the ground state (Se¢) emitting light through phosphorescence. This process is slower
than the singlet state and can take up to 10 s. In photoluminescence, fluoreseence and
phosphorescence, the source of excitation is energy from absorbed ultraviolet or

visible light, while chemiluminescence energy is from chemical reactions.”* 24
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Figure 1-29: Jablonski diagram describing energy levels and possible transitions:
A, photon absorption; F, fluorescence; CL, chemiluminescence; P,
phosphorescence; So, ground state; Si, Sz, excited singlet state; Ti, Tz, excited

triplet state; IC, internal conversion; ISC, intersystem crossing.24!
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1.8 Chemiluminescence

Chemiluminescence (CL) is a luminescent phenomenon, clarified as the emission of
light produced during the process of a chemical reaction. The pathway of light
emission in chemiluminescence is similar to that in fluorescence except for the
excitation source, as discussed in Section 1.7.5. CL does not required a light source,
in contrast to adsorption and photoluminescence techniques, and it has been known as
a dark-field detection technique. This feature can reduce the background signals, lead
to improvement in the detection limit, and offer wide dynamic ranges. Owing to its
high sensitivity and selectivity, simplicity, and low cost, CL detectors can be easily

coupled and miniaturised with flow-based approaches.?*!: 245

1.8.1 Mechanisms of CL reactions

Generally, there are two basic mechanisms of CL reactions, specifically direct and
indirect CL, as shown in Figure 1-30. In the situation of direct CL, two reagents, a
substrate (usually a chemiluminescence precursor) and an oxidant in the presence of
some cofactors, react to give an intermediate or product, sometimes in the presence of
a catalyst. Some fraction of the intermediate or product is generated in an
electronically excited state, which consequently returns to the ground state with
photon emission. The catalyst, which could be an enzyme or metal ions, works to
decrease the activation energy or to process an oxidant. A cofactor is sometimes
required to modify the substrate into a form eligible to interact with the catalyst. On
the contrary, indirect CL is based on the excited product transferring its energy to a

fluorophore. The fluorophore then becomes excited and emits light.?*" 246

72



A+ B

l (Cofactor)

Direct pe Indirect
chemiluminescence / &F)‘ chemiluminescence
P+ hy P+ F*
F+ hv

A, Chemiluminescence precursor
B, Oxidant

P, Intermediate or Product

F, Fluorophore

Figure 1-30: Types of chemiluminescence reactions

1.8.2 Requirements for CL reactions

There are some important requirements for light to be produced from the CL chemical
reaction. An exothermic reaction is necessary to produce sufficient energy, around 40—

70 kcal mol™. The free energy requirement can be calculated using:

hc 28600
—AG = =

S T T (=)

Where, —AG is free energy

Aex is the long wavelength limit for excitation of the chemiluminescent
species
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The pathway of reaction has to be of sufficient energy to form an electronically excited
state. The reagents of chemiluminescence are generally associated with redox
reactions using similar potential oxidants or oxygen and hydrogen peroxide.'”” The
analyte can be identified by CL detection only if it has one of the next three
characteristics, such as il is chemiluminescent when mixed with a particular reagent

or works as a catalyse, or suppresses CL between other reagents.*’

In chemiluminescence reactions, the intensity of cmission is based on the efficiency

of producing molecules in the excited state, which can be represented by the quantum

yield (quantum efficiency). The intensity can be calculated from Equation 1-8,%!

—dA (1-8)
Iep = Qg dt

Where, I is the chemiluminescence emission intensity (photons/second)

$ ;. is the chemiluminescence quantum yield

~dA . .
ryabt the rate at which the CL precursor A is consumed

Therefore, the CL quantum yield (the efficiency of CL reaction) can be expressed in

Equation 1-9.1%7

ber = be X s X dp (1-9)

Where, ¢ is the CL quantum yield
¢ is the chemical yield of the reaction
(g is the fraction of the product that enters the excited state

¢ is the fluorescence quantum yield
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1.8.3 Factors affecting the CL emission

Chemiluminescence measurement is significantly dependent on some of the
experimental parameters that can have an effect on the CL efficiency and the rate of
reaction. These parameters include the CL precursor chemical structure, the
concentration and nature of other substrates that could influence the CL route, the
selected catalyst, the pH, the presence of metal ions, temperature, ionic strength, and

the hydrophobicity of the solution composition and solvent.?*!

1.8.4 Chemiluminescence detector

The CL emission is always achieved in a dark environment; it demands a detector for
collecting the emission. There are some basic requirements for the detector, such as
the ability to detect light over several ranges of intensity, highly sensitive over the
spectral range 400—600 nm, the speed of the response of the detector has to be faster
than the rate of the CL reaction to provide a true light signal, and the signal output

should be immediately associated with the light intensity.?*!

The two common detectors employed to measure the chemiluminescence emission are
the photomultiplier tube (PMT) and the charge coupled device (CCD). CCD is usually
applied in combination with a camera, it has high sensitivity, and allows for

multiplexing. 7
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Photomultiplier tube (PMT)

PMT is photodetector device more extensively used in CL due to its portability and
high sensitivity leading to the measuring of low light-level detection. A PMT involves
a photosensitive cathode and a collection anode that are divided by dynodes (electrical
electrodes), which offer electron multiplication or gain. A schematic diagram of PMT

is shown in Figure 1-31.

The photon reacts with the photocathode, which is normally fabricated from antimony
with a range of various metals.**® After the process of reaction, a photoelectron is
released as a result of the transfer of light energy to the electron. As these electrons
passes through the PMT they are amplified via a series of dynodes at increasing
voltages until the anode is reached; the current that has been generated through the

system is then measured.'”’

Photocathode Dynodes

Anode
L~

Figure 1-31: Schematic diagram of PMT
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1.8.5 The luminol reaction

Several types of molecules are used to offer an increase of the CL reaction, such as
luminol, oxalyl chloride, lophine, and peroxylates. Luminol has been extensively
employed In most chemiluminescence applications, because it is low cost,
commercially available, and can be easily applied in the aqueous condition. In contrast,
the other molecules mostly require organic solvents which may lead to interference of
the analyte or forming an insoluble product which can cause blockages in the

microchannels.®*!

Luminol must be prepared in the alkaline medium, and it reacts with a variety of
oxidants such as permanganate, periodate, hydrogen peroxide, and hexacyanoferrate
(IT1). The luminel solution is highly sensitive to light and thermally unstable, thus it
must be kept at the dark at low temperature.> * Luminol is mostly utilised to react
with hydrogen peroxide (H>O:) to emit light at 425 nm, where H2O; works as an
oxidising reagent. The mechanism of luminol and hydrogen peroxide reaction is

shown in Figure 1-32.
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Figure 1-32: Mechanism of luminol and hydrogen peroxide reaction'®’
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1.8.6 CL detection for environmental analysis
1.8.6.1 CL detection for flow injection analysis (FIA)

Carbamate pesticides are mostly applied for agricultural and non-agricultural
objectives due to their great effectiveness and broad-action spectrum. The majority of
the carbamates have low vapour pressures and high melting points. They are
commonly expanded in environmental water samples due to their high solubility in
water. Studies have revealed that carbamates and their degradation products are
249, 250

threaten human health and potential source of environmental contamination.

Some examples of carbamate pesticides are shown in Figure 1-33.

Some of these pesticides have been investigated by direct oxidation with strong
oxidants, for example permanganate or cerium (IV) in an acidic medium.?® In those
cases, the CL signal is sometimes sensitised by the use of some substances, for

instance sulphite, rhodamine 6G, or quinine.

Waseem ef al. found a strong CL signal was generated when carbaryl and carbofuran
were mixed with sodium sulphite and potassium permanganate in a sulphuric acid
medium. The limits of detection were 10 and 50 ug L™ for carbaryl and carbofuran,
respectively. The FI-CL method was used to determine these pesticides in fresh water

with satisfactory results.?’

The same oxidant was used by Palomeque et al. for the determination of aldicarb in
mineral waters, which produced recoveries higher than 91%. The CL emission was
enhance by adding quinine. This method had sample throughput of 17 h™! over the

range 2.2-100. pg L' with LOD of 0.069 pg L.
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Figure 1-33: Some examples of carbamate pesticides

Murillo Pulgaric ef al. used the oxidant cerium (IV) in the FI-CL system for the
determination of carbaryl in various types of matrices, including water, coramercial
formulations, soil, and grain samples with recoveries higher than 93%. The limit of
detection is 28.7 ug L. In this case, Ce(IV) was prepared in nitric acid and rhodamine

6G used as the sensitiser to enhance the CL emission.2>
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The luminol oxidation in basic medium has been also utilised for the determination of
carbamate pesticides. Huertas-Pérez et al. revealed that carbaryl can show a great
improvement of the CL emission from the oxidation of luminol when is oxidised by
potassium permanganate. The CL intensity was linear over the range of 5~100 pg L*!
with a LOD of 4.9 pg L'.2** The same research group also employed the same

approach, luminol with KMnOs, to carry out carbofuran analysis.”>

On the other hand, some carbamates can act as both inhibitors of the CL emission and
as substances that are easily oxidised and act as interferents in the luminol reaction,
being indirectly determined by calculating the reduction resulting from the CL
emission.”*® Waseem et al. found carbaryl can inhibit the CL emission when hydrogen
peroxide as an oxidant and cobalt (II) nitrate as a catalyst are present. This method has
been developed for carbaryl determination in water and shows a sample throughput of

120 h'!. The dynamic range is 100-400 pg L™ with a limit of detection of 48 pg L7

Diaz et al. found that pirimicarb can enhance the CL signal from luminol with the
presence of hydrogen peroxide and horseradish peroxidase (HRP). This method was
successfully employed for the determination of pirimicarb in tap water and the mean

recoveries were 98.3—118.5%.%%%

1.8.6.2 CL detection for micro flow injection analvsis (uFIA)

To the researcher’s knowledge, there is no published data to date on the determination
of carbamate by WFIA-CL. Chemiluminescence has been integrated within

microfluidic devices in environmental applications.
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Numerous groups have demonstrated microfluidic systems with luminol-CL detection
for the determination of metal jons, including chromium (111}, nickel (1I), cobalt (1),
and copper (II), and detection limits down to the subnanomolar range have been

#9262 Jorgensen ef al, employed a CL detection microfluidic device to

accomplished.
determine hydrogen peroxide based on the luminol-CL reaction.?®® Greenway e al.
applied CL detection microchips to determine micromolar levels of H203 in rainwater.,

They fabricated a reflective surface above the device to improve the CL signal and

employed cobalt to sensitise the luminol reaction.?%

Som-Aum ef al. established CL detection for the determination of arsenate, in drinking,
mineral, and tap water samples, based on luminol-CL with a heteropoly acid

complex, 2’
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1.9  Aims of the PhD project

The precise determination and actual time measurement of results is an essential topic
in environmental analyses. Pesticides analysis requires many necessary processes,
including sampling, sample pre-treatment and detection. By optimising these
processes, reproducible and more accurate outcomes can be obtained, however the
process can be very labour intensive and time consuming. Currently, miniaturisation
of analytical techniques, such as lab-on-a-chip, have been applied for the detection of
some pesticides, and have demonstrated increased speed of analysis, reduced sample

size, low reagent conswmption, portability, and remote operation.

The aim of the present study is to develop a rcliable detection device based on the
combination of SPE and CL detection using a limited volume of sample in a single
experimental process. Carbamate pesticides are widely applied in agriculture owing to
their powerful biological activity, however exert high and acute toxicity. Eserine has
not been extensively studied before and was selected as a mode! compound belonging

to the carbamate family.

The first objective was to develop a method to extract the eserine from the
environmental water sample, for example drinking water. From the literature, it was
decided that a silica-based monolith, chemically functionalised through in situ
covaient attachment of phases such as a C18 phase, would provide a promising

approach for the extraction and pre-concentration of the eserine,

The second objective was to design an approach for using a microfluidic based system
for pesticide analysis in drinking water. This necessitated a third objective, to develop

a simple, portable, and sensitive detection method suitable for incorporation with a
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microfluidic device. Afler searching the literature, it was decided that an approach
wsing chemiluminescence detection would provide the high sensitivity and selectivity
required for pesticide analysis. Once confirmed for eserine, this approach would be

suitable for the simultaneous detection of several pesticides.

The fourth objective was to miniaturise the detection by integrating the CL with a
microfluidic device. This would make the system sufficiently portable and minimise

the use of reagents.
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Chapter 2: Experimental

This chapter offers a general overview of the chemicals, materials and procedures
utilised for the work reported in this thesis. All chemicals were of analytical grade and
used as supplied, without further purification. Water utilised for preparation of the
solutions was deionised using the Elgastat Prima 3 reverse osmosis water system [Elga

Lid., High Wycombe, UK].

The main procedures employed in this work are detajled including: fabrication and
characterisation of a silica-based monolith, modification of the menolithic materials,

and the application of the silica-based monolith in pesticide extraction.

Forpesticide detection, a chemiluminescence detection system was used. This process
includes some steps such as design of in-house chemilumincscence detector, design
of fluid manipulation, preparation of reagents and standards of chemiluminescence
reactions, and optimisation of chemiluminescence parameters. Moreover, the design

of the microfluidic device and the device set-up for the detection experiments are

described.

2.1 Chemicals

Many chemicals were used for the fabrication and modification of silica monolith,
extraction of pesticide, fabrication of microfluidic devices and chemiluminescence

reactions. All these chemicals used were purchased from the suppliers as shown in

Table 2-1.
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Table 2-1: Chemicals, solvents, and reagents used

Chemical

Supplier

Purity/grade

Poly(ethylene oxide) (PEQ)

Sigma-Aldrich Company Ltd.

{Poole, UK)

Triblock copolymer pluronic
(F127)

Sigma-Aldrich Company Ltd.

{Poole, UK)

Sigma-Aldrich Company Ltd.

(Loughborough, UK)

Tetramethoxysilane (TMOS) 98%
(Poole, UK)
_ Sigma-Aldrich Company Ltd.
Tetraethoxysilane (TEOS) 99%
(Poole, UK)
_ ) Sigma-Aldrich Company Ltd.
Octadecyldimethylchlorosilane Q5%
(Poole, UK)
) ] Fisher Scientific Analytical
Ammonium hydroxide (5 N)
(Loughborough, UK) grade
Fisher Scientific
Nitric acid (HNO3) 70%
(Loughborough, UK}
) Fisher Scientific
Acetic acid (CHzCO2H) >99%
{Loughborough, UK)
Fisher Scientific
Methanol 99%
{(Loughborough, UK)
Fisher Scientific
Toluene 95%

R6




Tetrahydrofuran (THF)

Fisher Scientific

(Loughborough, UK)

99%

Silicon o1l

Alfa Aesar (Lancashire, UK)

i giﬁé-Aldmch Company Litd.

Eserine 99%
(Poole, UK).
Sigma-Aldrich Company Ltd.
Acetonitrile &m pany 99.9%
(Poole, UK).
) Sigma-Aldrich Company Ltd.
Ammomum acetate 98%

(Poole, UK).

Fisher Scmnuﬁb

Hydrofluoric acid 40%
(Loughborough, UK)
) Fisher Scientific
Hydrochloric acid 37%
(Loughborough, UK)
_ Fisher Scienttfic
Sodium bicarbonate 99%
{Loughborough, UK)
. ) Sigma-Aldrich Company Ltd.
Ammonium fluoride 40%

{Poole, UK).

Chrome Etch Not

Microchem (Westborough, UK)

Microposit Developer

Concentrate

Chestech Ltd (Warwickshire,
UK)

Microposit remover 1165

Chestech Ltd (Warwickshire,
UK).
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Fisher Scientific

(Poole, UK)

Luminol 97%
{Loughborough, UK).
. Fisher Scientific Analytical
Hydrogen peroxide
{Loughborough, UK) grade
_ _ Fisher Scientific Analytical
Sodium hydroxide
{Loughborough, UK) grade
) Fisher Scienfific
Potassiwmn permanganate -
(Loughborough, UK)

i Sigma-Aldrich Company Ltd.

Cerium(IV) sulphate 98%
(Poole, UK)

Cerium(IV) ammonium Sigma-Aldrich Company Ltd. 090,
sulphate (Poole, UK) ’

) Sigma-Aldrich Company Ltd.
Rhodamine 6G 95%

(Poole, UK)

o Sigma-Aldrich Company Ltd.

Sulphuric acid 95%
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2.2  Materials

There is a range of various materials that have been utilised throughout this research

(see Table 2-2).

Table 2-2: Materials used

Material

Supplier

Heat-shrinkable tube poly
(tetrafluoroethylene) (PTFE) with a
shrinkage ratio of 4:1, 0.94 and 1.27

mm i.d.

Adtech Polymer Engineering Ltd. (Stroud,
UK)

Polytetrafluoroethylenc (PTFE)
thread seal tape

ARCO Ltd. (Hull, UK)

Disposable plastic syringes (1 and 2
ml)

Scientific Laboratory Supplies
{Nottingham, UK)

An adapter straight/standard borc
{1.5mm), female luer lock adapter,
fingertight fitting, stainless steel
tubing, and union assembly PEEK

Kinesis (Cambridgeshire, UK)

and 3.90 mm o.d.)

Borosilicate glass tubes (2.10 mm i.d.

Smith Scientific (Kent, UK)

B270 glass

Telic Company (Valencia, USA)

Photomask

JD Photo-Tools Company (Oldham, UK)

Conical centrifuge tubes (S0mL)

Fisher Scientific (Loughborough, UK}

Gas-tight Luer lock syringe

Sigma-Aldrich Company Ltd. (Poole,

UK)
Micropipettes Eppendorf Limited (Stevenage, UK)
A pH meter Thermo Scientific Orion {Beverly, USA}
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2.3 Instrumentation

The 1ostrumentation used for all experiments is listed in Table 2-3.

Table 2-3; Instrumentation used

Iistrumentation

Supplier

BabyBee™ syringe pump

Bioanalytical Systems Inc (West Lafayeite,
IN, USA)

Hot plate-stirrer

VWR International LLC (West Chester, PA,
USA)

HPLC-UV system

PerkinElmer, California, USA

Bio Wide Pore C18 column (5

pm, 15 em x 2.1 mm)

Phenomenex (Cheshire, UK)

Ultraviolet-vigible (UV-Vis)

spectioscopy

PerkinElmer (California, USA)

Brunaver-Emmett-Teller (BET)

Micromeritics Ltd (Dunstable, UK}

A Cambridge S360 scanning

electron microscope (SEM)

Cambridge Instruments (Cambridge, UK)

Ultraviolet lamp

Mega Electronics {(Cambridge, UK)

Diamond drill

Drill Service Ltd (Surrey, UK)

Photosensor

Hamamatsu Photonics Ltd (Hertfordshire,
UK)

A KERN ABJ 220-4M balance

Kern & Sohn GmbH (Balingen, Germany)
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Miner sonicator

Decon Laboratories Ltd (East Sussex,

England)

MINQ/50 oven

Genlab Thermal Engineers (Cheshire, UK)

MAS 700 microwave furnace

CEM Microwave Technology Ltd
(Buckingham, UK}

A Fusion 100 syringe pump

Chemyx Inc (Stafford, TX, USA)
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2.4  Fabrication of silica-based monolith

Silica monolith rods were fabricated following a procedure similar to those reported
by Nakanishi ''° and Fletcher ez al.'** The silica monolith mixture was prepared from
the composition of four reagents, as shown in Table 2-4. The chosen amount of water-
soluble polymer (PEO or F127) was added to the chosen amounts of water and acid
catalyst (HNO; or CH3CO:zH) in a plastic tube, after which the mixture was cooled in
an ice bath and stirred with a magnetic flea until the polymer totally dissolved in the
acidic water. This stirring step took about 20 minutes to dissolve the polymer and form
a homogeneous solution. The required amount of silicon alkoxide (TMOS or TEOS)
was then added to the homogeneous solution under stirring and ice-cooled conditions

for 30 min until a transparent solution was formed.

Table 2-4: The chemical composition of silica monolith rods

Silicon
Water-soluble polymer | Water Acid catalyst
Mon © (L) (L) alkoxide
g m m
(mL)
1 PEO 100kDa (0.282) 0.291 HNO; 1 M (2.537) | TMOS (2.256)
2 PEO 200kDa (0.282) 0291 | HNO;1M(2.537) | TMOS (2.256)
3 PEO 100kDa (0.282) 0.291 | HNOs;1M(2.537) | TEOS (2.256)
4 PEQO 200kDa (0.282) 0.291 HNOs 1 M (2.537) | TEOS (2.256)
5 F127 (0.432) CH;CO:H 0.02 M (4) TMOS (2)
6 F127 (0.432) CH:CO,H 0.02 M (4) TEOS (2)

During stirring, a 1 or 2 mL plastic syringe was sealed at the thin end using PTFE

thread seal tape and used as a mould. Subsequently, the solution was transferred slowly
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into the mould. The other open end was then closed with a small 1id. The mould was
placed in an oven at 40 °C for three days, during which time a wet, semi-solid gel
monolith was formed. Some shrinkage occurred, and the wet gel monolith was
carefully removed from the mould and washed with copious amounts of distilled water
to remove any residue. The wet silica rod formed was treated with an aqueous solution
of 20% ammonium hydroxide NH+OH (1 M) in an autoclave at 85-90 °C for 24 h (see
Figure 2.1) in order to generate the required mesoporous structure. The monolith was
then washed again with copious amounts of distilled water before drying in an oven at
40 °C for one day and at 90 °C for a further day. Finally, the dried monolith rods were
transferred to a furnace and calcined at 550-650 °C for three hours to remove any

remaining organic material,

L Water out
Condenser
Water in
NH«OH + Silica mds\ / /Silicon oil bath + flea
g

Figure 2-1: Pre-functionalised treatment of silica monolith with ammonia

hydroxide
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After calcination, the silica rod was cut to an appropriate length, covered with a heat-
shrinkable tube (PTFE), and connected to a borosilicate glass tube or stainless steel

tubing, as shown in Figure 2-2.

Silica monolith

l

( I ) ( 0

|

Heat-shrinkable tube (PTFE)

Borosilicate glass tube
or stainless steel tubing

Figure 2-2: Schematic of silica monolith flow system

The silica rod was then heated at the appropriate temperature (340 °C) for 2 h in a

furnace to shrink the PTFE tube to fit tightly to the monolith, as shown in Figure 2-3.

A

1o "l Y12l sl

Figure 2-3: Different lengths of silica monolith rod connected to a borosilicate

glass tube or stainless steel tubing by heat-shrinkable tube (PTFE)

94



Finally, the silica monolith rods were ready for the modification of the surface and the
syringe pump was connected to the tubing using a two-piece finger-tight fitting, as

shown in Figure 2-4.

Monolithic silica
rod

! Omnifit connectors

Figure 2-4: A silica monolith rod connected to the borosilicate tube for surface

modification.
2.4.1 Silica-based monolith characterisation
24.1.1 SEM analysis

The morphology of the fabricated silica monolith was characterised using scanning
electron microscopy (SEM) with a Cambridge S360 scanning electron microscope to
measure the macropores followed by averaging 20 pore diameters. The samples for
SEM analysis were coated with a thin layer of gold-platinum (thickness around 2 nm)
using a SEMPREP 2 Sputter Coater [Nanotech Ltd., Sandy, UK]. The SEM images of
silica-based monoliths were achieved using an accelerating voltage of 20 kV and a

probe current of 100 pA in high vacuum mode.
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24.1.2 BET analysis

A Brunauer-Emmett-Teller (BET) instrument was employed to identify the physical
properties of the monolith, including the surface area, pore size, and pore volume,
using nitrogen adsorption and desorption isotherms at 77 K. The volume of pore
volume and pore size distribution inside silica monoliths were also identified from
isotherms using the Barrett—Joyner—Halenda (BJH) model. A small piece of the silica
monolith rod was weighed and placed into the BET instrument for analysis. The BET
instrument was utilised to investigate the surface changing during the monolith
fabrication process in the necessary step to generate mesopores with the basic
treatment. Isotherms of the silica monolith rod before and after basic treatment were

achieved.

24.13 EDX analysis

Energy dispersive X-ray (EDX) analysis was employed to determine the chemical
composition of monolithic materials before and after modification of the silica-based

monolith with C18. EDX analysis was achieved using an INCA 350 EDX system.

242 Modification of silica-based monolith with C18

The silica monolith rods were modified following a procedure similar to that reported
by Kang et al.?*® The surface of the monolithic silica was chemically modified by C18
in order to make the sorbent hydrophobic. The silanisation solution contained 10%
(w/v) octadecyldimethylchlorosilane in toluene. Surface modification of the

monolithic silica was accomplished by continuously delivering silanisation solution
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through the column, at a flow rate of 30 pL min™!, for 6 h at 80 °C. Then, the monolith
was sequentially flushed with toluene, tetrahydrofuran (THF), methanol, 50/50 (v/v %)
methanol/water, and methanol, using a syringe pump at a flow rate of 50 pL min™' for
30 min. Finally, the derivatised silica monolith was placed in an oven for 24 h at 40 °C

prior to use.

2.5  Applications of modified silica-based monolith for eserine

2.5.1 Study of the performance of C18 silica monolith by HPLC-UV

HPLC was employed to investigate the extraction and pre-concentration performance
of the modified silica monolith. All eluted samples were analysed directly by a HPLC-
UV detector to obtain the peak area for eserine and to compare them with the peak
areas of eserine standard solutions, to measure the extraction efficiency. To detect
eserine, chromatographic analysis was achieved using HPLC with a UV detector
consisting of an LC 200 series binary pump, a PerkinElmer 785A UV/visible detector,

and a Bio Wide Pore C18 column.

The mobile phase was methanol /water (60:40) (V/V) run under isocratic conditions;
the flow rate was 1 mL min™.2%728 A predetermined A max Wavelength was set at 248
nm, and the injection volume was 20 pL. The extraction recovery (ER) was calculated
(see Equation 2-1) and defined as the percentage of the total analyte (19) which was

extracted to the eluent (75¢:).2%°

ER= ( nser/ ng) % 100 @2-1)
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25.2 Preparation of stock solution of eserine

A stock solution of eserine at 1 mg mL™ (1000 ppm) was made by weighing out
accurately to 4 decimal places approx. 1 mg of eserine into a 1.5 mL microcentrifuge
tube and dissolving it in 1 mL water, solubility in water at 25 °C (7760 mg L™). Then,
the sample solution was mixed well, protected from sunlight and stored in a
refrigerator at 4 °C. The chemical structures and the molecular weight of eserine, the

target analyte, are shown in Figure 2-5.

j\
SN 0
H

Chemical Formula: C;5H,;N;0,
Molecular Weight: 275.35

-
~
3
-~

Figure 2-5: The chemical structure and molecular weight of eserine

253 Preparation of standards for calibration of eserine

The stock solution (1 mg mL™") of eserine was serially diluted. The working standard
solutions contained 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 pg mL"'. These
working standard solutions were analysed directly by HPLC-UV three times at each
concentration level. Peak areas were obtained from a chromatogram of the eserine,

and the peak areas were plotted against each concentration. The limits of detection
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(LOD) and quantification (LOQ) were determined from linear regression of the

calibration curve. The LOD and LOQ can be expressed as:

LOD=3 x SD/S (2-2)

LOQ=10 x SD/S (2-3)

Where SD is the standard deviation of the response

S is the slope of the calibration curve

254 Solid-phase extraction and pre-concentration procedures

Before extraction and pre-concentration, the C18 silica monolith rods were
conditioned with 3 ml methanol and then equilibrated using 3 mL of purified water at
a flow rate of 400 pL min'. All the solutions were injected with a syringe pump. All
steps for extraction and pre-concentration were repeated three times. For extraction, a
300 uL sample from the standard solutions (100 pug mL™") was loaded through the C18
silica monolith sorbent at pre-determined optimised flow rate. Then, the monolith
sorbent was washed with 3 mL of purified water to remove any possible impurity, and
the eluate was collected for further analysis. After washing, the analytes were eluted
from the C18 silica monolithic sorbent with 300 puL of methanol/water (60:40) (V/V)

into a glass tube at a flow rate of 400 uL min™!, and stored for further experiments.

For pre-concentration, a 4 ml sample (10 pg mL") was loaded through the C18 silica

monolith sorbent at a flow rate of 400 pL min™'. The monolith sorbent was then washed
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with purified water twice. The analytes were eluted with 400 pL of methanol/water

(60:40) at the same flow rate from the C18 silica monolithic sorbent.

2.5.5 Breakthrough volume for SPE

To determine the capacity of the fabricated silica-based monolith, constant volumes
of the sample (300 pL), containing concentrations of 30 pg, were loaded through the
monolith sorbent at 400 pL min™'. These steps were continued up to the point where
the analyte mass exceeded the retention capacity of sorbent. Each fraction was then

collected separately and measured directly by a HPLC-UV detector.

2.6  Fabrication of microfluidic device

The glass microfluidic devices were fabricated by Dr Steve Clark (University of Hull,
UK) and prepared using photolithography and a wet-etching technique, as shown in
Figure 2-6. AutoCAD LT® (2010) software was utilised to draw the design of the
microfluidic device channels and the design was then printed using JD Photo-Tools as
a photomask film. The mask was then placed above the top of borosilicate glass (B270)
pre-coated with chrome layers and photoresist. The channel manifold design was
transferred by exposing the photoresist layer to the UV light for 60 seconds under
darkroom safelight conditions. The wafer was then submerged in Microposit®
Developer Concentrate diluted in a 1:1 ratio with purified water for 60 seconds,
followed by immersion in a Chrome Etch 18 solution for a further 60 seconds to

remove the exposed photoresist layer and etch away uncovered chrome.
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The glass was then chemically etched using a solution consisting of 5% ammonium
fluoride (NH4F) and 1% hydrofluoric acid (HF) at 65 °C was then utilised to etch the

exposed glass isotropically te the required depth, which was 65 pm in current work.

Microposit© Remover 1165 and Chrome Etch 18 solution were used to remove the
remaining photoresist and chrome layers. Diamond drill bits were used to drill the
access holes into the top glass cover plate. The etched base and drilled glass cover
plates were thermally bonded together at 585 °C for two hours to complete the

fabrication process.*'# 27
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Figure 2-6: Schematic diagram of the fabrication process of glass microfluidic

devices using photolithography and wet-etching technique?”!

263 Microfluidic device design

For chemiluminescence reactions, efficient mixing of the reagents is important for the
detection sensitivity. This results in design microfluidic manifolds with longer channel
lengths. The channel length had to be in the form of a serpentine in order to fit the

microchannels within an area that would sit above the PMT for detection. The
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microfluidic chip designs used were obtained from a previous project carried out at

222

the University of Hull.

The serpentine channel dimensions were 200 pum wide and 65 pum deep with a channel
length of approximately 206 mm with 9 meanders as shown in Figure 2-7. Three
reservoirs holes of diameter of 1.5 mm were drilled in the top glass plate to permit the
microfluidic chip to be connected to Teflon tubes which support transmission of the

pushed liquid inside the channels.

Taking into consideration the flow rate of the fluid and the cross sectional area of the
channel, the residence time of the fluid over the channel length can be estimated (see

table 2.5).

Table 2-5: Estimated residence times for water within the serpentine channel at
different flow rates. Calculation for the residence time (s} = channel length (m) /

flow rate (m s™),

Flow Rate Velocity Residence Time (s)
(uL min') {ms) Channel length (206 mn)

1 1.3X10° 160

5 6.4 X107 32

10 0.013 16

15 0.019 10.7

20 0.026 8

25 0.032 6.4

30 0.038 5.35
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The volume of regents used in the channcl was 2.678 pL. The chemiluminescence
reagent was passed through one channel of the T piece (inlet 1) and the sample and
oxidant were passed through the other channel (inlet 2). The chemiluminescence

intensity was determined using the portable chemiluminescence detection system.
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Figure 2-7: (A) Schematic of a T-shape serpentine channel manifold microfluidic

chip (206 mm length, 9 meanders) and (B) Photograph of the microfluidic chip
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2.7  Development of a portable chemiluminescence detection system

F A Design of in-house chemiluminescence detector

2740 Selection of photodetector

The low power consumption photosensor module (H10722-20) was purchased from
Hamamatsu Photonics Ltd (Hertfordshire, UK), as shown in Figure 2-8. The
photosensor module combines a ‘head-on’ photomultiplier tube (PMT) with a high
voltage power supply and signal processing electronics in a metal casing (dimensions
22 x 22 x 60 mm). The effective area of PMT is 8 mm in diameter, providing a spectral
response of 230-920 nm, with a peak sensitivity wavelength of 630 nm. A 5V power
pack (SPU45E-301) was obtained from RS Components Ltd (Northants, UK) and
connected to the PMT. The system was designed with a variable gain dial, allowing

the gain of the PMT and therefore the sensitivity of the PMT to be adjusted.

Figure 2-8: Photograph of photosensor module containing a metal casing PMT
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7 5t LB Design of light-tight housing

The CL detection system was located inside a dark (light-tight) box which was
fabricated by the workshop of Chemistry Department at Hull University. The light-
tight box was made of steel with dimensions of 180 mm x 165 mm x 10 mm. The box
size allowed CL detection to be achieved inside the box and examinations to proceed

outside the laboratory if required for collecting data.

To make the system portable and amenable to field use, the system was designed with
a protective shutter, with a diameter of 2.55 cm?, for the PMT. This allows access to
the samples and the microfluidic device while preventing it from being exposed to
external light. A shutter mechanism was constructed in-house and was designed such
that it could only be opened when the box is properly shut and sealed from external
light, due to the position and configuration of the thread on the closing mechanism
which turns the direction of the shutter; likewise, when the box is open the shutter

remains closed.

An oscilloscope (PicoScope PS2202 OATO01/70, Pico Technology, UK) was
connected to a computer. Data acquisition software (PicoLog Recorder®) was also

used to collect, analyse and display the signal.

2.7.1.3 Position of microfluidic device

The reaction cell must be situated as close as possible to the detector to maximise
optical efficiency. The designed microfluidic device is placed on top of the PMT
shutter, while the area of the serpentine shape is placed exactly on the light-tight

shutter over the PMT to ensure all the light produced from the reaction is obtained.
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Two holes were placed on the right-hand side of the box cover. These holes are for
inserting microtubes from the syringe pump to the microfluidic chip which is housed
inside the light-tight box. The microtubes are the same size as these holes in order to
prevent any light escaping from the box. The waste produced from the reaction
between the reagents is collected via a beaker placed at the end of the waste hole, so
preventing any spillage inside the box. The portable chemiluminescence detector is

shown in Figure 2-9,
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Dark (light-tight) box |

Figure 2-9: Photograph showing the portable chemiluminescence detection

system designed in-house
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2.7.2 Preparation of chemiluminescence reagents and oxidants

Luminol solutions: A stock solution of 50 mM luminol (CsH7N30:) was prepared by
dissolving (0.886g) in sodium hydroxide (NaOH) and stored for 24 h in a refrigerator
to attain stability before use. The luminol solution is stable at least for one month.?”?

The working solutions were prepared by appropriate dilution.

Hydrogen peroxide solutions: A 50 mM stock solution of hydrogen peroxide (H20>)
was prepared in ultrapure water and the corresponding working solutions were

prepared daily by appropriate dilutions.

Potassium permanganate solutions: A 1 mM stock solution of potassium
permanganate (KMnO4) was prepared by dissolving the product in ultrapure water and

stored in darkness at room temperature for one month. 2*>27

Cerium (IV) sulphate solutions: These were freshly prepared in nitric acid or sulphuric

acid.

Cerium (IV) ammonium sulphate solutions: A 50 mM stock solution of Ce(IV)
solution was prepared from ammonium cerium (IV) sulphate hydrate

(Ce(NH4)4(SO4)s - 2H20) in 4 M nitric acid daily. 253

2. 1.3 Analysis of environmental water samples

The applicability of the proposed microfluidic-CL method to real samples was

demonstrated with recovery studies of eserine in different water samples (ultra-high
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purity, tap, and river water) spiked at different concentrations. The tap water sample
was obtained from the University of Hull, while the river water sample came from the

River Hull.

All the samples were collected in plastic bottles, filtered and stored in a refrigerator at
4* C until analysis. Before the microfluidic-CL analysis, the SPE procedure with the
C18 modified silica monolith was applied to each water sample. Furthermore, each
water sample was spiked with different concentrations of eserine (1, 10, 100 and 200

ug L) and analysed by the microfluidic-CL methed proposed.
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Chapter 3: Results and Discussion: Fabrication of

Silica-based Monolith

This chapter describes the fabrication of the silica monolith, optimisation of sol-gel
process and physical characteristics of the silica monoliths. The silica monolith
mixtures were prepared from compositions of water-soluble polymers, silicon
alkoxide, water, and acidic catalyst, as described in Section 1.5.1. The fabrication

procedure is given in Section 2.4 and summarised in Table 2-4.

Silicon alkoxides (TEOS or TMOS) were used as a silica source due to their purity,
price, and availability. A water-soluble polymer (PEQ or F127) was used to induce
phase separation between the silica, and an acidic catalyst was used to start the
hydrolysis and condensation reactions. The solution mixture was transferred into a t
or 2 mL disposable plastic syringe that was used as a mould for preparation of the

monolithic silica rod,

The formed wet silica rod was washed with water to remove any possible residues and
treated with a basic solution of ammonia hydroxide for 24 hours in order 1o generate
the mesopores in the silica skeleton. This step was followed by washing and then
drying at 40° C for one day and at 90° C for an additional day. The bare silica monolith
rods were then transferred to a furnace and calcined at 550650 °C for three hours to

remove any remaining organic material.

The dimensions of the resulting monolith depended on the mould used. The resulting
monolith exhibited about 30% shrinkage in the size of the fabricated cylindrical
monoliths, which enabled easy removal of the silica rods from the moulds. A caliper

was used to measure the diameter of the cylindrical monolithic rod, The cylindrical
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moulds had inner diameters of 4.6 and 8.3 mm, resulting in the monoliths having outer
diameters of 3.3 and 5.8 mm, respectively. The fabricated silica monoliths exhibited

monolithic shapes, with white colour and glossy surfaces, as shown in Figure 3-1.

Figure 3-1: The resulting silica monoliths prepared in different cylindrical

moulds

In order to study the influence of the sol-gel on the internal structure of the silica
monoliths, SEM was used. The internal structures of TMOS silica monolith rods
during the fabrication were obtained using SEM as shown in Figure 3-2. The SEM
images of TMOS were captured after gelation, basic treatment and the calcination at

600 °C as shown in Figure 3-2 (A), (B) and (C), respectively.
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Macropore
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Mesopore

Mesopore

Macropore

Figure 3-2: SEM micrographs of internal structure of silica monoliths, consisting
of TMOS + poly (ethylene oxide) (100 kDa) + nitric acid (1 M), during the
fabrication process (A) before the basic treatment with ammonia hydroxide (1 M)
(B) after the basic treatment with ammonia hydroxide (1 M) (C) after the basic

treatment and the calcination
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The SEM micrographs reveal that the surface of the monolith is highly porous with a
rigid silica backbone arranged in a continuous random geometry without any apparent
regular [attice or sponge structure. It can be seen that the macropores are present and
the surface of the internal structure of the silica monoliths is smooth {(Figure 3-2: A).
There is a clear change of the surface after the basic treatment, as it has become
rougher (Figure 3-2: B). This change indicates that mesopores have been formed on
the surface skeleton by a dissolution—reprecipitation process as detailed previously in
Section 1.5.1.4. When the high heat treatment is applied, the organic residues are
removed without causing any possible deformation on the monolithic structure (Figure
3-2: ). SEM provides actual photographs of the silica surface, but no quantitative
characterisation of the pore diameter, pore volume and specific surface area. Further
investigations were carried out using the Brunauer—-Enmmett—Teller (BET) method to
evaluate the effect of the basic treatment on the internal structure of the silica monotlith

in next section.
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3l Effect of the basic treatment on the structure of silica monolith

The mesopore on the monolithic silica surface are important to obtain a specific and
high surface area. The surface area, pore diameter, and pore volume were obtained
using BET methods, as described in Section 1.5.5.1. Before and after basic treatment
of the monolith, the isotherm curves were also calculated using the BET method, as
explained in Section 2.4. The physical characteristics of TMOS monoliths are listed

in Table 3-1.

The specific surface area of TMOS (prepared with PEO 100 kDa) monolith after basic
treatment was approximately 289.46 m?g™!, whereas the untreated TMOS monolith
surface area was 47.10 m?g’' — that is lower than the basic treated TMOS and is due
to the presence of mesopores. The pore diameter and pore volume are also directly

proportional to the surface area, as listed in Table 3-1.

Table 3-1: The physical properties of the silica TMOS monolith before and after

the basic treatment

TMOS monolith with Average pore
PEO (100 kDa), HNO; e (?;faﬁ; e diameter mesoporous PO(E;:;OIT)W
and water g (nm) g
Non-treated with NH4OH 47.10 4,68 0.026
Treated with NH4sOH 289.46 9.65 0.98
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Two isotherm curves of TMOS monolithic silica rods illustrated before and after the
basic treatment are shown in Figure 3-3. The isotherm curve of TMOS without the
basic treatment shows as similar to the type II (non-porous or macroporous) isotherm
curve as discussed in Section 1.5.5.1 (see Figure 3-3A) having strong adsorption for
macroporous aborbents (pore size >50 nm). In conirast, the isotherm curve of TMOS
with basie treatment shows as similar to the type IV (mesoporous) isotherm curve as
discussed in Section 1.5.5.1 (Figure 3-3B) having a well-defined step at approximately

p/po=0.4-0.9 for mesoporous materials (2 nm < pore size <50 nm),'8% 166273

These outcomes favour the proposition that the internal pore structure of the silica-
based monolithic rods increased in surface area through the formation of mesopores
using the ammonia solution, as previously reported by Nakanishi ef al.1** '** Hence,
it is clear that the presence of the basic step is essential to the creation of mesopores

in the silica monelith and increase the surface area significantly.
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Figure 3-3: BET isotherm curves obtained for TMOS silica monolith. Isotherm
(A) is for the TMOS silica monolith before the basic treatment and isotherm (B)

is for the TMOS silica monolith after the basic treatment at 80 °C for 24 hours.

The period of the basic treatment will be discussed later after the optimising the

starting materials.
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3.2 Optimising the starting materials of silica-based monolith

The purpose of optimising the starting materials of the silica monolith was to produce
a bimodal porous structure that offers a large surface area (by small mesopores), and
provides easier access to the flow and reduces the pressure drop over the materials (by
the macropores). Numerous applications require a large surface area to obtain a high

loading capacity.

It is very difficult to expect the precursor type to be utilised for a given purpose. The
reactivity of the precursor depends not only on its chemical nature, but also on the
applied reaction condition.?” Nitrogen sorption isotherm at 77 k was used to provide
information about the physical properties of silica monoliths including the specific
pore volume (cm?® g!), the specific surface area (m? g''), and mesopores diameter (nm).
The diameters of the macropores were measured using the SEM micrographs.'** Table
3.2 shows a summary of the silica monolith compositions, including silicon alkoxide,
water-soluble polymer, acid, and water, and their physical characterisation parameters.
The RSDs of the physical characterisation parameters of three different batches of the

silica-based monolith were calculated.
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Table 3-2: A summary eof silica monolith compositions and their physical

characterisation parameters

Average pore Average pore
BET surface diameter Pore volume diameter
Starting matetials | area {m? g''y 4 " {emig)+ macropores
RSD (n=3) | POSOPOres M= | by i3y | (um) 2 RSD
RSD (n=3) =)

Mon 1- TMOS,
(PEQ} 100ki>a, 289.46 + (4.3) 9.65 % (1.6} 0.98 £ (0.5 32£(0.63)
HNO; and water

Mon 2- TMOS, |
(PEO) 200kDa, | 31544+ (5.4) 7.50 £ (1.7) 093+(0.26) | 2.6(0.48)
HNQ; and water

Mon 3- TEOS,
{(PEQ} 100kDa, 263.49 £ (3.5) 12.3+{0.84) 1.35£(1.2) 3.4 £(0.82)
HNO; and water

Mon 4- TEQS,
{PEQ) 200kDa, 286.60 + (6.7) 11.62 +(1.3) 1.28 £(1.4) 2.9 £ (0.78)
HNOQO; and water

Mon 5- TMQS,
F127, CH:CO:H 366.7 +(7.2) 7.80 + (1.25) 0.90 + (0.8) 1.8+ (0.58)

and water

Mon 6- TEQOS,
Fl127, CH;CO:H 3222x(1.8) 8.45£(0.72) 0.97 £ (1.3) 2.2 £(0.63)

and water

As can be seen from the table (above), six different types of silica-based monolith have
been made through the sol-gel process, as described in Section 2.4. In the monoliths
(1-4), two kinds of silicon alkoxides, TMOS and TEOS, were used with two different
molecular weights of polyethylene oxide (100 and 200 kDa), while TMOS and TEOS

were then used with a triblock copeolymer pluronic (F127) in monoliths (5 and 6).

The calculated specific surface area for the TMOS monelith in the presence of the low

molecular weight of PEO (Mon 1) was found to be about 289.46 + (4.3) m* g,
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compared to the same silicon atkoxide in the presence of the high molecular weight of

PEOC (Mon 2) which offered a higher surfacc arca of 315.44 = (5.4) m* g’

On the side of TEOS monoliths, the high molecular weight of PEO (Mon 4) obtained
a surface arca of 286.60 % (6.7) m* g”! greater than that obtained in the presence of the
low molecular weight of polymer (Mon 3) with the surface area of 263.49 £ (3.5) m?
g'. In Mon 4, the mesopores diameter and macropores diameter were 11.62 = (1.3)
nm 2.9 = (0.78) um, respectively. In Mon 3, the mesopore diameter and macropore

diameter were 12.3 + (0.84) nm 3.4 + (0.82) pm, respectively.

It has been also reported that the TEQS monolith with PEQ 100 kDa and PEO 200
kDa possess surface areas of 164 m’g™ and 201 m?g”', macropores diameters of 10 um

and 4 um, and mesopores diameters of 16 nm and 13.2 nm.'**

Generally, the surface arcas of TEOS monoliths achieved in this study were
significantly more than those achieved by Fletcher et 4/, using a similar composition
of starting material.'*® The increase in the surface area of TEOS menoliths of this
study may be due to the longer gelation step {one day more) and double the basic
treatment period as compare to Fletcher ef ¢l’s experiment.'” Increasing the
molccular weight of the PEO as a starting mixture also cnhances the surface area and

reduces the macropore diameter, which has been also reported by Shrinivasan ef al. '3

Table 3-2 shows there was a slight reduction in the macropore diameter with the high
molecular weight of PEO (Mon 2 and 4) compared to Mon 1 and 3, respectively. The
reduction of macropores happens because of the rapid growth of the silica network
before the structure of the silica monolith is frozen during the phase separation, as

described in Section 1.5.1.4.
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The structural morphology of the TMOS and TEOS monoliths in the presence of high
molecular weight of polymer, Mon 2 and Mon 4, werc compared using SEM. The
SEM nicrographs of the internal structure of TMOS and TEOS at different

magnifications are shown in Figure 3-4.

20 pm
10 pm "',

TMOS monolith {(Mon 2)
10 pm m

g,

TEQOS monolith (Mon 4)

Figure 3-4: SEM micrographs of internal structure of silica monoliths of TMOS
and TEOS with PEO (200 kDa) at different magnifications

From the images in Figure 3-4, it was observed that there were no noticeable
differences in structural morphology of both types. The general structure for both

monoliths is similar. However, the data of the BET method in Table 3-2 showed
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TMOS monolith (Mon 2) had a surface area of 315.44 = (5.4) m® g with a mesopore
diameter of 7.50 # (1.7) nm and pore volume of 0.93 # (0.26) cm?® g!. This is 10%
more than the surface area, 35% less in mesopore diameter and 27% less in the pore
volume observed when compared to the TEOS monolith using the same molecular
weight of PEO (Mon 4). It can be concluded from these results that TMOS monoliths
with the two molecular weights of the polymer (Mon 1 and Mon 2) provide higher
surface areas and smaller macropore diameter compared to the TEQOS monoliths (Mon

3 and Mon 4).

In Mon 5 and 6, Triblock copolymer pluronic (F127) and acetic acid were used with
silicon alkoxides (TMOS and TEOS) instead of PEO and nitric acid, respectively.
From the data in Table 3-2, it was found that the TMOS monotith with F127 (Mon 5)
gave a higher surface area of 366.7 £ (7.2) m* g”! and lower macropore diameter of
1.8 + (0.58) wm compared to 287.79 m? g and 2.2 + (0.63) um for TEOS (Mon 6).
Also the result of Mon 5 shows greater surface areas, compared to the surface area
(205 m* g') obtained by the other group using a similar composition for the starting

material,!*?

Generally, it was observed that the total surface areas of all TMOS monoliths were
higher than those of all TEOS meonoliths. This is due to TMOS being more rapid in
hydrolysis in the sol-gel process than TEOS. TMOS consists of smaller size Si0;
particles in the network whereas TEOS consists of larger size SiOs particles in the

network. !4

The data of this study are similar to the data of Motokawa et al. They prepared silica

monoliths with different sizes of macropores and skeleton structures. The silica
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monoliths with smaller macropore size and thinner skeleton structure have higher

surface area, greater efficiency, and lower back pressure. !’

Upon quick observation of Table 3-2, Mon 5 has the highest surface area of 366 m* g
!. Since the high surface area is required to increase the binding capacity of the
monolith, TMOS, F127, and acetic acid were selected in the following experiments as

the silica source, organic additive and catalyst, respectively.

3.3  Effect of the period of the basic treatment

Due to the effect of the basic treatment on the internal structure of the monolith it was
suggested that an optimum surface area could be established by varying this treatment
at different times (5, 10, 15, and 20 hr). The influence of the period of the basic
treatment on the structural morphology of the TMOS-F127 monoliths was investigated
by SEM, since it can provide an estimation of the diameter of the macropores. The
SEM micrographs of the internal structure of the TMOS-F127 monolith for different
periods of basic treatment (5, 10, 15, and 20 hr) are shown in Figure 3-5. All SEM
micrographs in Figure 3-5 conclude that all monoliths have bimodal pore structure and

the macropore diameters were 2—4 um.
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Figure 3-3: Morphology changes of the silica monolith with different time periods

of ammonia hydroxide treatment. The sample was prepared from TMOS-F127.
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From micrographs, it was hard to see the differences in internal structure of the TMOS-
F127 monoliths from the SEM images; thus, the specific surface area and the

mesopore diameter were investigated using the BET model, as shown in Table 3-3.

Table 3-3: The physical properties of the TMOS-F127 menoliths with 1 M

NH40H treatment over different periods of time

tr‘:;;n:nliizze BET surface area (m® g'') Average pore diameter |
) + RSD (n=3) mesoporous (nm) £ RSD (n=3)
5 219.6 £ (7.3) 12.4+(1.3)
{0 2642 £ (4.5) 11.65 £(2.2)
15 295.6+(8.6) 10.8+(1.7)
20 338.60 == (9.4) 8.67 + (1.4)

The above table shows there has been a gradual increase in the surface area with
increasing the length of time of the basic treatment. The observed increase in the
surface area does not therefore appear to come from the mesopore diameter but it may
be associated with the enlargement of the macropore structure resulting from the
ctching process. The present findings seem to be consistent with other research which
indicated that an increase in mesopore diameter by dissolution/ reprecipitation would
be at the expense of surface area.!!® Data from this table can be compared with Mon 5
in Tabie 3-2 which shows a surface area of 366.7 m” g”' with 1| M NH4OH treatment
for 24 k. The conclusion can be drawn from the present study that the optimal period

of the basic treatment was 20-24 hours.
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3.4  Physical characterisation of the C18 modified silica-based monolith

Once the silica monolith was fabricated, the surface was then chemically modified by
octadecyldimethylchlorosilane (C18), as detailed in Section 1.5.4. Surface
modification of the monolithic silica was accomplished by continuously flowing
silanisation solution through the porous monolithic silica rod inside the heat-

shrinkable tube, as described in Section 2.4.2.

The structural morphology of the modified silica monolith was studied by SEM and
BET methods to evaluate the influence of the surface modification of the silica
monolith with C18. The SEM micrographs of the TMOS monoliths before and after
modification with octadecyl groups are shown in Figure 3-6. Figure 3-6 (A) shows the
SEM micrograph of the internal structure of the non-modified TMOS monolith, and

(B) shows the SEM image of the C18 modified TMOS monolith.

It is apparent from these micrographs that there is a significant difference in general
morphology comparing the SEM micrographs of the monolith before and after
modification. The internal structure of modified TMOS monoliths appear thicker with

smaller macropores.
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Figure 3-6: SEM micrograph of the internal structure of TMOS silica monolith;
{A) non-modified monolith and (B) C18 medified monolith
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Furthermore, additional examinations were carried out using the BET method to
determine the change in surface area of the silica monolith after the C18 modification
process. The findings of this examination found that the surface area of the CI18
modified monolith decreased to 312 m? g, compared to (Mon 5), in Table 3-2,

previously achieved for the non-modified silica monolith.

The reason for the decrease in surface area after modification could be related to the
blocking of micropore access (< 2 nm) in the silica-based monolith by the bonded
phase (the alkyl chains attached to the silica surface), as described in Section 1.5.4.5*
67 This decrease in surface area is a good indication that the modification process was

successfully achieved.

34.1 Elemental analysis by EDX

Besides the analysis of the octadecylated silica monolith with the SEM and BET
methods, the derivatisation of the silica monolith with octadecyl groups was confirmed
by using energy dispersive X-ray (EDX) analysis. The EDX spectra of the non-
modified silica monolith with the elements detected on the surface is shown in Figure
3-7. Quantitative EDX analysis for all elements in non-modified silica-based
monoliths is shown in Table 3-4. As expected, the non-modified silica monolith is
generally composed of silicon (Si), carbon (C), and oxygen (O) at 45.37%, 2.97%, and

51.5% for Si, C, and O, respectively.
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Figure 3-7: EDX spectra of non-modified silica-based monolith

Table 3-4: Quantitative EDX analysis for all elements in non-modified silica-

based monolith

Spectrum C%

0%

Si%

Cl %

Total

Non-modified silica monolith 2.97

51.5

45.37

0.00

100.00
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The EDX spectra for the modified monolith with the elements detected on the surface
is shown in Figure 3-8. Quantitative EDX analysis for all elements in the modified
silica monolith is shown in Table 3-5. From the EDX result, it was observed that the
carbon peak increases from 2.97 to 15.48% of the total elements. This was an

indication of the presence of chlorodimethyloctadecylsilane.

This finding is in agreement with other research findings which showed that the degree
of surface loading by the R group of the monochlorosilane (C-2 to C-18) will vary
from 5 to 19% by weight as carbon for the packing material.>* ®’ Furthermore, a new
peak for chlorine (CI) appeared in the spectra. In general, this spectra exposes the

presence of octadecyl groups on the surface of the silica monolith.

cl
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Figure 3-8: EDX spectra of modified silica-based monolith
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Table 3-5: Quantitative EDX analysis for all elements in modified silica-based

monolith

Spectrum C% 0% Si % Cl % Total

Modified silica monolith 15.48 44 82 39.44 0.26 100.00

The successful modification of the surface with C18 was further confirmed by using

the monelith for SPE and pre-concentration of the target analyte.
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35 Conclusion

Fabrication of a silica-based monolith using a sol-gel process was examined. The work
presented here confirms previous outcomes and contributes additional evidence that
fabrication of the silica monolith is related to the concentration and molecular weight
of the polymer in the starting mixture, resulting in increased surface area and reduction

of the macropore diameter, 120 13% 133

The optimising of the starting materials is essential since it has a significant influence
on the internal structure of the silica monolith. For that, six different types of monolith
were made, The highest surface area was obtained from the chemical composition of
TMOS, F127, and acetic acid at 366 m? g”!. The surface areas achieved in this work

were greater than those achieved by other researchers,'3% 176273

altthough they were
less than some of the popular commercial SPEs which can reach 800 m? g!.7® These
commercial columns however are usually available in a certain cartridge shape and
require af lcast 1 to 2 ml of sample. Also, this surface area is still lower than that

indicated with similar starting materials in a recent study, which was 944 m* g'! 27

The basic treatment is the most essential step to improve the surface area of the silica
monolith. Therefore, the basic treatment with ammonia solution was shown to

significantly increase the surface area by converting micropore to mesopores. *! 134

The surface of the silica-based monolith was chemically modified by
octadecyldimethylchlorosilane (C18). This modification process on the silica surface

was successfuily confirmed by using SEM analysis, BET method, and EDX analysis.
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A new peak for chlorine (C1) appeared in the EDX spectra. The carbon peak increased
from 2.97% (in the non-modified monolith) to 15.48% (in the modified silica
monolith). This finding is in agreement with other research findings which showed
that the degree of surface loading by the R group of the monochlorosilane will vary

from 5 to 18% by weight as carbon for the packing material %778
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Chapter 4: Results and Discussion: Applications of

Silica-based Monolith for Eserine

This work involved using a C18 surface-modified silica monolith for SPE and required
1dentifying the optimum conditions for trapping and release of pesticides in an aqueous
sample. The extraction efficiency, pre-concentration, and loading capacity of the
monolith were evaluated by using eserine, a type of carbamate pesticide, as a model

compound.

4.1 Investigation of optimum detection wavelength for eserine

Detection wavelength is the first parameter to investigate to establish the optimum
sensitivity of the test compound (eserine). Standard eserine solutions at two different
concentrations (20 ppm and 2 ppm), dissolved in water, were measured by using a
UV-VIS spectrometer in the 200-800 nm wavelength range. In this experiment, water
was used as a base reference and a quartz cuvette was used as a sample cell. Each
concentration was measured independently and showed two absorbance bands. The
relationship of the eserine detection wavelengths at concentrations of 20 ppm and 2

ppm are shown in Figure. 4-1 and 4-2, respectively.
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Figure 4-1: Spectra of 20 ppm of eserine detected by UV-VIS spectrometer
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Figure 4-2: Spectra of 2 ppm of eserine detected by UV-VIS spectrometer

From the spectra in Figures 4-1 and 4-2, it is clearly shown that the eserine peaks at
248 nm, and the sample appears colourless, because it does not absorb in the visible
region from 400 to 800 nm. As the concentration of the sample is proportional to
absorbance by the Beer—Lambert Law (Equation 4-1), calibration will be carried out
to establish the limit of detection (LOD) and limit of quantification (L.OQ) in the next
section, 4-2. The optimum wavelength at 248 nm was selected in the following

experiments.
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A=¢cl (4-1)

where (A) is the absorbance, (&) is the molar absorptivity of the compound, (¢) is the

concentration of the solvent, and (1) is the path length.

4.2  Calibration curve of eserine standards

Calibration curves were used to determine the amount of analyte in the unknown
samples. The calibration curves were prepared according to the procedure presented
in Section 2.5.3, under the optimised conditions for a range of standard solutions of
5-100 ug mL™, at eleven concentration levels. These working standard solutions were
analysed directly by HPLC-UV three consecutive times at each concentration level
and the peak areas were plotted against concentration (ug mL™), as shown in Figure

4-3.
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Figure 4-3: Calibration curve of eserine standard solutions with the peak areas

plotted versus concentration (ug mLT)

The eserinc calibration curves (Figure 4.3) showed good linear regression (1*= 0.9951)

within the 5-100 pg mL™! linear range. The LOD (3SDV/S) and LOQ (10SD/S) for

esertne were calculated using Equation 2-2 and Equation 2-3 (Section 2.5.3),

respectively, from the calibration curve in Figure 4-3, The equation obtained for the

calibration curve was y=14.291x +30.793. The regression equation, R%, LOD, and

LOQ of eserine are sumimarised in Table 4-1.

Table 4-1: Analytical figures of merit for eserine (n=3)

| _ LOD LOQ
Compound | Regression equation R?
(ng mL) (ng mL)
Eserine y=14.291x + 30,793 0.6951 0.07035 0.23452
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It can be observed that the limit of quantification of eserine (0.07035 x 1000 =70.35
ug L) is 700 times higher, compared to the EU permissible concentration (0.1 pg L-
") for individual pesticide. This reflects a limitation with using UV absorbance as an

analytical method.

4.3  Effect of flow rate on the extraction efficiency

The extraction procedure is described in Section 2.5.4. Extraction recovery studies
were performed with 100 ung mL™' of eserine, at eight different flow rates. The flow
rate of the sample solution through the C18 silica monolith is an efficient parameter
to control the analysis time. It must be low enough to perform an efficient trapping,
and high enough to shorten the processing time. The effect of flow rate on extraction

! range. The extraction was

efficiency was determined in the 20-1000 pL min
performed three times for each flow rate. The effect of sample flow rate on extraction

efficiency for 100 pg mL™! of eserine by passing 300 uL of the sample is shown in

Table 4.2.
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Table 4-2: Effect of flow rate on extraction efficiency

Pesticide (EIE‘:HZT) é;r::; RGCOVG?:]S?)) RSP
20 45 85.21 £ 8.64
50 18 88.10+11.73
100 15 94.98 + 10.60
Eserine 200 4.5 93.09 +6.73
(100 ug mL)
400 2.25 96.58 £ 8.57
600 1.5 89.6 & 10.39
800 1.125 86.3+12.9
1000 High back pressure

The results (Table 4.2) show that the eserine recovery in the range 100—400 pL min’’
gave the highest extraction efficiency (more than 90%). These results were acceptable
and not affected considerably by flow rate. When the flow rates are below 100 uL. min
" or over 400 pL min’!, the recovery date becomes worse and that may be a result of
non-equilibrium between the eserine in solution and eserine bound to the modified
solid phase, or overload. The higher flow rate (1 mL min™'} obtained a higher
backpressure, and the fitting could not withstand the facing pressure; therefore, it was
excluded from the experiment. To have an effective analysis in a reasonable time, the
sample flow rate of 400 pL min~’ was selected in the following experiments. Using a
flow rate at 400 pL min, all the extraction procedures including conditioning, toading,

washing, and elution from the octadecylated silica monolith sorbent could be

completed in approximately 10 min.
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4.4  Extraction efficiency of C18 silica monoliths

One of the most dynamic approaches for characterising stationary phases is a simple
investigation of the efficiency of extraction, then extraction of the target analytes with
the C18 silica monolith was performed. Extraction efficiency is the percentage of
solute moving from one phase to the other. The extraction procedure is described in
Section 2.5.4; all eluted fractions were analysed directly by a HPLC-UV detector,
under conditions described in Section 2.5.1. Aliquots of 300 pL of 100 pg mL"! eserine
solution equivalent to 30 pg were loaded through the C18 silica monolith sorbent at
the optimum flow rate of 400 pL min™'. Each 300 pL aliquot was passed through the
C18 monolith sorbent, then washed and eluted prior to injection into an HPLC for

analysis.

Ideally, no peaks should appear in the HPLC chromatogram for the analytes during
the loading and washing steps as the analytes should be trapped as a result of the
hydrophobic interaction between eserine and the C18 coated silica monolith sorbent.
The HPLC chromatograms for the extraction process of eserine are shown in Figure
4-4, The HPLC chromatograms of eserine standard, loading fraction, washing fraction,

and elution fraction are shown in Figure 4-4 (A), (B) (C) and (D), respectively.

From the chromatogram in Figure 4-4 (A), it is apparent that the retention time of the
eserine standard (100 pg mL™") was 2.10 min. After that, it can be observed that there
are tiny peaks appearing at or around the same retention time as eserine in loading (B)
and washing steps (C) indicating possibly a very small amount of breakthrough,
although this appears to be less than 0.5%. A peak can clearly be observed at 2.20 min

presenting that the eserine was eluted from the C18 monolith sorbent (D).
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The results in Figure 4-4 show the validity of the extraction process using the
octadecylated silica moneolith sorbent for eserine, where a minimal amount of analyte
15 detected during the loading and washing steps because it is predominantly retained
in the C18 monolith sorbent. The eserine was eluted with the same solvent as the

mobile phasge to decrease the noise.
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Figure 4-4: HPLC chromatogram obtained for the extraction steps. (A) The
standard solution of eserine was directly injected into the HPLC, (B) The loading

fraction was collected from the loading step, (C) The washing fraction and (D)
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the elution fraction. The separation column was a Bio Wide Pore C18 column (5
pm, 15 em % 2.1 mm), the mobile phase was methanol /water (60:40) (V/V) run
under isocratic conditions; the UV wavelength was set at 248 nm, the injection

volume was 20 pL, and the flow rate was 1 mL min-'.

4.5  Evaluation of the percentage of extraction recovery

To investigate the percentage recovery for the extraction from the octadecylated silica
monolith sorbent, the recovery was plotted as a bar chart for each step during the
extraction procedure. The percentage recovery of eserine was measured by comparing
chromatographic peak areas for the direct injection of the standard samples with those
obtained from all the fractions after extraction. Each analysis was carried out in
triplicate and the extraction recovery (ER) was calculated (see Equation 2-1 in Section
2.5.1) below, and defined as the percentage of the total eserine amount (#n9) measured

before extraction compared with the total eserine eluted after extraction (7ser).

ER= ( nse.‘/ nﬂ) x 100

For example, when the peak area of one standard of eserine sample was 1568 (1) and
the peak area of the extracted eserine sample was 1480 (ns), then the extraction

recovery was approximately (1480/1568) x 100= 94.4%.

Each fraction was analysed three times and all the recovery data is shown in Table 4-

3.
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Table 4-3: the extraction recovery of eserine runs and the average.

Extraction recovery (ER) (%)
Fraction Run 1 Run 2 Run 3 Average
Std. 100 ug mL! 100 100 100 100
Loading 0.096 0.13 0.058 0.95
Washing 1 0.001 0.005 .048 0.018
Washing 2 0.008 0.004 0.01 0.007
Washing 3 0.054 0.066 0.073 0.064
Elution 94.35 97.48 98 96.61

The efficiency was expressed as a percentage of mean recovery (n=3) according to
Equation 2-1 in Section 2.5.1. The extraction profile data presented in Figure 4-5
shows the efficient recovery of 100 pg mL! eserine from the octadecylated silica

monolith sorbent at a flow rate of 400 uL min™.
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Figure 4-5: The extraction profile for 100 pg mL-! of eserine using the C18 silica
monolith. The average recovery percentage was obtained from three consecutive

experiments (n=3) and the error bars indicate one standard deviation

The extraction efficiency performed by using the octadecylated silica monolith was
96.6%, with negligible analyte detected during the loading and washing steps. The
remaining 3.4% was either retained in the C18 silica sorbent or approx. 1% lost during
loading and washing steps. The modification process for silica monolith indicates a

good selectivity towards eserine.

4.6  The pre-concentration study of eserine

In the extraction process the sample is usually pre-concentrated as this can expand the
sensitivity of the method and reduce the detection limit. The C18 functionalised silica

monolith was tested for both extraction and pre-concentration of eserine from liquid
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samples. A 4 ml sample (10 ug mL™") was loaded through the CI8 silica monolith
sorbent at a flow rate of 400 pL min™l. The analytes were eluted with 400 pL of
methanol/water (60:40) at the same flow rate from the C18 silica monolithic sorbent.
The pre-concentration procedure is described in Section 2.5.4; all eluted fractions were
analysed directly by a HPLC-UV detector, under the conditions described in Section
2.5.1. The HPLC chromatograms for the pre-concentration process of eserine are

shown in Figure 4-6.
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Figure 4-6: HPLC chromatogram shows the peak areas response (A) the
standard solution of eserine (10 pg mL™"), (B) the loading fraction, (C) the

washing fraction and (D) the pre-concentrated elution fraction. The separation
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column was Bio Wide Pore C18 column (5 pm, 15 ¢cm % 2.1 mm), the mobile phase
was methanol /water (60:40) (V/V) run under isocratic conditions; the UV
wavelength was sct at 248 nm, the injection velume was 20 pL, and the flow rate

was 1 mL min?!

From the chromatogram in Figure 4-6 (A), it can be seen that the retention time of the
eserine standard (10 pg mL') was 2.08 min. Then, there are no significant peaks
appearing at the retention time of eserine during loading, as shown in Figure 4-6 (B).
While there is a small peak observed around the retention time from the washing steps
(see Figure 4-6 (B)). Afterwards, the target analyte was pre-concerntrated, the peak
area response was significantly increased at the retention time of 2.09 min, as shown

in Figure 4-6 (D).

To mvestigate the pre-concentration of eserine, the peak area response was plotted in
a bar chart for direct injection of the standard solution, loading, washing, and elution
fractions. The pre-concentrated profile data for eserine (10 pg mL™") using the C18

functionalised silica monolith at a flow rate of 400 uL min™', is shown in Figure 4-7.
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Figure 4-7: The pre-concentrated ability for 10 pg mL™" of eserine using the
octadecylated silica monolith. The average peak area response was obtained from

HPLC three consecutive times and the error bars indicate one standard deviation.

It can be seen from the figure that the peak area response for the standard solution was
197 and after it passed through the monolith, the peak area increased to 1274. The
concentration of eserine was calculated by using calibration curve equation (Section
4.2). The pre-concentration profile of 10 pug mL™"' eserine using the C18 ~TMOS

modified monolith column at flow rate 400 uL min’', is shown in Figure 4-8.
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Figure 4-8: The pre-concentrated profile for eserine, (n=3). The error bar

indicates one standard deviation

According to the result achieved during this experiment the C18 functionalised silica
monolith has the ability to pre-concentrate the target analyte eserine where the
concentration increased from 10 to 86 pg mL’'. This indicates that the pre-
concentration value is more than 8.5 fold and the functionalised silica monolith could
be suitable for online pre-concentration purposes and provides promise to continue

further work.
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4.7  Loading capacity and longevity

Sample capacity is one of the important characteristics of the solid-phase extraction
process. If there is not enough capacity, the target analytes will pass through the Ci8
silica monolith sorbent during extraction without being trapped.'*! For evaluating the
monolith sorbent, breakthrough volume was established from a breakthrough curve
and measured by loading the constant concentrations of the sample through the
monotlith sorbent. The analytes are quantitatively retained during the initial sampling
phase by the sorbent, up to the point that the sample volume exceeds the retention
capacity of the sorbent. Further sample entering the sorbent bed will not be
quantitatively retained by the sorbent, and eventually, the concenirations of analytes
entering and exiting the sampling device become identical. The point on the curve at
which an arbitrary sample amount is detected at the outlet of the sampling device is

the breakthrough volume (V).

An assay for determining breakthrough volume was performed according to the
procedure described in Section 2.5.5. A maximum loading capacity experiment was
conducted to investigate the absorption performance of the C18 silica monolith.
Increasing amounts of eserine were loaded into the monolith; in order to reach
‘saturation’, the initial eserine concentrations were increased, and the plateau values

{(adsorption capacity values) were obtained.

A fraction of 300 pL of a sample containing 30 pg of eserine was loaded into the C18
silica monolith fabricated from TMOS, F127, and acetic acid, at 400 pL min™'. Each
fraction was collected separately and measured directly by a HPLC-UV detector,
under conditions described in Section 2.5.1. The breakthrough capacity curve for

eserine is shown in Figure 4-8.
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Figure 4-9: Loading capacities of a C18 silica monolith rod (78.4mg) as measured

using breakthrough of eserine

As shown in Figure 4-8, the curve is steep at the breakthrough point. The eserine
breakthrough in the silica monolith was saturated after 13.8 mL (46 fractions) and the
loading time was 34.5 min. The capacity of the silica monolith sorbent, which weighed
78.4 mg, was calculated and found to be 17.6 pg mg™ for eserine. This result of
capacity is lower than the result obtained by a similar study, which shows C18-TMOS
has capacity of 28 pg mg™' for caffeine.?”® During a testing period of two months, more
than 200 injections were carried out. There were no significant changes in the

performance of the silica monolith.

The European Union Directive limits the content of individual pesticides in drinking
water with a recommended limit of 0.1 mg L', which means that a more sensitive
detection technique with lower detection limits (LOD) needs to be introduced to reach
the target of 0.1 mg L. These could possibility include chemiluminescence detection

methods.
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48 Conclusion

The optimum detection wavelength of the test compound (eserine) was investigated
by using a UV-VIS spectrometer. The effect of the flow rate on the extraction
efficiency was studied at eight different flow rates. The efficiency of extraction for

eserine from the C18 modified silica sorbent was evaluated.

The percentage recovery of the analytes of interest was measured by comparing
chromatographic peak areas for the direct injection of the standard samples with those
obtained by the fraction after extraction. High extraction recoveries for eserine were
achieved by using the C18 silica monolith (96.58%). This SPE method offers various
advantages including simplicity, a low volume of sampie of 300 pl, and speed of
extraction of the analyte (Jess than 10 min) compared to conventional SPE cartridges

which require a large volume of sample from 3 to 6 mL and take more than 20 min 2"

Furthermore, a modified silica monolith was successfully confirmed to pre-
concentrate eserine from the liquid sample. This confirms that the C18 modified silica
monolith has the ability to pre-concentrate the analyte of interest by 5 times. In
addition, the modified silica monolith showed good capacity of 17.6 ug mg™ (lower
than that indicated from a previous study)*” and offered longevity up to two months
with more than 200 injections. This indicates that the functionalised silica monolith
could be appropriate for the pre-concentration purposes of eserine and provides

promise to be applied to real samples.
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Chapter 5:

Results and Discussion: Detection of

Eserine by Chemiluminescence

5.1  Optimisation of chemiluminescence parameters

To select the optimum conditions for the determination of carbamate pesticides, two

parameters were evaluated using a univariate approach. The key parameters optimised

were pH and flow rate. These parameters were studied using the microfluidic manifold

shown in Section 2.6.1, which fabricated a glass device with a serpentine manifold

(206 mm length) with a channel depth of 65 um and width of 200 um. Reagents and

sample were continuously injected into the microfluidic device which was included

within the light-tight housing detailed in Section 2.7.1. A schematic of the microfluidic

manifold is shown in Figure 5-1.
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Figure 5-1: Schematic diagram of the reaction manifold used for the

determination of eserine
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-4 B Effect of pH on CL intensity

Since the CL reagent luminol required an alkaline medium, the effect of pH on the CL
intensity was examined in the range of 8.5 to 12, as previous studies have shown this
to be the optimum range for the luminol reaction?’’2"%, discussed in Section 1.8. The
luminol concentration was 20 mM, the oxidant hydrogen peroxide concentration was
20 mM and the flow rate was 15 pL min™!. The results of the effect of pH on CL signal

are shown in Figure 5-2.
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Figure 5-2: Effect of pH on the luminol chemiluminescence emission within a
microfluidic device where the concentration of luminol was fixed at 20 mM, the
concentration of H20: was fixed at 20 mM, and the flow rate was 15 pL min-'.

Error bars: one standard deviation (n=5).

As can be seen in Figure 5-2, the chemiluminescence intensity increased quite
significantly from 1.36 (at pH =8.5) to 2.02 mV (at pH =10.5). The maximum

chemiluminescence intensity was obtained with better reproducibility at a pH of 10.5.
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Therefore, the pH was maintained at the optimal value of 10.5 for all future use in the

investigation.

5.1.2 Effect of flow rate on CL intensity

The CL reagent, oxidant, and analyte were introduced into a microfluidic device at
identical flow rates. Flow rate is an essential factor in the CL reaction because it is
critical for maximum collection of the emitted light. Hence, the influence of flow rate
on intensity was investigated in the range of 5 to 35 pL min™, with three replicates.
The luminol concentration was 20 mM, the oxidant hydrogen peroxide concentration

was 20 mM, and the pH was 10.5. The results of the influence of flow rate on CL

signal are shown in Figure 5-3.

CL Intensity (mV)
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Figure 5-3: Effect of flow rate on the chemiluminescence reaction signal where
the concentration of luminol was fixed at 20 mM, the concentration of H20: was

fixed at 20 mM, and the pH was 10.5. Error bars: one standard deviation (n=5).
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The luminol reaction is fast therefore indicating a higher flow rate is necessary. It can
be seen from the above figure that the increasing amount of chemiluminescence
intensity reached the highest value of 2.16 mV when the flow rate was 20 puL min™.
Therefore it can be observed that the CL intensity drops at even higher flow rates. This
is probably related to the light emitted before reaching the optimum position directly
under the PMT, Thus the flow rate of 20 pL. min™ was selected as the flow rate for

further experiments.
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5.2 Study of different oxidants

It is essential in any analysis that the target analyte is determined under the best
conditions. If this does not occur, it can result in unnecessarily low measurement
precision and decreased sensitivity., High reagent concentrations can increase the

chemiluminescence, but can also cause an increase in the background emission.

With regard to this, a series of experiments was performed to investigate the effect of
different oxidants on the CL intensity for eserine using the flow manifold reported
previously in Section 5.1. The following four oxidants — potassium permanganate
(KMnOa4), hydrogen peroxide (H203), cerium (IV) sulphate (Ce(SO4)2), and cerium
(ITV) ammonium sulphate (Ce(NHa)4(SOa4)4 - 2H20) were studied. Luminol was used
as a chemiluminescence reagent with potassium permanganate and hydrogen peroxide
in an alkaline medium. Nitric and sulphuric acid were used as the oxidation medium

for cerium (IV) sulphate, whereas nitric was used for cerium (IV) ammonium sulphate.

5] Effect of potassium permanganate

Potassium permanganate was employed as an oxidant in the CL luminol reaction. The
influence of the potassium permanganate concentration on the CL intensity was
evaluated ranging from 0.1 to 1 mM, with three replicates. The concentration of
luminol, the flow rate, and the pH were 20 mM, 20 pL min-1, and 10.5, respectively.
The effects of potassium permanganate concentration on CL signal are shown in

Figure 5-4.
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Figure 5-4: Effect of potassium permanganate concentration en the CL intensity
where the concentration of luminol was fixed at 20 mM, the flow rate was 20 pl.

min, and the pH was 10.5. Error bars: one standard deviation (n=5).

The results from experiments demonstrate that the two lowest potassium
permanganate concentrations (0.1 and 0.2 mM) showed an increase in the CL intensity
from 2.64 £ (0.35) to 3.17 = ((.28) mV. However, when the concentration of KMnQ4
was higher than 0.2 mM, no CL signal and blockages in the narrow microfluidic
channel were observed. This is probably due to the formation of insoluble MnOz in the
microchannel.”® Microscope images of the blocked microfluidic at different

magnifications are shown in Figure 5-5.
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Figure 5-5: Microscope images of the blocked microfluidic channel with KMnQq.

(A) magnification at 3mm and (B) magnification at 10mm
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e Effect of concentrations of hydrogen peroxide

The effect of hydrogen peroxide concentration on the chemiluminescence signal was
investigated over the range 1 to 50 mM, with three replicates. The luminol
concentration was held constant at 20 mM with a flow rate of 20 pL min™!. The results
of the effect of hydrogen peroxide concentration on the CL signal are shown in Figure

5-6.
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Figure 5-6: Effect of the hydrogen peroxide concentration on the CL emission
where the concentration of luminol was at 20 mM, the flow rate was 20 pL. min-

1, and the pH was 10.5. Error bars: one standard deviation (n=5).

As can be seen from the graph, the CL intensity increased slightly by increasing the
concentration of hydrogen peroxide from 1 to 40 mM; above the concentration of 40

mM, the CL signal decreased. The values of intensity were 3.2-4.7 mV. Therefore,
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for the experiments, the concentration of hydrogen peroxide was maintained at the

optimal value of 40 mM and gave a CL intensity of 4.7 mV.

0 Effect of cerium (IV) sulphate

Cerium (IV) sulphate is not readily soluble in water, but is stable in dilute acid. Nitric

acid (HNOs3) and sulphuric acid (H2SO4) were used to dilute cerium (IV) sulphate. The

effect of Ce(IV) concentration on the CL response of eserine was examined in the

range of 1 to 50 mM, with three replicates. The concentrations of eserine and acids

were 10 ppm and 1 M, respectively. The results of the effect of Ce(IV) concentration

on the CL intensity are shown in Figure 5-7.
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Figure 5-7: Effect of cerium (IV) sulphate concentration on the CL intensity,

where the concentration of eserine was 10 ppm and the concentrations of HNO3

and H2S04 were 1 M. Error bars: one standard deviation (n=5).
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From the figure, there are small changes in the CL emission signal with an increasing
concentration of Ce(IV). The intensity range was 1.52-1.86 mV. The highest
chemiluminescence intensity was 1.86 + (0.28) mV when the concentration of Ce(IV)
was at 20 mM, prepared in H2SO4. Therefore, sulphuric acid is shown to be a better

reagent medium compared to nitric acid.

524 Effect of Cerium(IV) ammonium sulphate

The effect of cerium(IV) ammonium sulphate concentration on the CL response of
eserine was examined in the range of 1-50 mM, with three replicates. Here, rhodamine
6G was used as a sensitiser to enhance the CL emission that resulted from the chemical
reaction of Ce(IV) with a carbamate pesticide.”> Two different concentrations of
rhodamine 6G (0.5 and 1 mM) were used in this experiment. The concentration of
eserine was kept constant at 10 ppm. The effect of cerium(IV) ammonium sulphate

concentration on the CL intensity are shown in Figure 5-8.
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Figure 5-8: The effect of cerium (IV) ammonium sulphate concentration on the
CL intensity where the concentration of eserine was 10 ppm. Error bars: one

standard deviation (n=5).

From the figure, it was found that the chemical reaction between the different
concentrations of the oxidant Ce(IV) (1-50 mM) and eserine gives a CL intensity in
the range of 1.86-2.58 mV. The maximum CL signal was 2.58 observed with 30 mM

of Ce(IV) at 2.58 mV.

When 0.5 mM of rhodamine 6G was used with eserine, the chemical reaction obtained
a CL intensity in the range of 18.35-21.62 mV. These intensity values are more than
70% compared to the intensity without a sensitiser. Again, 30 mM of Ce(IV) achieved

the highest intensity value at 21.62 mV among the range of concentrations.

The result of experiments with 1 mM rhodamine 6G of demonstrates that the intensity

increased compared to the result that was obtained with 0.5 mM of rhodamine 6G.
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However, the maximum emission intensity (33.4 mV) was found at the lowest
concentration of oxidant (1 mM). This result is a contrast to the results that were
obtained from the chemical reaction without a sensitiser and with 0.5 mM rhodamine
6G. Therefore, a 30 mM of Ce(IV) with 0.5 mM of sensitiser were selected for further

experiments.

5.2.5 Sclection of the oxidant

To select the oxidant system that will provide the maximum CL intensity in the
reaction with eserine, four strong oxidants with different concentrations and oxidation

media were examined as described in previous sections.

By comparing the results of the four oxidants, it was found that potassium
permanganate produced a blockage problem in the microfluidic and it was excluded
as an oxidant. The oxidation system cerium(IV) ammonium sulphate in 1 M acid,
either nitric or sulphuric, obtained a very low CL intensity in all examined oxidant
concentrations. Cerium (IV) ammonivm sulphate and hydrogen peroxide provided
high CL emission signals, the CL signal obtained by Ce(IV) being 4.6 times higher.
Hence, 30 mM of Ce(1V) and 40 mM of H202 were both selected for subsequent

experiments.
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5.3  Effect of the concentrations of luminol

As the CL reagent, the concentration of luminol was an essential factor which affected
the CL intensity. The effect of the concentration of luminol on the chemiluminescence
signal was investigated in the range of 1-50 mM, with three replicates. The optimum
pH at 10.5 was used, again the optimum hydrogen peroxide concentration was 40 mM
with a flow rate of 20 pL min™!. The influence of the luminol concentration on the

chemiluminescence emission is illustrated in Figure 5-9.
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Figure 5-9: Effect of the concentration of luminol on the CL emission where the
pH was fixed at 10.5 and the concentration of hydrogen peroxide was 40 mM.

Error bars: one standard deviation (n=5).

As can be seen from the figure, the CL intensity increased with the increase in the
concentration of luminol and reached a maximum intensity of 6.04 mV at 30 mM and
then followed a decline. Numerous studies proposed that the CL emission signal

improved linearly with a rise in the concentration of luminol, which attains its highest
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intensity at a certain concentration.”®'?** Above this certain concentration, the CL
signal decreased. Luminol is a highly sensitive molecule and any variations in the
solution can significantly influence the performance of CL analysis. Therefore, a
concentration of 30 mM luminol solution provided the highest CL intensity and it was

employed in the following experiments.

54  Enhancement of the chemiluminescence signal

To improve the CL intensity and the sensitivity, the influence of a reflective surface
applied above the microfluidic device was studied. It was important that the surface
provided a reproducible response. Foil and black tape were chosen as the reflective
surface in this investigation. The results of the influence of reflective surfaces on CL

response is illustrated in Figure 5-10.
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Figure 5-10: The influence of protective surfaces above the microfluidic device
on the CL response where the concentrations of luminol and hydrogen peroxide

were 30 mM and 40 mM, respectively. Error bars: one standard deviation (n=5).
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From the bar charts in the Figure 5-10, it was observed that the CL signal that resulted
from the chemical reaction was enhanced when foil was placed on top of the chip.
This surface improved the intensity to 8.72 + (0.6) mV and was selected as the

optimum option.

5.5  Effect of the methanol percentage

In the extraction process, the analyte of interest (eserine) was eluted from the C18
silica monolithic sorbent with methanol/water (60:40) (V/V), as described in Section
2.5.4. Pulgarin et al. found that there was a reduction in the CL intensity as the ethanol

contact increased when they determined carbaryl pesticides.>>*

As a result of that, the effect of the methanol percentage was investigated in the range
of 5% to 60% methanol/water. The two best oxidants, 30 mM of Ce(IV) ammonium
sulphate and 40 mM of hydrogen peroxide, were used for studying the influence of
methanol on the CL signal. A 10 ppm solution of eserine was prepared in the selected
methanol percentage ranges. The influence of the methanol percentage in eserine

solution with Ce(IV) on the CL signal is illustrated in Figure 5-11.

171




25 F

20

0 r

CL Intensity (mV)

0 1 L] L L 1 1
0% 10% 20% 30% 40% 50% 60%

Methanol percentage (%)

Figure 5-11: The cffect of MeOH percentage in eserine solution with Ce{IV) on
the CL signal where the concentrations of eserine, Ce(IV), and rhodamine 6G
were 10 ppm, 30 mM, and (.5 mM, respectively. Error bars: one standard

deviation (n=5)}.

It can be seen from the graph that the CL signal decreased when the percentage of
alcohol increased. The required percentage for the cxtraction (60%) showed the
second lowest CL mtensity among the range of percentages. Data from this figure can
be compared with the data in Figure 5-8 which shows the optimum highest intensity
at 21.62 mV is greater than the CL intensity that was observed in the percentage
methanol range from 20% to 60%. However, the findings of these experiments show
that the efficiency of the chemical reaction is impacted by methanol in the presence of
the oxidation system Ce(IV). Therefore, Ce(IV) was ruled out as oxidant in further

investigation.

The influence of the methanol percentage was investigated again, in the range of 5%

to 60% MeOH/H20, in the presence of the oxidant hydrogen peroxide. The
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concentration of H>O», luminol, and eserine were kept constant at 40 mM, 30 mM,
and 10 ppm, respectively. The effect of changing the methanol percentage in eserine

solution with luminol-H2O; on the CL signal is illustrated in Figure 5-12.
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Figure 5-12: The effect of MeOH percentage in eserine solution with luminol-
H:0: on the CL signal where the concentrations of eserine, luminol, and Hz20:
were 10 ppm, 30 mM, and 40 mM, respectively. Error bars: ene standard

deviation (n=5).

This result clearly demonstrates the effect of the MeOH percentage on the CL emission
signal. Increasing the alcohol percentage in the eserine solution leads to improvement
in the CL intensity. In addition, 60% of MeOH provided the maxinium intensity and

indicated very promising results for subsequent experiments.

To obtain a background reference for the CL reaction, a further experiment was
conducted. All the previous optimum parameters required for the luminol-HzO:
chemiluminescence reaction were involved in this investigation. Here, 40 mM of the

oxidant H202 was prepared n the elution solvent, MeOH/H20 (60:40) (V/V), where
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the concentration of luminol was kept at 30 mM. The result of the background

reference experiment is shown in Table 5-1.

Table 5-1: The result of the background reference experiment. One standard

deviation (n=5).

CL intensity (mV) SD () | RSD (%)

21.081 0318 1.51

The working parameters found for the constituents of the luminol reaction for the

determination of eserine are summarised in Table 5-2.

Table 5-2: A summary of the optimum values of all the CL parameters studied

within a microfluidic device for the determination of eserine

Variable Studied range Optimum value
pH 8.5-12 10.5
Flow rate (uL min') 5-35 20
Hydrogen peroxide concentration (mM) 1-50 40
Luminol concentration (m) 1--50 30
Methanol percentage (%) 5-60 60
Reflective surface Biil;:é}fot:égnd Foil
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5.6  Analysis of eserine sample using chemiluminescence

5.6.1 Calibration curve

Under the optimum experimental conditions summarised in Table 5-2, the linearity of
CL intensity was established from nine concentrations over the range 1 x 10# to 1 x
10* ug L™! for eserine, using the microfluidic device. The reagents and standards were
continuously introduced into the microfluidic device and the response continuously
measured over two minute intervals, with an average of 5 readings taken during this
time. A linear calibration curve was obtained by plotting the chemiluminescence
intensity versus eserine concentration: y = (a £ sa) + (b £ sp) + C, where y is the
chemiluminescence signal (mV) and C is the eserine concentration (pg L), as

presented in Figure 5-13.284

20

18 y =-1.7995x + 10.499
R?*=0.9901
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Figure 5-13: Calibration curve showing how the CL intensity changes with the

increase in concentration of eserine. Error bars: one standard deviation (n=5).

175




As can be seen from Figure 5-13, there has been a gradual reduction in the CL intensity
as the eserine concentration increases. This result can be explained by the fact that
some pesticides, especially carbamate, can act as both inhibitors of the CL emission
and as substances that are casily oxidised and act as interferents in the luminol reaction,
being indirectly determined by calculating the reduction resulted in the CL emission,
as discussed in the literature in Section 1.8.6.1. The calibration curve was obtained
again by plotting the change/difference of chemiluminescence intensities (A CLi)
against the concentration of eserine concentration, as illustrated in Figure 5-14. Where
A CL, the change/difference between the background intensity (Table 5-1) and the

analyte intensity.

20 y = 1.7995x + 10.582
18 R?=0.9901
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Figure 5-14: Calibrations for the determination of eserine using the luminol-H20z

chemiluminescence reaction. Error bars: one standard deviation (n=5).

It can be observed that the calibration curve for the target analytes in the range 10 to

10° ug L' showed a good coefficient of determination (R*=0.9901). The LOD (3SD/S)
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and LOQ (108D/S) for eserine were calculated using Equation 2-2 and Equation 2-3
{(in Section 2.5.3), respectively. The precision performance of the method was
mvestigated in terms of repeatability (intra-day) and reproducibility (inter-day) at
different concentration levels of eserine such as 1 pg L, 10 pg L', and 100 pg L.
For repeatability studies, the standards of eserine were prepared and measured for five
replicates on the same day. The same process was repeated in five replicates on
different days for reproducibility studies. The calibration date of CL intensity versus

the concentrations of eserine 1s summarised in Table 3-3.

Table 3-3: Analytical figures of merit for eserine determination by CL. (n=5)

Regression equation IeL=1.7995 C + 10.582
Correlation coefficient (#} 0.9950
Linear dynamic range (pg L) [%10%-1x10*
LOD (ug LY 0.057
LOQ (g LN 0.466

Lug L1 2.6%
Repeatability

10 ug L1, 1.8%
(Eserine concentration, % R3D)

100 pg L7, 5.8%

ipg L' 4.5%
Reproducibility
10pg L', 6.2%
{Eserine concentration, % RSD)
100 pg L 84%

From Table 5-3 it was found that the proposed method obtained LOD up to 0.057 pg

L' and a LOQ of 0.466 g L™ of eserine. The LOD obtained for this method is below
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the EU maximum residue limits (MRLs) of individual carbamate pesticides in

drinking water 0.1 pg L1.2°

The equation obtained for the calibration curve was:

Iep = 1.7995 C + 10.582

Where, Icp is the chemiluminescence intensity (mV)

C is the concentration of eserine (pg L)

This e¢quation can be utilised for the quantitative determination of eserine in real
samples. Therefore, the sensitivity of the method (defined as slope of calibration graph)
was found to be 1.8% per 1 g L. The relative standard deviation (RSD) was always

below 10% over the range studied.
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5.6.2 Comparison with other studies

To the researcher’s knowledge, no one has described the microfluidic-CL method for
the determination of carbamate pesticides in the literature. The comparison of the LOD
between the proposed method with the previously cited published studies found in the
literature, based on carbamate pesticide determination by chemiluminescence, is
presented in Table 5-4. Some methods provide higher sensitivity and/or lower LOD

values than those achieved by the traditional FIA-CL method.

Table 5-4: Analytical performance of FIA-CL applied to the determination of

carbamates in water samples

Flow rate | Pesticide
Carbamates LOD DR Comments Ref.
(mL min") (mL)
28.7 50-2000 Carbaryl-Ce(1V)-rhodamine
Carbaryl 6.3 2 293
ng mL"! ng mL"! 6G system
47.7 1004024
Carbaryl 1.5 0.6 Luminol-H202-Co(1I) =
pg L pg L
4.9 5-100 Carbaryl-luminol-KMnO4-
Carbaryl 33 0.7 2
ng mL"! ng mL"! OH- system
0.02 0.06-0.5
Carbofuran 4 0.5 KMnO4-luminol-NaOH #e2
ug mL pg mL™!
0.12 4.25-30.75
Pirimicarb 1 0.35 Luminol-H202-HRP Aok
pg L pg L
0.05-5
Propoxur S5ng L 1.2-1.4 2.35 MA-Ru(bpy)*; system a5
pg mL-!
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Although some reported articles gave greater sensitivily and/or lower LOD than that
obtained by the proposed method, they used large amounts of sample and reagent. The
benefits of the proposed UFIA system over the traditional flow are minimum waste
production, minimum sample and reagent consumption, and small size of the

instrument.

In contrast to previous reports found in the literature on conventional FIA for
carbamate pesticide determination based on the same substrate 27, the optimum
reagent flow rate of this method is 20 pL min™ whereas that of the conventional FIA
system is 1.5 mL min™ indicating that by using the microfluidic device, the reagent

consumption can be reduced 75 times.

Regarding the substrate and pesticide consumption used in both systems, it is clear
that the proposed system requires 300 pL of substrate and 300 pL, of pesticide (in 15
mins for ten runs) while the traditional system uses more 5 mL of substrate injection
volume and 2 mL of pesticide (for one run). This implies that the traditional F1 system
consumes larger substrate and pesticide volumes than those consumed by the uFIA

system.

From these results, it was clearly demonstrated that the proposed method provided a
cleaner analytical method with minimal use of sample and chemical reagent as well as
reduced waste generation, which could be considered to be more environmentally

friendly.
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5.6.3 Eserine determination in real samples

In order to illustrate the usefulness of the proposed microfluidic-CL method for the
analysis of eserine for real samples, recovery experiments were carried out on different
types of water. The samples were treated and prepared as described in Section 2.7.3.
Different water samples (UHP, tap, and river water) were spiked at four different
levels (1, 10, 100 and 200 pg L") of eserine. The SPE procedure with the C18 modified
silica monolith was applied to each water sample before the microfluidic-CL analysis.

The result of the CL intensity of different eserine samples is shown in Figure 5-15.

B UHP Water wTap Water  ®River Water

A CL Intensity (mV)
(=] = (8] w =Y u (2] ~ oo [I=]

1 10 100 200

Eserine concentation (ng L)

Figure 5-15: The CL intensity of different concentration of eserine samples (n=5)

From the bar charts in Figure 5-15, it is clearly showed that a gradual decrease in the
difference in chemiluminescence intensities (A CL;) as the concentration of eserine
increases in real samples, this is as explained by the fact that carbamate can act as both

inhibitors of the CL emission and interferent in the luminol reaction with HyO,, 254255
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Here, eserine has a negative effect on CL resulting in a depression in the CL signal, as

discussed in Section 1.8.6.1.

In addition, the UHP water shows better CL intensity in the range 30-50% compared
to tap and river water. There is a clear trend of decreasing the CL intensity as the
concentration of eserine increases in UHP water. The CL intensity for 1, 10, 100, and
200 pg L' of eserine in UHP water were 8, 6.92, 5.58, and 4.67 mV, respectively.
Whereas in tap water the trend is still present but less clear and the CL intensity for 1,
10, 100, and 200 pg L' of cserine were 5.17, 4.18, 3.98, and 3.5 mV, respectively. In
the case of river water the CL intensity for 1, 10, 100, and 200 ug L™ of eserine were

4,96, 3.25, 2.98, and 3 mV, respectively, and the trend is even less clear.,

The data for eserine determination in water samples is shown in Table 5-5.
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Table 5-5: Determination of eserine added to different kinds of waters (n=5)

Add concentration

Found concentration

Water sample Recovery
(ng L") (ng Ly 6)
Ul:;af—lhs;gl;zi:ty 1 1.15+0.07 11546
10 12.5+£0.55 12577+ 4.4
100 114129 114125
200 196.6 £7 98.2+£36
Average recovery 113.25+ 4
Tap water (TW) ! 0.7+ 0.06 70.6% 8.5
16 7.1 +0.62 715+ 8.7
106 743 +£2.45 743£32
200 137.2+10.3 68.6+7.5
Average recovery 71.25 + 7
River water (RW) 1 0.67 £ 0.09 67.6+14
10 546+1.03 546+ 18
100 55.1+£6.2 551+ 11
200 1172+ 14.6 58.6 +12

Average recovery 59 £ 13.75

& Mean of five determinations + ST

As can be seen from the table, the recovery for 1, 10, 100, and 200 pg L' of UHP

water were 115%, 125.7%, 114.1%, and 98.2%, respectively. Therefore, the average

recovery for UHP water was 113.25% with an RSD of 4% (#=5). The recovery for 1,

10, 100, and 200 pg L' of tap water were 70.6%, 71.5%, 74.3%, and 68.6%,

respectively. Therefore the average recovery of tap water was found to be 71.25% with

RSD of 7 %. The main reason for the decreasing recovery of eserine in tap water is
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possibly an tonic interference in the luminol reaction, since ionic interferents will be

significant in tap water.

In addition, the recovery for 1, 10, 100, and 200 pg L' of river water were 67.6%,
54.6%, 55.1%, and 58.6%, respectively. The average recovery of river water was
found to be 59 % with RSD of 13.75%. These results for the recoveries were
satisfactory except for river water, possibly this is due to the result of both ionic and
organic compounds which are typically present in river water. They could also provide
a potential source of interference on the luminol reaction. River water often contains
high amounts of humic acids, which have several functional groups such as phenolic
hydroxyl, carboxylie, carbonyl and quinone groups (see Figure 5-16). Humic acid is
one of the predominant species occurring in natural waters, which decreases the
analytical signal owing to oxidant consumption and/or retardation of the kinetically

controlled luminescent oxidation reaction of carbamate pesticides. »*! 2%
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Figure 5-16: Model structure of humie acid 2%’

This will need further investigation which was not possible with the timescale of this
project. On the other hand, in routine pesticide residue analysis the acceptable range
for recovery is usually between 60% and 140%, which shows that the proposed
method provides considerable improvement and could be successtully employed for

the determination of eserine in drinking water,2 25% 28
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5.7 Conclusion

The optimisation of chemiluminescence parameters for the determination of
carbamate pesticides was investigated using the microfluidic manifold. Reagents and
sample were continuously injected into the microfluidic device which was enclosed
within the light-light housing. The optimum pH and flow rate were at 10.5 and 20 uL

min™, respectively.

The chemical reaction on the chemiluminescence occurs between the CL reagent and
an oxidant in the presence of some cofactors. Various choices of oxidants that were
used previously with carbamate, according to the literature, were tested with the
selected model compound. Potassium permanganate gave blockage problems in the
microfluidic, whereas cerium (IV) ammonium sulphate showed a very low CL
intensity. Enhancement of the CL signal was investigated by using a protective surface
above the chip. The influence of the concentration of luminol and methanol were

evaluated in this study.

Under optimal conditions, a calibration curve over nine concentrations of eserine with
a detection limit of 0.057 pg L™ was successfully achieved. This detection limit is
below the limit established for a single pesticide (0.1 ug L") according to the European
Directive on the quality of water for human consumption.”* Comparing this with other
CL techniques for the determination of carbamate pesticides, high sensitivity has been

provided for a small sample volume.

The applicability of the proposed microfluidic-CL method for the analysis of eserine

in real samples was demonstrated with recovery studies using different water samples.
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The average recoveries for UHP water, tap water, and river water were 113.25% with
an RSD of 4%, 71.25% with an RSD of 7%, and 59% with an RSD of 13.75%,
respectively. The proposed method shows good recoveries in compliance with the EU

guidelines for routine analysis,?>% 25 288
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Chapter 6: Conclusions

The determination of carbamates in environmental water becomes an essential
analytical demand for drinking water quality and to reduce human exposure. The
determination of trace and ulira-trace pesticides in complex mairices is always a
challenge to analytical chemists. In response to this challenge, the current work
focused on the development of a novel analytical device capable of monitoring and
detecting eserine in environmental water with a high sensitively CL technique. This
approach could provide the benefits of miniaturisation for sample preparation and

measurement.
In this chapter, the research work is divided into the following four sections:
1} Fabrication of silica-based monolithic columns by using sol-gel process

2) Extraction and pre-concentration of carbamate pesticide (eserine} from

environmental water samples using the C18 silica-based monolith

3) Combination of the microfluidic methodology with chemiluminescence to measure

and ultra-trace the eserine in small volumes of real water samples

4) The major outcomes and achievements of this research will be summarised.
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6.1 Fabrication of silica-based monolithic columns

In the last years, the number of applications of monolithic materials, such as SPE
sorbent, has increased and become a high-interest research area, especially for the
extraction of small molecules such as pesticides. Silica-based monolithic rods were
fabricated using the sol-gel formation process. Six different types of silica-based
monoliths were prepared in order to obtain the highest specific surface area. Many
applications require a large surface area owing to achieve a high loading capacity. All
the silica monolith specimens exhibited a bimodal porous structure containing

macropores and mesopores.

The basic treatment with ammonia solution led to an increase in the surface area of
the silica-based monolith by converting micropores to mesopores. The influence of
the basic treatment time (5, 10, 15, and 20 hours) on the internal structure of the silica-
based monolith was evaluated. This study has demonstrated that increasing the period
of the basic treatment resulted in a gradual increase in the surface area. The conclusion
can be drawn from the present study that the optimal period for the basic treatment

was 20-24 hours.

All TMOS monoliths showed a higher surface area compared to all TEOS monoliths.
Therefore, the high molecular weight of PEO (Mon 2) obtained a surface area of
315.44 m? g! greater than that obtained in the presence of the low molecular weight
of the polymer (Mon 1) with the surface area of 289.46 m? g'. The highest surface
area was obtained from the chemical composition of TMOS, F127, and acetic acid at

366 m* gl
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The silica-based monolith has been chemically modified with octadecyl groups, and
this process was evaluated by using SEM analysis, BET method, and EDX analysis.
A new peak for chlorine (Cl) appeared in the EDX spectra. The carbon peak increased
from 2.97% (in the non-modified monolith) to 15.48% (in the modified silica
monolith). The result from this study presented a slight decrease in the surface area

from 366 to 312 m* g,

6.2  Extraction and pre-concentration of carbamate pesticide (eserine)

The CI18-TMOS monolith (RP mode) inside the heat-shrinkable tubes was
investigated for its use in achieving SPE for eserine. A sample flow rate of 400 pL
min"' was selected. By using a flow rate at 400 pL min™!, all the extraction procedures
including conditioning, loading, washing, and elution from the octadecylated silica

monolith sorbent could be completed in approximately 10 min.

The efficiency of extraction eserine from the C18 modified silica sorbent was
evaluated. The percentage recovery of the target analytes was calculated by comparing
chromatographic peak areas for the direct injection of the standard samples with those
obtained by the fraction after extraction. The results showed that high extraction

recoveries for eserine were achieved by using the C18 silica monolith (96.58%).

The C18 modified monolithic column has the ability to pre-concentrate the target
analyte eserine where the concentration increased from 10 to 86 ug mL™. Therefore,
the modified silica monolith showed a good capacity to 17.6 pg mg" and offered

longevity up to two months with more than 200 injections.
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6.3  Combination of the microfluidic methodology with chemiluminescence

It is essential in any analysis that the target analyte is determined under the best
conditions. If this does not occur, it can result in unnecessarily low measurement
precision and can also decrease the sensitivity. The optimisation of
chemiluminescence parameters for the determination of carbamate pesticides was
investigated using the microfluidic manifold. The optimum pH was 10.5 over the
range (8—12.5), whereas the optimum flow rate was 20 uL min™ over the range (5-35

uL min™).

Several oxidants that were used previously with carbamate, according to the literature,
were tested with eserine in a microfluidic-CL system. Potassium permanganate
oxidant gave blockage problems in the microfluidic and cerium (IV) ammonium
sulphate showed a very low CL intensity, so both were excluded as oxidants. Cerium
(IV) ammonium sulphate and hydrogen peroxide provided high CL emission signals,
the CL signal obtained by Ce(IV) being 4.6 times higher. Therefore, 30 mM of Ce(IV)
and 40 mM of H20: were both selected for subsequent experiment for investigating
the effect of the methanol percentage in the CL intensity. The optimum concentration

of luminol was 30 mM over the range (1-50 mM).

Under the optimal conditions, a linear relationship between CL intensity and the
eserine concentration was obtained over the concentration range 1 x 10®to 1 x 10* pg
L with a good coefficient of determination (R?=0.9901). The limit of detection (LOD)
was 0.057 pg L' and this is below the legal limits (0.1 pg L) established by the
European Union for drinking water.?> The limit of quantification (LOQ) was 0.466 pg
L', The sensitivity of the method was found to be 1.8% per 1 pg L. Intra-day and

inter-day coefficients of variation were below 10% over the range studied.
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The applicability of the proposed microfluidic-CL method for the analysis of eserine
in real samples was demonstrated with recovery studies using different water samples.
The average recoveries for UHP water, tap water, and river water were 113.25% with
an RSD of 4%, 71.25% with an RSD of 7%, and 59% with an RSD of 13.75%,
respectively. The recovery for 1, 10, 100, and 200 ug L' of tap water were 70.6%,
71.5%, 74.3%, and 68.6%, respectively. The proposed method provides good

recoveries In compliance with the EU guidelines for routine analysis.
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Chapter 7: Future work

It is suggested that further study should be carried out in optimisation of the selected
starting materials of the monolith (TMOS-F127), the temperature of the thermal
decomposition step, or ammonia solution concentration in order to further increase the

total surface area and produce mesopores with narrow pore size distribution.

In addition, the findings of this research show that although fabrication of the silica-
based monolith was a fong-term process, which took almost one week and was
relatively tedious, it had high porosity, was not affected by organic soivent, and

exhibited high surface area.

Moreover, the silica-based monolith offers high permeability, allowing high flow, and
lower backpressure; furthermore, the procedure to prepare the silica-based monolith
was reproducible. Thus, it would be useful to examine alternative techniques to

increase the speed of the fabrication process of the silica-based monolith.

Further work to the SPE system could focus on the extraction of additional members
of the carbamate pesticide group, such as carbaryl, carbofuran, and pirimicarb, from

environmental water samples by using the C18 silica monolith.

It is suggested that further study could be carried out in microfluidic device by using
black tube which support transmission of the pushed liquid inside the channels and
also enhance the chemiluminescence signal. Future studies on the current topic would
employ experimental design software for the optimisation of the chemiluminescence

parameters saving both time and labour.
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Further research should be done to investigate the effect of humic acids on the
chemiluminescence signal by the process of extraction and using standard addition
technique. There is abundant room for further progress in studying the interference of
elements with the signal of chemiluminescence. This is an important issue for future
research in preparing a multimode solid phase extraction system that would utilise

both hydrophobic interactions and ion exchange.

Further work could include a primary off line extraction step, silica monolith disk will
be placed in the bottom of luer lock syringe. The fluid would be pulled through the
syringe by a vacuura pump. This pump will run long enough to extract sufficient
pesticides from approx. 1 L of drinking water sample. The volurne of the eluent would
be 3 mi this will be taken up in a luer lock syringe for manual injection onto the
microfluidic device. The syringe can be removed and replaced by a peristaltic pump
after the sample is loaded. The monolith loaded with pesticide from the sample is then

washed with 1 mL water, followed by elution with MeOH/H20 (60:40).

Further work on this miniaturised analysis system could include a silica monolith
sorbent inside a glass microchip. This would attempt to integrate pre-concentration
and detection steps into a single unified device, such that drinking water could be
injected into the inlet for pre-concentration, elution, then mixing with the necessary

reagents and detected by CL,

The sample would be passed through (inlet 1) whereas the chemilumincscence reagent
tuminol and the oxidant hydrogen peroxide were separately passed through the other
two channcls (inlet 2 and 3). During the loading and washing steps the valve in
Position {A) enabling the sample to be passed to outlet 1. Whereas in the elution step

the valve in Position (B) to allow eluted pesticides to mix with chemiluminescence
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reagent luminol and the oxidant hydrogen peroxide in serpentine channel. The chip
design will require careful consideration of channel dimensions to prevent an
excessive back pressure and back flushing of sample or regents. The potential design
for a primary off line extraction step and an integrated microfluidic device is shown

in Figure 7-1.

Luer lock Syringe —

Load
Monolith disk —» ‘ Wash Elute

L i r

—

Extraction step ‘ ' ‘
(Off-line)

Luminol H:0:
v v
Inlet 2 Inlet 3
Pre-concentration o—— @
“ Monolith L
Inlet 1 @ ~_,"—‘/\ Y ® Outlet |

Sample Valve

Mixing
channel

Qutlet 2

Figure 7-1: Potential designs for a primary off line extraction step and an

integrated microfluidic device
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