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The physiochemical properties of silica monolith make it an ideal base material for
drugs extracting, pre-concentrating and separation from biological samples which can
interact not only with molecules but also with ions and atoms. However, the fabrication
of silica monoliths still has some problems, such as cost, limited capacity and
fabrication and modification methodology, which can be time consuming and labour
intensive. Structure evolution of silica monolith was studied in microwave and
conventionally processed samples over the temperature range from 25 to 70 °C. The
samples were produced using sol-gel processing. The microwave process was
performed using a single mode cavity at 2.45GHz. Characterization of produced silica
monoliths were carried out using a variety of techniques, including Scanning Electron
Microscopy (SEM) analysis, EDX analysis, BET and BJH analysis. The data obtained
showed that structural differences do exist between conventional and microwave
processed samples. It was found however, that microwave based fabrication offered a
significantly quicker (11 min) gelation process, compared to those obtained using the

thermal heated oven methodology (4,320 min).

The silica monolithic surfaces were modified with three different phases C1s, gold
nanoparticles and graphene which received a thermal treatment at different programmed
powers in two different ovens, conventional and microwave. Three substantial variance
were also identified from the structural characterization of modified silica surfaces

processed using microwave heating and conventional heating methods:

1- The use of microwave heating during C1g surface modification improved not only the
attachment of C1g groups to the silica surface but also increased the extraction efficiency

of caffeine and eserine from standard solutions (102 % and 97 %, respectively).



2- The fabrication of gold nanoparticles-NH>-silica monolith using microwave heating
was found to improve the sensitivity and selectivity of modified silica surface and make
possible to extract, detect and quantify more than one type of drugs of abuse at the same

time within few minutes.

3- Using graphene-silica monolith makes the extraction of non-polar, polar, very polar
and water-soluble analytes, based on both hydrophobic and electronic interactions, easy

and simple.

Fabrication and modification of silica monoliths using microwave heating make the sol-
gel procedure much faster and easier and allow for non-polar, polar, very polar and
water-soluble analytes to be extracted more efficiently to produce accurate and precise
results compared to the conventional method for fabrication and modification of silica

monoliths using three phases (Cis, gold nanoparticles and graphene).

Finally, this technique make the modified silica monolithic column capable to extract
selected drugs of abuse from biological samples and produce qualitative and
quantitative results at the same time using chemiluminescence based immunoassays or

HPLC-UV.
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1 Introduction

(Chapter 1)



1.1 Forensic science

The term forensic science is very broad because there are a very large number of forensic
traces or sample types that can be found at the scene of a crime. Accordingly, forensic
investigations are typically divided into several areas, for example blood spatter analysis,
DNA profiling, illicit drugs and explosives.[Yl To aid investigation, analytical screening
at a crime scene should be fast, simple, cheap and robust, whilst offering high sensitivity
and selectivity. This approach to direct analysis of forensic traces can provide immediate
results that help to identify and classify the evidence. This research project is focused on
the analysis of drugs of abuse, with the main sample types including blood, plasma, urine
and saliva. However, it can be difficult to test these matrices without preparation.
Therefore, the sample preparation process is very necessary in procedures of drugs

testing.[?

1.2 Drugs of abuse

Drugs of abuse can be divided into a number of classes and their potential dangers to
health and life. The first group of drugs of abuse have sedative effects (such as heroin,
alcohol, benzodiazepines and tranquillisers), which slow down the function of the body
and brain.®! The second group include cocaine, amphetamine, crack, ecstasy and other
drugs, which have a stimulant effect that make people more energetic, active and alert.[
The third group of drugs has a hallucinogenic effect (such as LSD, magic mushrooms and
cannabis) which changes the way the user feels, hears, sees and smells.[? Recently, other

groups of drugs have been added to the list of abused drugs (see Table 1-1).



Table 1-1 List of abused drugs according to National Institutes on Drug Abuse [l

Substances Examples

Tobacco Nicotine

Alcohol Alcohol (ethyl alcohol)

Cannabinoids Marijuana and Hashish

Opioids Heroin and Opium

Stimulants Cocaine, Amphetamine and Methamphetamine

Club Drugs MDMA (methylenedioxymethamphetamine), Flunitrazepam
and GHB

Dissociative Drugs | Ketamine, PCP and analogs, Salvia divinorum,
Dextromethorphan (DXM)

Hallucinogens LSD, Mescaline and Psilocybin

Other Compounds | Anabolic steroids and Inhalants

1.2.1 Drugs of abuse analysis

In 1923 the U.S. Federal Rules of Evidence accepted the first scientific methodology for
forensic drug analysis.[®! The analysis of forensic drugs can be performed by various tests,
such as spot tests, thin layer chromatography (TLC), infrared spectroscopy (IR),
immunoassay, capillary electrophoresis (CE), fluorimetry, high performance liquid

chromatography (HPLC) and gas chromatography (GC).I" 8l

This wide range of analytical methodology prompted Manfred R. MOller to say “it would
be easier to get two forensic drug analysts to share the same toothbrush than to share the
same method of analysis”.[?! For that reason, recently, a combination of techniques have
been used to analyse samples of drugs of abuse, such as gas chromatography-mass
spectrometry (GC/MS) © 1 and liquid chromatography tandem mass spectrometric
analysis (LC-MS-MS).[1%-12 GCMS is emerging high-resolution technology which uses

long GC columns to achieve separations with MS for detection.

The detection of drugs of abuse in biological samples is usually difficult due to the
complexity of the samples, which contain different types of proteins and contaminants
such as salts, lipids, nucleic acids, buffers and detergents that can interfere with target

drugs analysis.l 31 These challenges make the extraction of drugs of abuse one of the



most critical steps in the analytical process.*¥ Conventional techniques for analysing
drugs of abuse require multiple tests and relatively large amount of samples, which can
be both time-consuming and expensive.'®! Recently, new techniques used in forensic
toxicology, such as HPLC, GC-MS and LC-MS-MS, have provided an easy and rapid
way for detecting and quantifying multi-drugs of abuse from different matrices (such as
urine, saliva and serum).*® 11 However, these methods cannot handle the target analytes
directly from the sample without preparation.[*®! Therefore, sample preparation plays a
very important role in the analytical methodology of drugs of abuse in cleaning-up,
removing interfering materials, and preconcentrate the target drugs for easy detection.[*®
91 Finding an appropriate sample preparation method is a key factor in the success of
drugs of abuse analysis. Generally, the extraction and preconcentraion of drugs of abuse
from biological samples can be time consuming, labour-intensive, complex and prone to
contamination. The best sample preparation technique should be fast, as simple as
possible, reproducible and provide high extraction recovery for the target analytes. In
addition, it should be environmentally friendly, have potential to improve detection limits

and be suitable for use in off-line and on-line methods of detection.[2%

1.3  Sample preparation techniques

1.3.1 Liquid-liquid extraction

Traditionally, the oldest and standard method of sample preparation for drugs analysis
has been based on liquid—liquid extraction (LLE).[?Y! The application of this procedure
depends on the separation of liquid phases from each other by mixing an immiscible
organic solvent with an aqueous solvent. The target analytes in this process move from
the biological matrix in the aqueous phase to the organic layer. The organic layer is then

used for further manipulation or analysis (see Figure 1-1).122 23
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Figure 1-1 Liquid-liquid extraction (LLE) technique. The process of liquid-liquid
extraction involves the distribution of a compound between two solvents that are
insoluble in each other. By taking advantage of the differing solubilities of a solute
in a pair of solvents, compounds can be selectively transported from one liquid phase
to the other. 4]

In 2003 Kronstrand and a co-worker [?°1 used the LLE technique to extract the selegiline
metabolites methamphetamine and amphetamine from hair samples. Analyses were
performed on both the pigmented and non-pigmented whole hairs, and metabolites were
analysed quantitatively using GC/MS. They found significant variation in the
concentrations of both methamphetamine (p < 0.01) and amphetamine (p < 0.02) in
pigmented and non-pigmented hairs, with mean concentration ratios of 2.95 + 1.16 ng/mL
and 3.69 + 1.88 ng/mL for amphetamine and methamphetamine, respectively.

Rasmussen LB et al. 121 in 2006 extracted the amphetamines from 0.5 g of whole blood
using liquid-liquid extraction. These analytes were derivatized with R-MTPCI, in order
to change their chemical properties to be more suitable for separation by GC and finally
detected by SIM-MS. The method was validated and found to be linear from 0.004 to 3
1o/g. The method was applied to the analysis of whole blood samples originating from
traffic, criminal and post mortem cases. The accuracy was found to be between 91 and

115 %, while the repeatability and reproducibility were less than or equal to 15 % R.S.D.
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As can be seen LLE can offer several advantages of the technique, such as large sample
capacity, good extraction recovery, provision of some clean-up and removal of protein.
However, there are some drawbacks to this procedure such as use of hazardous organic
solvents and it requires labour-intensive transfer steps. Furthermore, the formation of
emulsions in the process of LLE can make the identification of the desired organic layer
very difficult and lead to loss of the analytes due to incomplete extraction.?”l To

overcome these problems other kinds of extraction have been considered.

1.3.2 Solid phase extraction

Drugs of abuse can be readily extracted from the biological samples using solid phase
extraction (SPE).[?®l SPE is an increasingly useful technique for sample preparation that
can be used in different applications such as the forensic which provides reproducible
protocols designed to prepare different biological samples for injection onto HPLC or
LC/MS 21 pharmaceutical B, clinical [2°!, environmental B! and industrial field.[%?!
SPE was introduced in the 1970s as a new method for sample preparation that has
ability to concentrate and purifies the target analytes from an original solution by
adsorbing them onto a disposable solid-phase cartridge. The target analytes could then
eluted with an appropriate solvent for further analysis.!*¥! In addition, the SPE can also
remove the interfering compounds from the complex matrices to produce a cleaner
extract.®¥ In 1998 Wolfgang Weinman and Michal Svoboda *°! used a rapid analytical
methodology based on biological samples (serum and urine) for the simultaneous
quantitative screening of drugs of abuse. They combined solid-phase extraction (SPE)
followed by flow-injection analysis (FIA) with ionspray-ionization and tandem mass
spectrometry (MS-MS). Analysis was performed for morphine (MO), codeine (COD),
amphetamine (AMP), and benzoylecgonine (BZE). Quantitative results were obtained

and no interferences with metabolites or other compounds were found. As demand grew



Girod C and Staub C ® developed an automatic solid-phase extraction method in 2000.
They used a robot ASPEC to treat a large number of samples at the same time. This
method was performed for codeine, 6-monoacetylmorphine (6-MAM), morphine,
cocaine, methadone, ecstasy (MDMA) and Eve (MDE). Analysis of these drugs was
achieved by a gas-chromatography-mass spectrometry (GC/MS). Different validation
parameters, linearity, recovery, repeatability and detection limits were obtained, as well
as the application of this method to some real cases. The results demonstrated the
usefulness of this technique for routine analysis.

Actually, SPE makes sample preparation much faster, more reproducible, more accurate
and precise. Furthermore, it improves the efficiency of the extraction by increasing
recovery and minimising solvent consumption, waste produced and sample required,
compared to the LLE.B7 However, the SPE technique still has some drawbacks such as
cost, blockage of the cartridge by solid particles, limited capacity, back pressure,
contamination through manufacturing and a time consuming sorbent fabrication
process.*8 These limitations on this method do not prevent SPE being the most widely
used technique of sample preparation.[*]

The SPE can be coupled with different chromatographic systems such as HPLC, GC, GC-
MS and LC-MS-MS.[' Integration of SPE with HPLC is very useful since both
techniques are based on aqueous mobile phase.[4? 411

Off-line sample preparation is the most popular type of SPE that can be used to optimise
the extraction and separation independently, despite the on-line procedure offering many
advantages, such as reducing the risk of sample contamination and loss of the sample by

evaporation, in addition to reducing the time taken for analysis.[*?!
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1.3.3 Materials used on SPE sorbent

Several types of materials can be used for solid phase fabrication. Selection of the
extraction media usually depends on the physiochemical properties of the sample matrix,
in particular the nature of any potential interfering compounds and the target analytes that
need to be retained. The sorbent used in SPE should be: i) chemically stable and
unreactive with the cleaning, conditioning, washing and eluting solvents; ii) physically
stable not damaged by micro-organisms when using a biological sample; and iii)
thermally stable so it can be used at high temperatures if required. The SPE should also
have a high surface area and good permeability to enable the extraction of target analytes
from a large sample at a high flow rate with a low back pressure.[*3 In 1999 Marie-Claire
Hennion 4 outlined the most important features of the new solid-phase extraction (SPE)
materials. These include polymeric sorbents and silica sorbents; one limitation of both
sorbents is that they need to be conditioned with a wetting solvent before the extraction
process and not allowed to dry before the loading of an aqueous solvent. The surface
functionalization of polymeric sorbents will increase the extraction recoveries of polar
compounds and provided a better wettability.**] The new generation of polymeric
sorbents (Oasis from waters, Abselut from Varian) are designed to be suitable for the
extraction of a wide range of analytes such as, lipophilic, hydrophobic, basic, acidic and
neutral, with a simplified procedure that needs no conditioning step.[*®! However, the
limitation in this procedure is the handling of biological samples, as the recommended
sample volume is 1 mL.[*l The problem of the extraction of target analytes from
biological samples has been solved by the introduction of silica sorbents (non-endcapped
Cas silicas and monofunctional Cssg silicas) that have high specific surface areas of up to
1000 m?/g and a high degree of purity.[47 48]

The development of SPE based on 3D monolithic structure allowed for extraction and
clean-up of samples at the same time. Furthermore, they are suitable for the handling of

8
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biological samples, which can prevent the access of matrix components such as proteins,

while retaining the target analytes in the internal structure.[*!

1.3.4 Solid phase extraction procedure

Typically, there are five steps (see Figure 1-2) in processing a sample based on solid
phase extraction: i) activation of the sorbent by an appropriate solvent; ii) removal of
impurities by equilibration of the sorbent bed; iii) loading the sample solution into the
SPE media, where the analytes of interest are retained by the specific selected chemistry
and the unwanted components are allowed to flow through the sorbent to waste; iv)
washing of SPE media with a solvent to remove any interfering matrix; and finally, v)
elution of the target compounds from the sorbent and collection in a clean tube for further
analysis.[43 4

The activation, loading and elution of a sample can be achieved by gravity or pumping,
but it is very important to make sure that the flow rate during loading, washing and eluting

is adjusted to enable efficient retention of the analytes.[*l
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Figure 1-2 The solid phase extraction process basically consists in four different
steps: conditioning, sample addition, washing and elution. During the conditioning
the functional groups of the sorbent bed are solvated in order to make them able to
interact with the sample. The analytes as well as some matrix components are
retained on the SPE packing material during the loading or sample addition process.
After that the impurities will be rinsed through with wash solutions. Finally, the
adsorbed compounds will be eluted using a proper solvent. 49

1.4  Particulate stationary phases

The most important part of a solid phase extraction is the stationary phase component.
The performance of the solid phase extraction is significantly influenced by the efficiency
and selectivity of the stationary phase. Commonly, two types of particles have been used
as stationary phase for solid phase extraction: silica and polymeric beads. Recently, the
size of the particles has decreased, to be in the range of 3 to 10 um diameter.P% It is
notable that between the 1950s and 2000 the size of the particles dropped from 100 um
to 3 um and their efficiencies increased from ~1,300 to ~160,000 Nm%, respectively.%

The efficiency of small particles has also reduced the plate height (see Figure 1-3).
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Figure 1-3 Knox plot (reduced plate height vs. reduced linear velocity) showing the
effect of reducing particle diameter on plate height.[

In 1956 J. J. Van Deemter % described the main factors contributing to the height of
theoretical plate (HETP) of a column: HETP=A+B/u+Cu Eg.1

Where A = Eddy diffusion, B = axial diffusion, C= mass transfer and u = linear velocity
of the mobile phase.

A) Eddy diffusion: represents the movement of the analytes in the mobile phase through
the column using multiple paths to reach the same point (see Figure 1-4). The
interparticulate voids inside the packed columns, and through-pores structures in the
monolithic column, generate the possible paths for the analytes into the column. Some
molecules can move on the easiest path compared the majority of molecules, and they
will elute from the column in a shorter time. Conversely, those molecules which move

through the column on a more circuitous path usually take longer to leave.[!
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Figure 1-4 Schematic depicting two possible paths within a packed column from
point (a) to point (b).k!

B) Longitudinal diffusion: when the sample analyte is introduced and flows through the
column it will undergo diffusion symmetrically around its centre of mass, however in the
SPE the contribution of longitudinal diffusion is small.>!

C) Mass transfer: During movement of the analytes inside the column between the
stationary phase and mobile phase or elution phase partition will occur. Therefore, the
time spent in the stationary phase will determine which analyte is retarded compared to
the centre of mass. The time will be short when the difference between the analyte in the
stationary phase and the centre of mass is low (i.e. fast transfer kinetics), whereas the time
will be long when the difference between them is high (i.e. slow transfer kinetics).!
The use of packed particles is advantageous for both efficiency and selectivity of SPE,
because their surface area is high and easily modified or functionalized.® However, the
preparation of the particle requires special equipment and skilled technicians. Moreover,
this type of technique needs highly porous and rigid frits to keep the particles in place,
which is often difficult to achieve.[>®l Reducing the particle size resulted in an increase in
the surface area and improved the efficiency of extraction; however, that led to an increase
in the back pressure.l?

Increase of the back pressure is directly proportional with the cube of the particle

diameter. In order to decrease the back pressure, the length of the bed should be reduced,
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however, decreasing the bed length can reduce the capacity of the sorbent, the number of
interaction sites and the efficiency of extraction. Another way to solve this problem is the
use of “monolithic” stationary phases, where the surface area is also high but the back

pressure is relatively low due to porous nature of the structure.®

1.5 Monolithic stationary phases

“The term monolith comes from Greek for one stone or in this case one piece”.>®

A monolithic stationary phase is a single piece of material that includes through pores,

which the mobile phase can flow with minimal resistance.

Figure 1-5 Photograph of the porous monolith erected at the entrance of the Summer
Palace Park, Beijing, China.[’]

The monolithic structures can be defined as rigid macro-porous stationary phases,
constructed from either silica or polymer.8l In the last few decades, the fabrication of
macroporous materials has been extensively studied. The formation of the silica network

can be achieved by templating close-packed colloidal crystals infiltrated by gas or liquid-
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phase precursors in order to enclose and freeze the structure of the template.® Then,
removal of the frame can be carried out by either thermal treatment or chemical etching.[®"!
However, in this case the main drawback of the purely macroporous network is that the
low surface areas and a low loading of potential substitution sites for functional groups
on the surface.®® To improve the surface area, new methods for formation of
macroporous silica monoliths have been developed. Galarneau and co-workers (6%
reported that a pseudomorphic transformation is conducted at the surface of the
macroporous, while the size of pores and the particle is preserved. This methodology
generated silica materials, which have a high loading of functional organic moieties and
a high mechanical stability; however, the surface area was quite low. Brook and Brennan
prepared macroporous silica monoliths based on sol gel process where allyl- and silyl-
modified poly (ethylene glycol) (PEG) polymers are used to induce aggregation of the
particles process and obtained the macroporous network structure. Macroporous materials
provide high permeability for large molecules, such as proteins and DNAI®2, however,
the high throughput and low specific surface areas, do not make them ideal candidates for
extraction of small organic molecules.[®3 ¢4

The combination of mesoporous and macroporous in the silica monolithic structure can,
however, provide the necessary amount of active sites and high surface areas, in addition
to a high diffusion rate for separation, extraction and catalysis applications.% A number
of approaches towards sponge architecture materials have been developed where the
interconnected framework consisting of macropores structure allows for a high solvent
diffusion rate and mass transfer, while the smaller pores (mesoporous) in the skeleton
structure increases the surface area and makes the adsorption of small molecules much
better.[5* 661

In 1992 Nakanishi and co-workers "1 presented one of the most important sol-gel

procedures. They prepared a silica-based monolith with bipores structure, combining two
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processes: phase separation and sol—gel transition. A gel is a state where both solid and
liquid are dispersed in each other.[% The silica monoliths generated were highly porous
and offered the potential to be used in different fields of technology, such as electronic,
chemical separation, extraction and fabrication, optical, bio-analysis and energy
storage.*71 The properties of silica monoliths are influenced by several factors,
including physical parameters, chemical composition and the thermal process that can be
used during the fabrication process.®® 72 In general, the structure of silica monoliths
contain, large (micron) flow-through pores, with up to 99 % porosity, ["* which can give
a high permeability and small (Nano) diffusion pores that can generate high surface areas
of up to 1,000 m%g." In addition, silica monoliths have good optical transmission
(~90 %) [ low density (~ 50 g cm) 781 dielectric constant (~ 2) "l and thermal
conductivity (~ 0.05 W/mK) 8. A number of chemical, catalytic, optical, and thermal
applications have been reported based on silica monoliths.[”®! In 2006 Randon et al. used
inorganic monolithic column for the separation of a mixture of alkoxybenzene (consisting
of thiourea, toluene, ethylbenzene, propylbenzene) and amines (consisting of naphthalene,
orthotoluidine and aniline).l®! In 2006 the same group also applied a similar technique
for the separation of caffeine, naphthalene, theophylline and 7-(B-hydroxyethyl)
theophylline in hydrophilic interaction liquid chromatography (HILIC).[8

The advantage of monolithic shape make it possible to use luminescence therefore,
maintaining quantum confinement effects in sol-gel can be achieved by either limiting
the dimensionality (density) of the network or by introducing spacers between particles
to limit interactions. 82 831 Furthermore, modification of inorganic surface with
potassium and platinum made it suitable to be used as catalysts and it shows spurious
support propertiest®l. In addition, the laser action was also obtained by the interference
of multiple scattered light from organic dyes incorporated in the pores of inorganic

monoliths.[8]
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1.5.1 Silica monoliths fabrication

In 1996 Fields [ filled an empty fused silica column with potassium silicate solution

and heated it for 1 hour at 100 °C, and dried it by helium at 120 °C for 24 hours.[% &7]

The resulted column was then modified using dimethyloctadecylchlorosilane at 70 °C for
5 hours. The method formed a continuous silica monolith; however, the internal
morphology of the monolith was not homogeneous. The second method for fabrication
was based on the sol-gel process. Minakuchi et al. introduced this procedure, which

generated a silica monolith that was uniform, high purity and good homogeneity.[3

For that reason, it was decided to use the second sol-gel method for silica monolith
fabrication in this work. The general sequence of steps involved in the sol-gel process are

shown in (Figure 1-6).[681
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Figure 1-6 General steps involved in the production of silica monolith.
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Precursor materials

Different types of precursors can be used to form a silica monolithic structure. The most
common precursors used in the sol-gel process are metal alkoxides (such as
tetramethylorthosilicate/ TMOS and tetraethylorthosilicate/TEOS). These precursors

have an organic group attached to a negatively charged oxygen linked to a metal atom.[®

89]

Mixing

In this step a liquid alkoxide is hydrolyzed with water to form a homogeneous solution.
The hydrolysis reaction using TMOS is illustrated in Eq.2. The TMOS is a type of metal
alkoxide used in this research.

TMOS + 4 H,0 — Si (OH)s + 4(CH3OH) Eq.2

The hydrolysis reaction resulted in the formation of silicon hydroxyl groups. The
interaction of these silicon hydroxyl groups (Si—OH) with each other is known as
condensation and this produces siloxane species (FO—Si—0=) and H20 (see Eq.3).
HO=Si—OH + HO=Si—OH — HO=Si—0—Si=OH + H.O0  Eq.3

The condensation reaction continues and a three-dimensional network is formed

according to polycondensation behaviour.[*: %!

Casting

The casting process consists of pouring a partially polymerized solution into a mould
before its viscosity becomes too high. The casting process can be influenced by several
factors such as:

1. The shape of the container that can determine the shape of the final product.

2. The quality of the surface of the container that can affect the surface of the product.

3. The type of the mould to eliminate any reaction between the mould and solution.

4. Cleanliness of the container to prevent any contamination. [°% 921
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In the current work the barrel of a plastic syringe (BD — 1 mL) is used as mould for the

fabrication of silica monoliths.

Gelation

During the gelation process the condensation reactions produce particles that
subsequently form clusters and increase the viscosity of the solution. A three-dimensional
network is created by linking these clusters together to produce a semi solid wet gel
material. This process is known as gelation, and the time it takes is defined as the gelation
time. %3

The hydrolysis and condensation reactions can be affected by any variation on the
processing parameters. Many researchers have investigated the effects of using different
chemical composition and physical parameters during gel formation process on the
internal structure of silica monoliths.[®*!

In 2002 Masanori Motokawa et al.l®® fabricated monolithic silica columns from 18
mixtures of methyltrimethoxysilane and tetramethoxysilane. The prepared silica
monoliths showed range of through-pores size from 2 to 8 mm, and skeleton sizes from
1 to 2 mm. As a result, a silica monolithic column with smaller domain size provided
higher pressure drop and greater column efficiency.

In 2004, Wenhui and a co-worker [°®! prepared biporous silica monolith with both
through-pores (um) and mesopores (nm) in the skeleton’s structure. A high concentration
of ammonium hydroxide solution was used (e.g., 2 mol/L) in order to increase the size of
mesopores. The effect of concentration of polyethylene glycol in the starting mixture was
also investigated. They found that decreasing PEG concentration was also suitable for
forming the network monolithic structure, but the mechanism of the phase separation and
experimental results were different at low concentration.

In 2002 Gisele M. Neves et al.’” reported the effect of microwaves in the internal

structure of silica monolith obtained through sol-gel process. X-ray diffraction confirmed
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that the amorphous structure of silica monolith was prepared via microwave heating.
Physical parameters of microwave silica monolith were measured. The results showed
that the average pore size was 1.2 nm, specific surface area was 112 m?/g and specific
volume of pores was 0.06 cm?®/g.

This means that the silica monolithic structure can be formed using microwave radiation
during sol-gel process; however, the created surface area was very low. Therefore, in the
current work it was proposed to fabricate silica monoliths based on microwave heating

during gelation process and evaluate the internal structure of produced silica monoliths.

Aging
In the aging step the structure of the gel can be changed according to pH, solvent,
temperature and time of aging process. Flexibility in the formation of the gel, make it
more viscous and condense, which releases the liquid from the interior phase and
shrinkage of the wet gel structure.
There are three possible explanations for this contraction:
i.  Increased bridging bonds due to continuing condensation reactions.
ii.  Dissolution and reprecipitation of the silica primary particulates on the surface of
the network structure.
iii.  Addition of new monomers or linkage of un-reacted oligomers after the gelation
process.
During the aging process the thickness and strength of the skeleton structure increased

and porosity of the monolith decreased.!®!
Drying
A relatively large amount of liquid is removed from the wet gel monolith during the

drying process, which leads to extra shrinkage in the internal structure.l®! Evaporation of

liquid from the pores’ structure can create a concave liquid/vapor meniscus inside the
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pores, which generates capillary pressures.* The amount of shrinkage is governed by a
balance between capillary pressure Pc, and modulus of the solid matrix as described by
Laplace’s equation (Eq.4).12%!

P = 2y (cosB) /r Eq.4

Where,

P¢ capillary pressure

vy specific surface energy of the vapor-liquid interface

6 contact angle

r = pore radius

This capillary pressure generates tension into the liquid (L, Figure 1-7). It is important to
maintain horizontal and vertical forces with the same magnitude but at an opposite
direction to keep Pore I in equilibrium, (Lx and Ly). The weight of the liquid (WL)
equilibrates with Ly, and Lx is equilibrated with the Sx force produced by the solid phase.
Equilibrium also should be maintained between different pores (Pore I, Pore Il, Figure 1-
7), but because there are variations in pore size, differences in capillary pressure are

induced that produce stresses (Ac =62 - 61 #0).
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Figure 1-7 Stresses in a monolithic silica gel body: (a) evaluation of forces in Pore I;
(b) horizontal stresses in different pore size.[

Stabilization

There are a huge number of silanol groups (Si—OH) on the surface area of the monolithic
structure. An increase in the number of OH groups on the internal surface of the silica
monoliths can reduce their transparency. Furthermore, these free negative groups can
cause an interaction with the analytes group during the separation and extraction
processes. Removing the OH groups from the internal surface of the silica monolith

requires a thermal or chemical treatment to take place.[58

Calcination
After drying and stabilization of the silica monolith, subsequent heat treatment is carried
out to decompose the organic residues without serious deformation on the monolithic

structure. [
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1.5.2 Polymer monoliths fabrication

Several organic polymers have been used for monolithic fabrication such as methacrylate,
polystyrene and acrylamide.[®1 The synthesis of polymeric monoliths requires monomers
to form the monolithic structure, a porogen system that contains one or more solvents,
and a free radical initiator to start the polymerisation. Decomposition of the initiator and
forming a free radical starts the polymerisation process. The solubility of the polymer
decreases with growing the length of the polymer chains. These chains then precipitate
as nuclei and the ability of the nuclei to solve in the un-polymerised monomers creates
polymerisation within the nuclei and forming micro-globules as a polymerisation

progress. Finally this technique forms the network structure where the macro-pores of the

monolith are occupied by the porogen system. [0l

1) Seal
2) Heat

Polymerization mixture

2) Wash

Mould

Thermostated bath

1) Attach to pump' '
e —

Washing solvent

Pump

Figure 1-8 Schematic for the preparation of rigid macro porous polymer

monoliths.[®3]
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In 1998 Xie et al.['%l introduced the use of a porous polymeric monolith for solid phase
extraction. The polymeric monolith was fabricated inside a threaded (PEEK)
polyetheretherketone tube (20 mm x 1 mm i.d.) using 20 % ethylstyrene, 80 %
divinylbenzene and dodecanol with toluene as a porogenic solvent. This column was
produced through thermal initiation at a temperature of 70 °C for 24 hours. The resultant
monolith showed good properties since it had excellent hydrodynamic properties and was
characterized by evaluating its preconcentration efficiency for polar organic compounds.
Quite high recoveries of about 85 % were achieved. Later Lee et al.l*%! prepared a poly
(butyl methacrylate-co-ethylene dimethacrylate) (BuMA-co-EDMA) monolith for
extraction of standard proteins (lysozyme, cytochrome C, and trypsinogen A). Schley et
al.[!% also fabricated a poly (styrene-co-divinylbenzene) (PS-co-DVB) monolith for
preconcentration and separating seven standard proteins including, ribonuclease A,
cytochrome C, lysozyme, transferrin, myoglobin, a-lactoglobulin B, and carbonic
anhydrase.

Although polymeric monoliths are becoming increasingly popular as sorbents, especially
for the extraction of large molecules such as proteins, few papers describe their use as a
material for extracting small organic molecules (such as drugs of abuse); therefore, the
advantages and disadvantages of particulate and monolithic stationary phases will be
discussed in section (1-6). In addition, the comparison between polymeric monoliths and

silica monoliths will be reviewed in section (1-7).

1.6 Advantages of monoliths over particles

When van Deemter plots (see Figure 1-9) of particulate and monolithic columns are
compared one major difference is apparent: the contribution of the C term (mass transfer).
The C term contribution in monolithic columns is much lower than that of particulate

columns (see Eq.1).12%]
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Figure 1-9 Plots of plate height values for uracil against linear velocity of mobile
phase: conventional size columns; Mightysil ( m ) and Chromolith (0).[*%¢]

The low value for C with monolithic columns results in a faster partitioning of analytes
between the mobile or elution phase and stationary phase, in comparison with particle
packed columns. The mass transfer of monolithic columns is usually high. From
Figure 1-9 it is clear that the ability of monolithic column to be used high flow rates
without a significant loss in efficiency. The mass transfer of monolithic stationary phases
is attributed to convection rather than diffusion. For that reason the mobile or elution
phase in a monolithic column flows through the pores, whereas the majority of the mobile
or elution phase, in a packed column, flows between the particles.[*%] Other advantages
of monolithic stationary phases over particle packed phases include lower back pressures
due to their higher permeability, no need frits to retain the phase; ease of modification,

and their ability to be produced in different formats (e.g. rod, disks, capillary).[207: 108]
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1.7 Comparison between silica monolith and polymeric monolith

The major difference between a polymeric and silica monolith is in their internal
structures.t% 191 Bimodal pore structure of silica monoliths includes two types of pores
(see Figure 1-10): macro-pores (or through-pores) where the mobile phase passes through
the column, and meso-pores on the surface of the through-pores’ structure, which
increases the surface area. The bimodal pores structure of the silica monolith allows for
small molecules to interact with the internal surface of silica monoliths, and makes the
diffusion rates of small molecules within silica column higher than macromolecules.
Those pores structures of silica monoliths not only increased the surface area but also

improved the efficiency of extraction and separation of small and large molecules.t™™

Macropores (> 50 nm) Mesopores (2-50 nm)

Figure 1-10 SEM images of a silica monolith showing (a) the macro-pores or
through-pores and (b) the meso-porous structure of the silica skeleton.[""]
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In contrast, the internal structure of polymeric monoliths contains only macro-porous (see
Figure 1-11), where the extraction and separation of small molecules are very difficult
and not recommended. Furthermore, the existence of an only macro-porous structure in a

polymeric monolith results in a low surface area compared to the silica monoliths.[]

Figure 1-11 SEM of polymeric (methacrylate) monolith showing macro-porous.t°]

A comparison between silica and polymeric monoliths is in Table 1-2.
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Table 1-2 Summary of the advantages and disadvantages of organic and inorganic
monoliths based on literature review.

Comparison Inorganic monoliths Organic monoliths
Simple Yes Yes
preparation
method

Preparation time

Long, since they should be
prepared and chemically
modified independently. 2]

Short, since the fabrication of
the organic monolith is a
single-step process. 113 114]

Surface area

High.[44' 115, 116]

Although some attempts have
been made to increase the
surface area of organic
monoliths, the fabricated
monoliths in previous reports
showed relatively low surface
areas. 63102

Permeability

High.[‘M' 115, 116]

Moderate.[117- 118]

Affected by
temperature and/or
solvents

They have high mechanical
strength, and relatively high
thermal stability.["

They are affected by
temperature and/or organic
solvents causing shrinking or
swelling.[t17 118]

Stable over the
whole pH range

They are not stable at high
pH values.™*!

They are stable over a wide
range of pH values.2%

Option for
stationary phase

They can be fabricated by
using different chemical
composition.®

They can be fabricated by
using a wide range of
monomers and crosslinking
agents enabling the porous
properties of the monolith to
be controlled.?!]

Surface modification
of the monolith

They can be easily
derivatised with many
functional moieties leading
to additional efficiency and
selectivity.[*3 122]

They have a high number of
crosslinking bonds, which
require hours to reach
equilibrium for surface
activation.!*??!

Fabrication inside
microchip

Difficult, since the location
of the monolith inside the
microchip cannot be defined
because their fabrication
depends on using thermal
initiation. 23 1241

Easy, since the initiation of a
polymerisation reaction can
be performed by
photoinitiation (light).2 12¢]

Use for drugs of
abuse extraction

Many papers describe their
use as materials for
extraction with high
efficiency.['?’]

Many papers describe their
use as materials for extraction
with relatively good
efficiency.[''!

Swelling

Non-swelling property. 22!

The swelling would affect the
reproducibility in some cases
and the deficiency in
mechanical stability would

result in the short service life.
[221]
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Monolithic materials have been developed for use as SPE sorbents and their application
has also increased, especially in the field of extraction. The structure of silica monoliths
make them ideal for the extraction of small organic molecules in comparison with other
types of columns (particulate and polymers monolithic columns), where the porosity is
over 80 %, the surface area is too high and the back pressure is very low. In addition,
silica monolithic columns have the potential to elute adsorbed analytes with a very small
volume due to their high surface area for each unit volume compared to silica particle
packed columns or polymers columns. Furthermore, the required volume of the silica
monolithic column to extract the target analytes is also smaller than other conventional
techniques. 128 129

In terms of the surface area, the recovery of the porous polymer monolith is theoretically
much lower than bi-pores silica monoliths, where the number of theoretical plates within
the silica monolith is much higher than in polymer monoliths.[**! Published reports
suggest that extraction of low molecular weight compounds (such as drugs or medication)
are with silica monoliths, whereas the extraction of biomolecules that have high molecular
weight (such as peptides or proteins) are by porous polymer monolith.[*2°]

From this review it has been concluded that the applications of silica monolithic columns
for the extraction of drugs are strongly recommended. Nevertheless, the fabrication of
silica monoliths is still time-consuming and laborious. For that reason, in this research
methodology microwave heating will be introduced to reduce fabrication time of the silica

monolith, rather than using conventional oven heating method.

1.8 Modification of silica surfaces

The normal phase of silica monolith is polar, due to the presence of uncondensed hydroxyl
groups on the surface of each molecule.l¥l Since silanols are quite weak acids their
ionization can be easily suppressed and their ability as ion-exchanger is quenched.[*3!

Furthermore, the concentration and activity of silanols can vary from batch to batch. 3]
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The surface of silica monoliths can however be modified using different techniques and
various functional moieties. Modification of the silica monolith results in a wide range of
chemical selectivity that can be used to retain target analytes. The first modification
method is known as a surfactant coating, where a surfactant molecule possesses both
hydrophilic and hydrophobic characteristics. The hydrophilic nature of ionic surfactants
is due to an ionic group (e.g. SO3’) and hydrophobic nature is generally due to alkyl chain

(e.g. C18H37)_[23, 133, 134]

This modification method has improved the potential of both particulate and monolithic
columns in order to make it suitable for extraction of small molecules and inorganic ions.
In addition, using this procedure with a reversed-phase monolithic column allowed higher
flow rates and greater efficiencies of these stationary phases. However, this method of
modification is not permanent, because the coating layer can be removed during washing

of the sorbent with organic solvents, or leach in an aqueous eluent.34-138]

For permanent modification of silica surface the formation of chemical bonds are
necessary. Therefore, this modification method is known as a chemical modification. In
this case, the modification process can be carried out through chemical reactions.?®l The
most common reactions for chemical modification of silica surface are shown in

Table 1-3.14

Table 1-3 Chemical modification reactions of silica monoliths.

Type of reaction Surface linkage
1) Organosilanization Si-0-Si-C
2) Esterification Si-O-C
3) Chlorination Si-Cl
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On the silica surface silanes allow the formation of a Si—O-Si bond. These bonds are
stable across a wider pH range compared to Si-O—C bonds. In general, the modification
of silica monoliths can be achieved by two mechanisms based on alkoxysilanes and

chlorosilanes. The types and rates of reaction are different in both of them. [
R-SiCl3 > RSi(OCHp3)3 > Rsi(OCH,CHz3)3
Trichlorosilane > Trimethoxysilane > Triethoxysilane

The reactivity of chlorosilanes is much higher than alkoxysilanes. Chlorosilanes can be
reacted immediately on contact with reactive groups. The generated bonded phase is

significantly affected by the type of substution on the silane.[*4!

Monochlorosilanes are traditionally used for modification of silica surface with Cg and
C1s phases, or for endcapping active sites. Dichlorosilanes and trichlorosilanes can be
used for modification as well. However, the presence of water in these types of reaction
can result in cross-linking and decrease the permeability of the silica monolith.
Furthermore, linear polymers and three-dimensional polymers are difficult to
manufacture and produce. Therefore, in this work the surface modification of silica

monoliths was carried out by using monochlorosilanes.[?

1.8.1 Cigphase

Applications of reversed-phase silica monolith as SPE are found in the forensic science,
pharmaceutical, environmental industries and food analysis. The most common phase
used for extraction of drugs of abuse is octadecylated phase (Cis phase), where the
octadecyl groups attached to the silica surface and the retention depend on the

hydrophobicity.4!
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The surface silanol groups in the mesoporous structures (2-50 nm) offer good access to
the surface for modification, whereas the microporous structures (less than 2 nm) can
become inaccessible for modification because they are blocked by the bonded moieties

in the mesoporous, as can be seen in Figure 1-12.[4

Desired mesopores

pmlinlfilve

Alkyl chains
attached to the
silica surface

Micropores
blocked by
bonded phase

Figure 1-12 Schematic diagram shows the porous silica-based surface, showing the
inaccessibility of some microporous.*3l

Since the size of the organic moieties used for modification of silica surface is large (such
as octadecyl groups), attached silanol groups act as a barrier for free neighbouring silanol
groups to be modified by other organic moieties. Therefore, using the small organic group
during surface modification results in decreasing the free silanol groups on the silica
surface.
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The performance of modified silica monolith can be affected by the number of free silanol
groups on the surface, which may cause secondary interaction with polar functional
groups in the sample matrix and decrease the resolution in the case of separation.[**!

Decreasing the number of free silanol groups on the silica surface can be performed by a
second reaction called “end capping” (see Figure 1-13), in which the free silanol groups
are coated by small silane-type molecules such as trimethylchlorosilane (TMCS) or

hexamethyldisilazane (HMDS).[*%]

Difunctional endcapping reagents

Residual
silanol

o Pl

O\
J é—%&&ﬂ%’\&%

5
A
/
)
A
P
o
y;

Figure 1-13 C18 monolithic column endcapped with two difunctional dialkylsilane
reagents to decrease the number of free silanol groups on the surface, which may
cause polar-polar interaction with a polar functional groups in the sample
matrix.[222 223]

The orientation of octadecyl groups on the silica surface is random, therefore,
conditioning the reverse phase silica surface before loading the sample solution is very
important, in order to decrease the aggregation of the octadecyl bonded phase and make
ready for interaction with the sample analytes, as can be seen in Figure 1-14.11 Also, it
can improve the efficiency of the modified silica surface and increase the extraction
recovery of the target analytes. Several types of solvents can be used for conditioning the

octadecyl group’s bonded silica surface such as acetonitrile, tetrahydrofuran and
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methanol. Commonly, the selection of the conditioning solvent is influenced by the type

of the bonded organic moiety.[*4%]

Decreasing polarity of

conditioning sorbent
and increasing polarity
of bonded phase

b

Figure 1-14 Schematic diagram showing the effect of conditioning step on octadecyl
bonded silica: (a) without conditioning. (b) Partially conditioned. (c) Fully
conditioned.*!

The limitations of extracting small molecules by polymeric monoliths can be overcome
by using the silica based monoliths, where the mesoporous structure creates high surface
area coupled with an increase in the load capacity of the sorbent.[**> 1161 |n addition, the
surface silanol groups (Si-OH) on the silica structure make the modification process much
easier compared to the organic monoliths, where the number of crosslinking bonds is

huge and the time to reach equilibrium is too long.[*?%

However, several problems may be encountered when using the Cig solid phase for
extracting the analytes form biological matrices. Martin et al.l** investigated the
influence of carbon loading on the silica surface during the extraction of basic and acidic
analytes. A wide range of silica sorbents containing from 5 to 22 % of carbon, fabricated
without or with endcapping, was evaluated for the two model acidic and basic analytes

(anisidic acid and propanolol) from 1 mL of buffered plasma. Recovery of analytes with

33



high carbon loadings was found to be poor, with the loss of some analytes during loading
and washing. The best SPE phases for two analytes were found with those of intermediate

carbon loading.

In a further study, recoveries obtained for polar priority phenols using two Cisg silica
monoliths were compared and found to be lower with a Cig silica monolith modified by
trifunctional silane than the Cis silica modified by monofunctional silane. Recoveries
were 25 % for 4-methylphenol and 33 % for 4-nitrophenol with trifunctional Cis and

54 % and 56 % with monofunctional Cis.

In this work microwave methodology was used for C1g modification in order to control
the loading of carbon during the modification process, which generates cleaner, faster,

selective and efficient heating, in comparison with the conventional heating methodology.

1.8.2 Graphene

Although there is a potential for C1g SPE sorbents to extract weakly acidic, weakly basic
and neutral compounds from complex mixtures, they still have difficulty in extracting
polar and very-polar compounds from large sample volumes. In addition, they also have

low extraction efficiency for the trace level of non-polar analytes.[*4]

To solve these problems, Knox and Gilbert!**! introduced the first carbon-based solid
phase matrix in 1978. The oldest method for fabrication of carbon-based SPE is water
graphitized carbon blacks (GCBs) that can be obtained at very high temperature (2700—
3000 °C). The specific surface area for first GCBs was very low and non-porous
(Carbopack B or ENVI-Carb SPE from Supelco, Carbograph from Alltech).[*4? However,
their extraction efficiency for polar pesticides was higher than Cig silica monoliths.[14
To improve the physical features of carbon-based SPE, Carbograph 4 was introduced with

a surface area of 210 m?/g.[**4 Several methods for extraction and preconcentration of
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pesticides have employed carbon-based SPE.['43 1451461 One group of researchers used
Carbograph 4 for the extraction and preconcentration of 15 post-emergence herbicides
from drinking water. The detection limits for these herbicides were reported to be 5
ng/L.1*71 The same property was also applied to extract of naphthalene sulfonate and
benzene, as it appeared to be more efficient than conventional Cig silicas or ion-pair
extraction.**8l A further group also used Carbograph 4 for the extraction of alcohol
ethoxylate surfactants and for determination of N-nitro sodimethylamine at the ng/L level

in ground water.[24°]

At the end of the 1980s, porous graphitic carbon (PGC) had clearly been demonstrated to
be a new sorbent for SPE.[**Yl Graphite is a crystalline material with no functional groups
on the surface. Therefore, graphite structures may be able to overcome many
disadvantages associated with silica based materials, where the aromatic carbons have all
their valencies satisfied.[*>% Furthermore, graphite material is more tolerant with high pH
solutions (> 9) than silica-based materials.l*>!1 Graphitic sheets are held together by weak
Van der Waals forces; however, the retention mechanism was found to be different to that
of other reversed-phase sorbents such as Cis silicas.*>2 1531 In the porous graphitic carbon,
non-polar, very polar and water-soluble analytes can be retained based on both
hydrophobic and electronic interactions.[*>*156] Manufactured PGC is characterized by an
ordered homogeneous structure with a surface area of 120 m?/g and a porosity of
approximately 70 %.1%4

Recently, the retention of morphine and its metabolites in the porous graphitic carbon was
found to be very strong.l>®! High retention in the porous graphitic carbon for planar
molecules containing several polar groups with delocalized electronic charges via p-
bonds and lone pairs of electrons can solve the problems associated with extraction of very

polar compounds using Cis phase. 144
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This development in the graphitisation process resulted in more efficiencies in

comparison with other bonded phase silicas.[*>

1.8.2.1 Retention studies on PGC

Initially, it was assumed that the retention behaviour of graphite surface with analytes
would be similar to that of C1g phase, and the main difference was that of extended pH
ranges to high pHs. Many researchers supported this view such as Kaurl*>"1, however,
Knox and Ross[**®! compared the retention on graphite surface and other stationary phases
(159 (see Figure 1-15).
They highlighted observations regarding interactions such as:
a) An increase in the retention of non-polar analytes compared to other reversed
phase silica monoliths.
b) Animprovement in the selectivity to similar structural analytes such as isomers.
c) Greater retention of polar analytes to the graphite surface compared to other
reversed phase silica monoliths. These observations were unexpected and due

to the graphite surface, which has no functional polar groups.*¢’
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Figure 1-15 Surface comparison between C18 bonded silica and porous graphitic

carbon.¢1

Tanaka et al.*%?l investigated the reduction in retention for a series of alkanols on ODS
while the retention increased on PGC.
retention differences of polar analytes on PGC, which was stronger than on ODS phase.
In a further study Coquart and Hennion [*5* 64 reported an increase in the retention of

small aromatic compounds on PGC by increasing the number of polar functionalities.

Kaliszan and co-workers 183 also observed
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In contrast, the retention of the benzene ring on the ODS was significantly decreased by
increasing the number of polar groups.

Despite the potential of PGC to be used as sorbents for extracting non-polar, polar and
very polar compounds, there remains a problem in the elution of several analytes, which
are strongly retained on the graphite surface, and using acetonitrile and methanol it could
be inefficient to remove them.[64]

To overcome this, it was decided to use a single layer of graphite, which is known as
graphene, and hold the advantageous properties of carbon-based materials. Graphene is a
two dimensional material consisting of a single layer of carbon atoms arranged in a
honeycomb or chicken wire structure.l'®® Graphene, in particular, has superior
physiochemical properties such as the thinnest and strongest material known to date.
Furthermore, it can also be employed as a conductor of electricity and heat. However, the
permeability of graphene structure is too low compared to 3D silica monoliths.[*6%

For that reason, this work investigated the ability of graphene phase by modifying a silica
monolithic structure and evaluated the extraction efficiency of amphetamine compound

by graphene-silica monoliths.

1.8.2.2 Application of graphene silica monoliths

Recently, many applications have been developed using graphene silica materials, such
as energy storage and conversion 1661681 catalysis (6% water purification 7% 171 and oil
absorption 1721,

Chen et al.l*™! proposed, for the first time in 2010, the use of graphene as coating in
SPME. The fibre coating was prepared by dipping a stainless steel wire (support) into an
ethanolic dispersion of graphene. The fibre was reinforced by curing at high temperature
and the coating presented a wrinkled and porous surface. Enhanced extraction of six
pyrethroid pesticides was reported with the fibre coating, which was also thermally stable

and offered good fibre-to-fibre and batch-to-batch reproducibility.



Following a similar process, Zhang and Lee 1" applied this strategy to prepare a
graphene-based coating for extraction of polybrominated diphenyl ethers. Novel
monolithic columns with embedded graphene were developed and coupled to LC-MS
analysis. The extraction performance of the graphene-monolithic column was evaluated
using glucocorticoids and recoveries for spiked samples were 83.7 % to 103.8 %.

More recently, in 2014 Xiaojia Huang and co-worker 171 prepared poly(ethylene glycol
dimethacrylate/graphene oxide) (EDMA/GO) monolith as the sorbent of stir cake sorptive
extraction (SCSE) for preconcentration of strongly polar aromatic amines from water
samples (see Figure 1-16). Analysis of polar compounds was achieved by combining
SCSE and HPLC with diode-array detection system. Good reproducibility of the method
was obtained as intra- and inter-day precisions, the relative standard deviations (RSDs)
were less than 4.0 %. Finally, the proposed method was successfully applied to the
determination of trace aromatic amines in environmental water samples. The recoveries
of aromatic amines spiked in different matrices ranged from 74.2 % to 105 %, and RSDs

of repeatability ranged from 1.6 % to 9.6 %.

0 Poly (EDMA)

A

monolith, (B) TEM image of poly(EDMA/GO) monolith, (¢) SEM of
poly(EDMA/GO) monolith at 5000 x magnification. (7]

The present work will investigate the ability of graphene-silica-monolithic column to
extract polar compounds such as amphetamine or methamphetamine (as an example for
drugs of abuse). In addition, the recoveries of selected polar compound from graphene

silica monolith and Cyg silica monolith will be compared.
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1.8.3 Gold Nano Particles (GNP)

Despite silicon being the material of choice for monolithic fabrication of SPE, the limited
active optical properties of silica structures slows down their progress in photonics’
applications. Nanoparticles have the potential to remove this bottleneck by exploiting
their optical and electrical properties whilst integrated into silica monolithic structures to

make them ideal for in situ optical detection.

In 2001 Khushalani D et al.'7® 1771 dispersed gold nanoparticles in mesostructured silica
monolith. The starter mixture involved SiCls and Pluronic triblock copolymer template
in ethanolic reaction condition. The resulted monolithic column consisted of distributed
gold nanoparticles within a mesostructured silica matrix. This combination between the
silica frameworks, with the chemical properties of the embedded nanoparticles, can
produce multifunctional solid phase matrixes. However, the fabrication of silica monolith
by conventional sol gel process is still time consuming and quite complicated. The
dispersion of gold nanoparticles within solid matrices was developed by M. T. Laranjo
and his group in 2011.11781 They successfully trapped GNPs in the silica monolith using
high-pressure process at 7.7 GPa and at 25° C. Nevertheless, the generated physical
parameters of the silica monoliths confirmed reduced values for specific surface areas

due to closed pores.

To solve this problem, in 2012 Mohamed Guerrouache et al.'”®! developed a new method
for the surface functionalisation of the porous monoliths based on gold nanoparticles. The
modification process was established by attaching primary amino groups to the
functionalized monolith surface via thiolyne radical addition reaction. After that, the
surface of skeleton structure was immobilised with gold nanoparticles. This technique

offers great potential for Lab-on-a chip technology.
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In 2013 Yolanda Vasquez group et al. recently presented %% a reproducible method for
the fabrication of highly-ordered porous silica films embedded with gold nanoparticles.
The gold nanoparticles were uniformly distributed in the silica matrix. They used co-
assembly methods with two-phase (a) and three-phase (b) to format a composite thin film
(see Figure 1-17 a and b). The opal structure in the silica film was then created by
removing the organic colloidal template through calcination. In the case of three-phase
co-assembly, gold nanoparticles were embedded in the walls of the opal structure (“gold-
loaded” opals). TEM and SEM images showed ordered, crack-free, thin films and opals
structures loaded with gold nanoparticles. The optical properties of these films can be
utilized in different photonics’ applications. In addition, functionalization of gold

nanoparticles can improve the selectivity of this technique.

a) 2-phase +Au NP B) 3-phase
co-assembly /———nt\‘ co-assembly
- - .

W
“solvent
evaporation

Figure 1-17 Schematics of two-phase (a) and three-phase (b) coassembly methods.
White arrows point to the brighter contrast gold nanoparticles in the SEM image
(c). The gold nanoparticles in the TEM image appear as dark spots (c). (18]
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SPE is a very robust approach; however, attachment of any biological substrate such as
antibodies, enzymes or proteins can improve the selectivity of the silica surface to be
collected just the target analytes. The attachment of amine groups to any surface allowed
biomolecules to be immobilized on the surface. This technique was introduced a few
years ago and its application in the extraction of drugs of abuse investigated by many

researchers.

In 2013 Hideharu Shintanil*® used this procedure in solid phase extraction, such that the
surface of the column was immobilized with anti-benzodiazepines. Most benzodiazepines
were collected based on immunoaffinity. The major problem with this technique was the

covalent linkage, which can be hydrolysed during the sol gel process.

More recently, Shao-Hsuan Chuag and co-worker!*®? designed a new platform that can
be used in colorimetric immunoassay tests. They fabricated a porous monolith—AuNP
complex to be used as solid support for high-mass transport and antigen—antibody
interactions. Modified gold nanoparticles with detection antibodies were utilized as
signals for colorimetric immunoassays, speeding up the analysis and decreasing reagent
consumption. This technique improved the binding efficiency between antibodies and the
mobile analytes and resulted in a decrease in the incubation times for antibody—antigen
binding. Upon formation of the antigen—antibody complex, the colour of the monolith
turned dark red. The limit of detection for this platform, which used HIgG, was 0.1 ng/mL
with a linear correlation over a range of 0.1 ng/mL — 10 ug/mL. The time of analysis in
this platform was very short (1 h) and efficient (0.1 ng/mL) compared to typical sandwich
assays that usually require six hours. This colorimetric assay could be performed using
visual inspection such as a desktop scanner or smart phones, and can be used in different
applications such as drugs of abuse detection. Moreover, it can also be combined with a

high sensitivity, low sample consumption and high throughput diagnostic system such as
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chemiluminescence. Therefore, in this research, it was decided to explore this idea in
order to investigate the effect of using microwaves on the internal structure of gold
nanoparticles-silica monoliths. In addition, evaluation of the extraction efficiency for
selected drugs of abuse by GNP-silica monolith using chemiluminescence as detection

system was carried out.

1.9 Characterisation of modified stationary phases

Several methods that can be used to characterize stationary phases. The most common
method is evaluation of chromatographic performance (such as retention time) or
extraction efficiency (such as recovery of target analytes). However, analysis at the
morphological, chemical and physical levels usually requires destructive methods (such

as SEM-EDX, BET and BJH).

1.9.1 Scanning electron microscopy - Energy dispersive X-ray spectroscopy (SEM-
EDX)

One of the most important methods for the analysis of modified stationary phase is
scanning electron microscopy (SEM), which can be coupled with energy dispersive X-
ray spectroscopy (EDX).

SEM analysis allows the analyst to investigate the morphological structure of silica
monoliths, which can image each single point within the silica surface at the micrometre
down to the nanometre level. Moreover, combined SEM and EDX analysis allows for
each element with an atomic weight greater than 10 in the silica surface to be identified.
SEM-EDX is a valuable tool, especially when comparing the morphological features of
two products and monitoring product quality. However, preparation of the sample for

SEM-EDX analysis requires the destruction of the column or solid sample.[*8]
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1.9.2 Extraction performance

The easiest way to investigate the effect of modification phase chemistry without the need
to destroy the material structure is monitoring changes in the extraction efficiency of the
monolithic column. Modification of the silica surface with a new phase chemistry can
change the selectivity and the extraction behaviour of modified silica monolith. For
example, the coating of silanol groups on the silica monolith with a C1g phase changes its
selectivity from normal phase to reversed-phase and creates hydrophobic interaction with
analytes.[*84]

In 2003 Zhao et al.[*®] determined eserine and its major metabolite eseroline in rat plasma
using a one-step SPE procedure and photodiode array (PDA) detection. Different
chemistry phases of SPE were applied. The best result was obtained using a Bond Elut
Cis column with a recovery of 88 + 3 % at a concentration of 0.25 pg/mL. In 2007 Takeshi
Kumazawa and co-worker 118 ysed the Cis phase column for the extraction of
methamphetamine and amphetamine from human urine samples. Recoveries of
amphetamine and methamphetamine into urine were more than 82.2 % and 82.9 %,
respectively.

Maria E. Salinas-Vargas and Maria P. Cafizares-Macias [*®"] extracted caffeine from
coffee beans using Cis reverse-phase mini-column. Recoveries of caffeine into green
coffee and roasted coffee beans were in range between 99 % and 105 %.

Recently, the production of monolithic columns with modified phases is becoming more
popular in the SPE. The performance of these phases is considered one of the most
important factors for evaluating the modification process and investigating the efficiency
of modified surfaces. Furthermore, this procedure is non-destructive and can give an
overall picture of the column. However, such methodology does not allow for
investigations in the longitudinal distribution of functional groups along the column
length. 143
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1.9.3 Nitrogen physisorption method

The physical properties of silica monoliths such as surface area, mesoporous size and
mesoporous volume can be measured through a physisorption technique. In the
physisorption method, the nitrogen gas adsorb in the silica monolith structure at constant
temperature. The amount of adsorbed gas in a sol-gel material depends on the applied
pressure. This adsorption process due to van der Waals force usually produces reversible
change. At the equilibrium pressure (P) the progress of gas adsorption stops and the
number of adsorption molecules equals the number of desorption molecules. P, is the
saturation pressure of pure adsorptive at a measurement temperature. Often, “Equilibrium
relative pressure (P/Po)” is used for physisorption measurement.!*%] The isotherm curve
represents the amount of adsorptive (y-axis) against the relative pressure (P/Po) (x-axis).
The types of isotherm curves are classified by the International Union of Pure and Applied

Chemistry (IUPAC), as shown in Figure 1-18.189
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Figure 1-18 the IUPAC classification of the sorption isotherms. The adsorption and
desorption isotherms can be found in six shapes (1-V1). (189

Type 1V isotherm is usually associated with mesoporous materials (2 nm < pore size <
50 nm). Its hysteresis loop is related with condensation of mesoporous structure, and the

limiting uptake over a range of high relative pressure (P/Py).[8]

In this work, the nitrogen physisorption measurements were performed for silica
monolithic rods using the instrument software Brunauer-Emmett-Teller (BET) and
Barett-Joyner-Halenda (BJH). The ability of nitrogen physisorption method to measure
the physical parameters of silica monoliths and characterise the whole structure is an

advantage compared to the remaining characterisation methods.
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1.10 Microwaves

1.10.1 Microwave energy

The region of the electromagnetic spectrum with wavelengths between 1m and 1mm and
frequency between 300MHz and 300GHz is known as microwave range
(see Figure 1-19). Since the Second World War, microwave technology has been used
extensively in communication (radar and radio) and in many different applications,

including diagnostics/analysis, manufacturing, weapons and medical treatment.[*%°]

Frequencies most commonly utilized in
microwave processing of materials
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Figure 1-19 shows the microwave range with some of the major applications existing
at various frequencies. It also shows some of the frequencies used for microwave
processing of materials.*’]

In the 1950s processing and manufacturing became one of the most important areas of
microwave applications due to the appearance of home and industrial microwave

47



ovens!*¥l, The radiation produced by microwave ovens (2.45 GHz) is usually absorbed
by water molecules, which are the major ingredient in food. While drying alumina in the
1970s, Sutton*°? observed that microwaves not only removed water from raw materials,
but also heated the ceramic. In the following years, many researchers worked in different
fields to explain the effects of using microwave radiations on different applications in
order to improve our understanding of microwave radiation, such as generation,

transmission, detection and control.[1%]

1.10.2 Conventional and microwave heating

Microwave heating is fundamentally different from conventional heating.[*** With
conventional radioactive or conductive heating energy is delivered from the surface to the
interior of a container, whereas the energy in microwave heating is transferred directly to
the material.[*®! This occurs because in microwave heating the electromagnetic energy is
converted to thermal energy due to the molecular interaction of the material with the
electromagnetic field.[** Therefore, microwave heating is defined as energy conversion
rather than a heat transfer. Heat transfer in monoliths and polymers during conventional
heating methods is very slow compared to microwave heating where the processing time
can be short. In addition, localized thermal effects may offer a number of advantages over
conventional heating methods. In this project a study into the influence of microwave
heating during gel formation and surface modification of silica monoliths will be carried

out to evaluate the chemical and physical properties of functionalized silica monoliths.
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1.10.3 Microwave interactions with materials

Materials can be classified into four categories according to their interaction with
microwaves (see Figure 1-20):
1- Transparent materials: the microwaves can pass through this type of material
without losing any significant amount of energy (e.g. pure silica).
2- Opaque materials: do not allow for microwaves to penetrate and reflects them
(e.g. metals).
3- Absorbing materials: allow for microwaves to penetrate and absorbs them (e.g.
water).
4- Partial absorbing materials: combination of two or more previous materials (e.g.

silica gel). [%0.19]
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Figure 1-20 Material classification based on microwave interaction: a) transparent,
b) opaque, c) absorber, d) partial absorber. Silica gel is composed of a transparent
matrix and absorbing phase and is thus a partial absorber.[ 20 19]

When microwaves are absorbed, the charged particles (e.g. electrons, ions or dipoles)

within the materials polarize or rotate in response to the applied electric field (E).
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Losing and attenuating of the electromagnetic field due to elastic, frictional or inertial

forces, results in internal heating.!*%!

1.10.4 Dielectric materials

Two mechanisms can produce losses when materials interact with microwaves. First is
conduction, which includes the long-range motion of charged particles (electrons or ions)
when an electric field E is applied.% In electronic conduction (EC), the electrical charge
Is transported in metals and semiconductors through the electrons. In this case losses of
EC occur due to resistance in the material. In contrast, conduction in the ionic materials
is achieved by displacement of the charge with ions. The collision of charged particles
with other particle species, when moving within the material, leads to generating losses
in i. The losses in conduction are often observed at low frequency range. Increases in the
frequency result in a decrease in the time of displacement of the charged particle and, as
a result, the charged particles cannot be transported in the direction of the field.[*%"]

Another mechanism for the interaction of E with a dielectric material is known as
polarization or short-range motion of the charge. The charge in this case is transported
via orientation or oscillation of electric dipoles. Several types of polarizations can
generate losses due to the resistance of the dipoles to movement under an alternating field.

These losses are usually show at high frequencies. [°]

1.10.5 Types of polarization

There are four types of polarization in sol-gel materials and are the result of the
displacement of the charged particles from their equilibrium position, forming dipoles

that try to follow the direction of the electric field (see Figure 1-21).
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Figure 1-21 Polarization types with and without an electric field applied: a)
electronic, b) atomic, c) dipole, and d) interfacial space charge polarization.[ 0. 19]

Each type of polarization is described in more detail below:

1. Electronic polarization is the effect of the electrons’ displacement in the atoms relative
to the positive atom nucleus in an electrical field (see Figure 1-21 a). This process takes
around 107*° sec and corresponds approximately to the frequency of ultraviolet light.

2. Atomic or ionic polarization is the result of the movement of the ions relative to one

another inside the molecule, as shown in Figure 1-21 b. This process requires from
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1012 to 1013 sec and corresponds to the frequency of infrared radiation. A similar
polarization in ionic crystals arises with the displacements of oppositely charged ions
requiring 1012 sec, which corresponds to the far infrared frequency. lonic polarization
gives rise to resonance absorption at a narrow frequency range, characteristic of the bond
strength between the ions.

3. Dipolar polarization is the perturbation of the thermal motion of ionic or molecular
dipoles, producing a net dipolar orientation in the direction of an applied field (see Figure
1-21 c).

Due to this behaviour, this polarization is also known as orientation polarization and is
probably one of the most important in the microwave range. There are two primary
mechanisms that take effect in orientation polarization. The first is the rotation of the
permanent dipoles against the elastic restoring forces to the equilibrium position. This
process also is referred to as deformation polarization and takes 10° - 1012 sec at room
temperature. This mechanism is not common in sol-gel materials, but is important for a
diversity of liquids, gasses and polar solids. The second mechanism is the rotation of
dipoles between two equilibrium positions. It involves a spontaneous alignment of the
dipoles in one of the equilibrium positions when an electrical field is applied. As the
frequency of the electric field increases, the dipoles cannot follow the direction of the
field. This type of polarization requires between 10 - 102 sec and 10~ - 10 sec.

4. Interfacial polarization results from the accumulation of charges at the interfaces
between phases that have differences in dielectric constant and conductivity. The
interfaces between phases, impurities or second phases act as physical barriers that reduce
charge displacement (see Figure 1-21 d). This polarization is observed over two ranges
of frequencies. One range is between 10 and 10° Hz and is due to an accumulation of

charge (localized polarization) on the barriers. The other range is between 10° and 10*°

52



Hz and occurs when one of the phases is highly conductive and dominates the total loss
in the dielectric.

The important mechanisms resulting in microwave heating for most sol-gel materials are
dipole and interfacial polarizations because they are active in the microwave frequency
range. The electromagnetic spectrum, including the frequency range where each

polarization mechanism occurs, is shown in Figure 1-21. [%0. 198

1.10.6 Dielectric constant and dielectric loss

In a dielectric the stored charge (q) is expressed as a function of the applied voltage

(V) and the capacitance (C):
q= V/C Eq.5

_ [i(Gdc + Gac)]/

-C
k= /C wCo

o Eq.6
The loss current in a real dielectric can be expressed as a function of one complex
parameter, k. This parameter will be called the complex dielectric constant (k*).

The real part of k* is

k=C/c, Eq.7

The imaginary part of k* is

K" = (Gdc + Gac) /u)Co Eq.8
Also expressed as
k* =k’ —ik" Eq.9

The ability of the material to store charges under an E is known as the dielectric constant
(k"). The value of loss can be occurred by the material under an E is known as dielectric
loss factor (k™). The ratio of the dielectric loss factor to the dielectric constant (k"/k’) is
equal to the ratio of the loss current to the charging current (IL/IC) and is called the loss

angle, dissipation factor or tand. Type equation here.
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All types of losses that can occur during long-range motion (conduction) and short-range
motion (polarization) have been designated with one term, the effective loss factor, ¢"eff,
given by

g'eff = ¢"(w) + odc/(eom) = €"sc(w) + €"o(w) + €"a(w) + £"e(w) + odc/(eow) EQ.10
Where €"(o) represents the losses related with polarization (frequency dependent), and
the odc/(eow) is associated with the losses from dc conductivity. The subscripts of the
different components refer to the diverse polarization mechanisms: space charge or
interfacial (sc), orientation (0), atomic (a), and electronic (e).

One group of research states that sol-gel materials with £"eff between 102 and 5 are good
for microwave heating, whereas sol-gel materials with &"eff <1072 are difficult to heat by
microwave. Silica gel has a dielectric loss at room temperature of 0.27 (2.45 GHz).
Therefore, it is not possible to heat this material inside a multimode cavity applying
1200W; however, the heating of this material can be achieved by a single mode cavity

under a higher electrical field and at much lower input power.[ %0 198 1%

1.10.7 Microwave power dissipation

The application of an electromagnetic (EM) wave to a material leads to the transport of
energy. When this energy flows through a closed surface, dissipation of the energy
volumetrically inside the material can occur and results in a form of heat which can be
calculated from the integration of the Poyntinglvector P:

P=ExH=(/n) x (®/m) = (Watts / m?) Eq.11

Where: V = volts and A = amps

Here, E and H are the electric and magnetic components of the electromagnetic field,

respectively.[ 0 198

54



1.10.8 Microwave hybrid heating

Microwave hybrid heating can be performed by two different techniques:

1. Heating the sample outside the microwave cavity using an external heat source then
introducing it into the cavity.

2. Heating the sample inside the microwave cavity after adding microwave absorbing
material with the original sample. The microwave energy is applied to both materials at
the same time. This is the technique used in the present study for fabricating the silica
monolith (using gold nanoparticles). These techniques can make the sample a more
efficient microwave absorber. It also can produce different results depending on what
type of microwave cavity is used. The EM field on the sample has characteristics that are
influenced by the cavity design; thus, a given material will respond to the field differently

in a different microwave cavity.[ % 204

1.10.9 Microwave cavities

The microwave cavity is a metallic enclosure device where the microwave undergoes
multiple reflections whilst transferring energy to the sample. The size and shape of the
cavity and microwave frequency must be optimized to ensure a high conversion
efficiency of the microwave energy to the sample. There are two types of cavities: the
multimode and the single mode. A multimode is a type of cavity in which different
patterns of electromagnetic waves are present, and the total field is the summation of all
excited modes. The multiple modes result in multiple reflections in a cavity, which
produce uniform heating. More uniform radiation of the sample can be obtained using
mode stirrers inside the microwave field. However, a non-continuous distribution of low
and high field intensities can occur due to using multimode cavities. Furthermore, the
position of the sample in the cavity is critical. To solve this problem a single mode cavity

can be used, where the field distribution and the position of the sample can be precisely
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determined in order to optimize and reproduce the thermal process. The main drawback

in these type of cavities is the restricted size of the sample due to a small cavity.[202]

1.11 Aims of the project

According to the literature it is clear that the structure of the silica monoliths can be
changed when different chemical compositions, physical parameters and heating methods
are used. However, the fabrication of silica monoliths remains time-consuming and
laborious.

Recently, microwave energy has been used to calcinate and crystallize different materials
that reduce the time of these processes compared to conventional thermal heating
methodology.

The main goal of this research was to explore the effect of using microwave heating
during the gel formation process in the internal structure of the silica monolith, and
compare the meso and macro porous structure of the prepared silica monolith using
conventional heating and microwave heating methodology. In addition, to evaluate the
efficiency of using microwave heating during the modification of silica surface with C1sg
phase, gold nanoparticles and graphene phase.

In order to reach this goal, five objectives were proposed

1. Developed a method for the reliable and consistent production of silica monolith using
microwave heating during gelation process. (See chapter 3).

2. Developed a reliable method for C1g phase surface modification in a microwave system
(single mode cavity). (See chapter 4).

3. Developed a reliable method for embedding modified gold nanoparticles within the
silica monolith using microwave heating (single mode cavity). (See chapter 5)

4. Designed and constructed apparatus for the detection of trace amount of drugs of abuse
based on a gold nanoparticles-NHaz-silica monolithic device with an integrated detection

method (chemiluminescence). (See chapter 5)
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5. Developed a reliable method for the modification of silica monolith with graphene
phase using microwave heating (single mode cavity). (See chapter 6)
While decreasing the total analysis time is limited by the sample preparation. Therefore,

the sample preparation step is considered a bottleneck in a system for chemical analysis.

This PhD project combines two advanced techniques, sol-gel processing and microwave
processing of materials. In order to develop a portable, integrated drugs of abuse
processing/analysis device for ‘at the scene of crime’ use with capability to produce

qualitative and quantitative results at very short time.

For this specific application, the modified silica monolithic column must be capable of
extracting selected drugs of abuse from biological samples and detection them using

chemiluminescence based immunoassays or HPLC-UV.
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2 Experimental

(Chapter 2)
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2.1 Fabrication of monolithic materials

2.1.1 Fabrication of silica monoliths using a conventional heating method

Silica based monoliths were prepared using a method similar to that described by
Nakanishi 71 with some modifications in the chemical composition and experimental
conditions. Silica monolithic rods were fabricated using a polymer (polyethylene oxide
PEO, polyethylene glycol PEG and pluronic F127) [purchased from Sigma-Aldrich,
Poole, UK] present in an acid catalyst (such as nitric acid 1 M or acetic acid 0.02 M)
[purchased from Fisher Scientific, Loughborough, UK]. The acidified polymer solution
was placed in a 50 mL falcon tube [Scientific Laboratory Supplies, Nottingham, UK],
located in an ice bath, and stirred for 60 min until the polymer fully dissolved [Stirrer
purchased from VWR International, West Chester, PA, USA]. Two mL of metal alkoxide
(such as TMOS-tetramethylorthosilicate 98 % or TEOS- tetraethylorthosilicate 98 %)
[purchased from Sigma-Aldrich, Poole, UK] were then added to the acidified polymer
mixture and stirred for a further 60 min in the ice bath until a clear solution formed (see

Figure 2-1).
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Figure 2-1 Experimental setup for silica monolith fabrication. The starter mixture
contains polymer, acid catalyst and metal alkoxide. Ice bath and stirrer plate are
used for dissolving starter mixture component. Micropipettes are used to measure
and transfer small volumes of liquids. Falcon tube is used for mixing the chemical
composition.

When the mixture was homogeneous, it was left to settle for 2 min to remove any bubbles
that may have formed during mixing. A plastic syringe (B.D Plastipak 1 mL) [Scientific
Laboratory Supplies, Nottingham, UK] after that sealed at the outlet end with PTFE tape
[ARCO Ltd. Hull, UK] and filled with the monolith solution (0.5 mL). The syringe barrel
was then placed upright into a conventional thermal oven at 40 °C for 3 days [Mega
Electronics, Cambridge, UK]. The resulting wet-semi-sold gel monoliths were washed
with copious amounts of water and transferred to an aqueous solution of 1 M NH4+OH (30
mL) [Fisher Scientific, Loughborough, UK] contained within a conical flask (100 mL)
[Fisher Scientific, Loughborough, UK], as shown in Figure 2-2. At this time the flask was
wrapped in aluminium foil and placed into an oil bath at 90 °C measured using a

thermometer for 24 h.
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Figure 2-2 Set up for ammonia treatment process. Aqueous ammonium hydroxide
was used as a porogen for forming mesoporous. The mesoporous in the wet gel
skeleton was made by alternating the fluid phase with an external solution
(ammonium hydroxide solution).

Next, the monolithic rods were taken out of the conical flask, washed with purified
water and finally placed back into an oven at 40 °C for 6 h and at 90 °C for 3 h [Mega
Electronics, Cambridge, UK]. In the last step the rods were transferred to a furnace
microwave for further heat treatment at 600 °C for 3 h (heating rate: 2 °C / min) to
remove the remaining PEO and form white silica-monolith rods. After preparation, the

silica monolithic rods were cut to a desired length of 1 cm.

2.1.2  Fabrication of silica monolith using a microwave heating method

Silica monolithic rods were fabricated using a polymer (polyethylene oxide PEO,
polyethylene glycol PEG and pluronic F127) [purchased from Sigma-Aldrich, Poole,

UK] present in an acid catalyst (such as nitric acid 1 M or acetic acid 0.02 M)
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[purchased from Fisher Scientific, Loughborough, UK]. The acidified polymer solution
was placed in a 50 mL falcon tube [Scientific Laboratory Supplies, Nottingham, UK],
located in an ice bath, and stirred for 60 min until the polymer fully dissolved [Stirrer
purchased from VWR International, West Chester, PA, USA]. Two mL of metal
alkoxide (such as TMOS-tetramethylorthosilicate 98 % or TEOS- tetraethylorthosilicate
98 %) [purchased from Sigma-Aldrich, Poole, UK] were then added to the acidified
polymer mixture and stirred for a further 60 min in the ice bath until a clear solution
formed. The resulting homogeneous solution was left to settle for 2 min to remove any
bubbles that may have formed during mixing. After that, a plastic syringe (B.D
Plastipak 1 mL) [Scientific Laboratory Supplies, Nottingham, UK] sealed at the outlet
end with PTFE tape [ARCO Ltd. Hull, UK] and filled with the monolith solution (0.5
mL). The syringe barrel was then positioned in the cavity of a Discover microwave
system [CEM Microwave Technology Ltd, Buckingham, UK] with the capability of
delivering 0-300 W of microwave power at 2.45 GHz with mono-mode operation (see
Figure 2-3 and 2-4). The fibre optic temperature measurement was used to monitor the
temperature of the external surface of the monolith [Omega Engineering Limited,
Manchester, UK] in addition to the infrared sensor fitted in the microwave cavity.

This microwave system also incorporates CEM’s Synergy software, offering increased
functionality and makes documentation recording and automating data handling much

easier.
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Figure 2-3 Set up for silica monolith fabrication and modification using single
mode cavity microwave. The fibre optic temperature measurement was used to
monitor the temperature of the external surface of the silica monolith during the
fabrication and modification processes in addition to the infrared sensor fitted in
the microwave cavity.

Hole for sample
preparation

Single cavity

microwave

Figure 2-4 Single cavity microwave that focuses the microwaves (2.45 GHz) around
the sample with maximum efficiency and offers rapid, reliable and reproducible
microwave-assisted fabrication and modification of silica monoliths.

The produced wet-gel monoliths were washed with copious amounts of purified water
and transferred to an aqueous solution of 1 M NH4OH (30 mL) [Fisher Scientific,
Loughborough, UK] contained within a conical flask (100 mL) [Fisher Scientific,

Loughborough, UK]. The flask was wrapped in aluminium foil and placed into an oil bath
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at 90 °C for 24 h. Next, the monolithic rods were taken out of the conical flask, washed
with purified water and placed back into an oven at 40 °C for 6 h and at 90 °C for 3 h
[Mega Electronics, Cambridge, UK]. Finally, the rods were transferred to a furnace
microwave for further heat treatment at 600 °C for 3 h (heating rate: 2 °C / min) [CEM
Microwave Technology Ltd, Buckingham, UK] to remove the remaining PEO and form
white silica-monolith rods. After preparation, the silica monolithic rods were cut to a

desired length of 1 cm (as shown in Figure 2-5).

Normal phase
silica monolith
prepared using
microwave
heating

Figure 2-5 Photograph of silica monolithic rods obtained using microwave heating
cutto1lcm.

2.1.3 Connecting the silica monolith with the borosilicate tube using the heat shrinkable

sleeving polytetrafluoroethylene (PTFE) tube

Before the monolithic silica rod was functionalised, it was connected to borosilicate tubes
(O.D. 3.90 mm) [Glassware, University of Hull, UK] using heat shrinkable
polytetrafluoroethylene (PTFE) sleeving, whose internal diameter shrinks from 4.8 mm
to 2.8 mm [Adtech Polymer Engineering Ltd., Stroud, UK]. The monolithic silica rod and
the borosilicate tube were placed inside the shrinkable tube, which was then placed in the
furnace [CEM Microwave Technology Ltd, Buckingham, UK] at 360 °C for 30 min to
seal the heat shrinkable tube around the borosilicate tube and monolithic silica rod. The
resulting silica monolithic column was ready to use for surface modification and drug

extraction.
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Figure 2-6 Silica-based monolith that was connected to the borosilicate tube using
PTFE shrinkable tube.

2.2 Derivatisation of the silica based monoliths with C1s phase

The surface of the silica monolith was chemically modified with C1g phase (octadecyl

groups) using two methods:

2.2.1 Cygphase modified silica monolith using conventional heating method

In the first procedure the silica monolithic column was washed with toluene [Fisher
Scientific, Loughborough, UK], which was followed by continuously flowing
chlorodimethyl octadecyl silane 95 % (CDMOS) [Sigma-Aldrich, Poole, UK] solution at
a flow rate of 20 pL/min for 9 hours. The surface functionlization was carried out at 80
°C for 9 h using conventional thermal heating. After C1g surface modification process the
monolithic silica column was thoroughly washed with toluene at a flow rate of 100

puL/min for 3 min.

2.2.2 Cygphase modified silica monolith using microwave heating method

The second silica monolith was first washed by toluene [Fisher Scientific, Loughborough,
UK] and then filled with ODS [Sigma-Aldrich, Poole, UK] solution prepared by mixing
ODS/Toluene 50% / 50% (v/v). C1g surface modification was achieved using single cavity

microwave system [CEM Microwave Technology Ltd, Buckingham, UK] for 40 min at
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80 °C and 120 W. The fibre optic temperature measurement was used to monitor the
temperature of the external surface of the monolith [Omega Engineering Limited,
Manchester, UK] in addition to the infrared sensor fitted in the microwave cavity. Next,
the monolithic silica columns were thoroughly washed with toluene at a flow rate 100

pL/min for 3 min,

2.3  Extraction

2.3.1 Materials

Caffeine anhydrous and eserine were used for preparation of standard solutions purchased
from [Sigma-Aldrich, Poole, UK]. Cig-bonded monolithic silica columns (monolithic
diameter 3.2 mm, length 1 cm) were prepared within the Department of Chemistry,

University of Hull.

2.3.2  Preparation of standard solutions

Stock standard solutions of caffeine and eserine were prepared separately by dissolving
an accurately weighed amount of each compound in purified water to achieve a
concentration of 1 mg/mL. All stock solutions were stored at 4 °C. 6 standard solutions
(10, 50, 100, 20, 300 and 400 pg/mL) in purified water were prepared by serial dilution
from the stock solutions (1 mg/mL). All standard solutions were freshly prepared every

week and stored at 4 °C.

2.3.3 HPLC conditions

All analyses were performed using HPLC-UV system [785A UV/Visible Detector from
PerkinElmer, California, USA] with a Symmetry Cig column, 4.6 mm x 250 mm packed
with silica particles 5 um from Waters [United Kingdom, Waters Limited, Centennial
Court, Centennial Park]. Samples were injected using a 20 uL internal-loop sample

injector. For caffeine analysis the mobile phase was methanol / (0.01) acetic acid
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(30% : 70%) (v/v) [Fisher Scientific, Loughborough, UK] run under isocratic conditions
at a flow rate of 1 mL/min and the detection wavelength was adjusted to 205 nm. For
eserine analysis the mobile phase was ACN /H20 (0.01 ammonium acetate) (80% : 20%)
(v/v) [Fisher Scientific, Loughborough, UK] run under isocratic conditions at a flow rate

of 1 mL/min and the detection wavelength was adjusted to 248 nm.

2.4  Fabrication of silica based monoliths with gold nanoparticles

2.4,1 Fabrication of silica monolith embedded by gold nanoparticles

The initial mixture of sol-gel was prepared by adding (0.305 g) PEO [Sigma-Aldrich,
Poole, UK] and 5 pL gold nanoparticles (50 nm diameter, amine functionalized NH>)
[Sigma-Aldrich, Poole, UK] to 4 mL (0.02 M) acetic acid solution [Fisher Scientific,
Loughborough, UK]. The mixture was stirred for 60 min while immersed in an ice bath.
After that two mL TMOS (tetramethylorthosilicate 98 %) [Sigma-Aldrich, Poole, UK]
was added to the former mixture and stirred for a further 60 min in the ice bath. A plastic
syringe (B.D Plastic 1 mL) [Scientific Laboratory Supplies, Nottingham, UK] was then
sealed at the outlet end with PTFE tape [ARCO Ltd. Hull, UK] and filled with the
monolith solution (0.5 mL). Next, the syringe barrel was placed into the single cavity
microwave [CEM Microwave Technology Ltd, Buckingham, UK] for 5 min at 120 °C
and 300 W. The fibre optic temperature measurement was used to monitor the temperature
of the external surface of the monolith [Omega Engineering Limited, Manchester, UK]
in addition to the infrared sensor fitted in the microwave cavity. The resulted wet-semi-
sold gel monolith was treated with an aqueous solution of 1M NH4OH (30 mL) [Fisher
Scientific, Loughborough, UK] contained within a conical flask (100 mL) [Fisher
Scientific, Loughborough, UK]. Afterwards the flask was wrapped in aluminium foil and

placed into an oil bath at 90 °C for 24 h. Finally, the monolithic rods were taken out of
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the conical flask and placed back into an oven at 40 °C for 6 h and at 90 °C for 3 h. After

preparation, the silica monolithic rods were cut to a desired length of 1 cm.

2.4.2 Physical modification of silica based monolith with gold nanoparticles labelled
with NH2 groups
The same sol-gel mixture and experimental setup as described in section (2.4.1) were
used to fabricate silica monoliths, except 5, 10 and 50 pL of gold nanoparticles labelled
by NH2 groups was placed on the top surface of the wet gel silica monoliths using
different moulds (such as 1 mL PD plastic syringe or Eppendorf tube 1 mL or UV plastic
cuvette 1 cm x 1 cm) [Scientific Laboratory Supplies Limited, East Riding of Yorkshire,
UK] (see Figure 2-7). In this procedure the resultant wet-semi-sold gel monoliths
modified with GNP-NH: were treated with an aqueous solution of 1M NH4OH using a

special holder to keep GNP-NHz out of the basic solution.

1cm

Gold nanoparticles |«

Silica monolith

Figure 2-7 Modified silica based monoliths with gold nanoparticles.
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2.4.3 Connecting silica monoliths with borosilicate tubes using heat shrinkable sleeving

polytetrafluoroethylene (PTFE) tube and heat gun

The silica monolithic rods were connected to the borosilicate tubes (0.d. 3.90 mm) using
the heat shrinkable sleeving polytetrafluoroethylene (PTFE) tubes. The average of
shrinking of internal diameter for PTFE tube was from 4.8 mm to 2.8 mm [Adtech
Polymer Engineering Ltd., Stroud, UK]. The monolithic silica rod and the borosilicate
tube were placed inside the shrinkable tube and a heat gun was then used for 5 min to seal
the heat shrinkable tube around the borosilicate tube and monolithic silica rod. The
resulting silica monolithic column was ready to use for surface modification and drug

extraction.

2.4.4 Oxazepam detection (antigen-antibody reaction)

The aim of the experiment was to immobilise the antibodies on the gold nanoparticles

(GNP) coated silica monolithic rods and to investigate their efficiency as immunosensor

using chemiluminescence. The procedure used to link the anti-oxazepam with amine

groups on the surface of GNP coated silica monolithic rods was as follows:

I- 2.2 mg of N-Hydroxysulfosuccinimide sodium salt [Sigma-Aldrich, Poole, UK]
and 0.8 mg of N-(3-dimethylaminopropyl)-N-ethyl-carbodiimide hydrochloride
(EDC) [Sigma-Aldrich, Poole, UK] were dissolved in 2 mL of phosphate buffer
saline (PBS) [Sigma-Aldrich, Poole, UK].

- 5 pL of Sulfo-NHS + EDC solution was taken and mixed with 5 uL of anti-
oxazepam to make anti-oxazepam solution.

I1lI- 10 pL anti-oxazepam solution was spotted on the surface of GNP coated silica
monolithic rods and left overnight in the refrigerator at 4 °C for 18 hours, and

covered (see Figure 2-8).
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5 UL (Sulfo—NHS + EDC solution)

+

5 uL of anti-oxazepam

—) Using pipettes

GNP + NH. == At 4 °C for 18 hours

Using syringe

> oump

1 mL PBS to remove unbound antibodies
at 100 yL/min

After that

1 mL from (0.5, 1 and 1.5 pg/mL)
oxazepam—-HRP solutions at 50 pL/min

Figure 2-8 The procedure for immobilization of anti-oxazepam on the surface of
GNP coated silica monolithic rods and detection of oxazepam-HRP.

The resulting silica monolithic columns were removed from the refrigerator and washed
each column with 1 mL PBS to remove unbound antibodies. After that, 1 mL from 0.5, 1
and 1.5 pg/mL oxazepam-HRP solutions were injected into modified (GNP-NH.) silica
monolithic columns at 50 pL/min. The columns were left for 1 hour to allow for
oxazepam—HRP to bind with their antibodies. To remove any unbound oxazepam, the
silica monolithic columns were then washed with 1 mL of PBS at 100 puL/min (see
Figure 2-8). A solution of luminol and hydrogen peroxide 1:1 (v/v) were added to each
top surface of silica monolithic column coated with GNP and a CCD camera was used

for analysis.

2.4.5 CCD camera

The light emitted from the chemiluminescent reaction that takes place is detected using a
Charge Coupled Device (CCD) Camera (QHY6 CCD camera) [QHXCCD, USA] fitted

with an 8 mm high resolution pixel lens [Coputar, USA]. Analysis was carried out using
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a custom — made control software [Randox Laboratories Ltd, UK]. The exposure time

was 2 min and concentrations of luminol and H20, were 10 mM.

2.5 Graphene monoliths

2.5.1 Fabrication of graphene monoliths using microwave heating

The graphene monoliths were fabricated following the Lianbin Zhang procedure 2% with
some modifications in the fabrication conditions. The monolithic structures of graphene
were prepared by the in situ reduction method using a combination of sodium iodide (Nal)
and oxalic acid (OA) as the reducing agents [Fisher Scientific, Loughborough, UK].
Briefly, 0.125 g of OA and 0.25 g of Nal were added to 5 mL of the GO suspension with
a concentration of 1 mg/mL. The initial mixture was sonicated for 10 min in order to
dissolve the OA and Nal. The resulting solution was transferred to a single cavity
microwave for 1 min at 90 °C and 130 W. The fibre optic temperature measurement was
used to monitor the temperature of the external surface of the monolith in addition to the
infrared sensor fitted in the microwave cavity. The resulted black rod of graphene

monoliths were thoroughly washed with ethanol and water to remove residual impurities.

2.5.2  Maodification of silica based monolith with graphene using microwave heating

The silica monolithic column was filled with a mixture of graphene oxide (GO)
suspension [Sigma-Aldrich, Poole, UK] at a concentration of 1 mg/mL, 0.125 g of oxalic
acid (OA) and 0.25 g of sodium iodide (Nal) [Fisher Scientific, Loughborough, UK]. The
surface functionlization of silica monolith with graphene phase was carried out using
single cavity microwave system for 1 min at 90 °C and 130 W. The fibre optic temperature
measurement was used to monitor the temperature of the external surface of the monolith
[Omega Engineering Limited, Manchester, UK] in addition to the infrared sensor fitted

in the microwave cavity. After the surface modification process the monolithic silica
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column was thoroughly washed with ethanol and water to remove residual impurities (see

Figure 2-9).

Normal phase silica monolith

Graphene silica monolith

Figure 2-9 Silica based monoliths before and after graphene modification.

The resulting graphene silica monolithic column was ready to use for drugs extraction or

surface modification.

2.5.3 Amphetamine extraction

Stock standard solutions of amphetamine were prepared separately by dissolving an
accurately weighed amount of compound in purified water to achieve a concentration of
1 mg/mL. The stock solution was stored at 4 °C. Three standard solutions (2, 20, 40
pg/mL) in purified water were prepared by serial dilution from the stock solutions
(1 mg/mL). Every week all the standard solutions were freshly prepared and stored at
4 °C. The monolith was used to extract the amphetamine drug. First, the total volume of
solution required to fill the column was determined by pumping the solution through the
column at constant flow rates (100 pL/min) until the first drop was observed at the exit.
All solutions were injected (monolithic volume) using a syringe pump at 50 pL/min. The
loading and extraction steps were as follows: first, cleaning and conditioning by methanol

(twice) and water (twice) at 100 pL/min; second, loading the standard solution
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(monolithic volume) at 50 pL/min; and third, washing the column with water (monolithic
volume) at 100 pL/min. This step was repeated three times. Fourth, the elution step was
carried out by the mobile phase (10:90 CAN: water with 1 % phosphoric acid pH 4)
(monolithic volume) at 50 pL/min. After each step a fraction was collected and injected
into the HPLC instrument, which used a C1g column and ultraviolet (UV) detection at 210

nm at a flow rate of 1 mL/min.

2.6 Characterisation of monolithic materials

2.6.1 SEM analysis

The morphology of silica monoliths were characterised by scanning electron
microscopy (SEM) using a Cambridge S360 scanning electron microscope [Cambridge
Instruments, Cambridge, UK]. The samples for SEM analysis were coated with a thin
layer of gold-platinum (thickness approximately 2 nm) using a SEMPREP 2 Sputter
Coater [Nanotech Ltd., Sandy, UK] in order to reduce microscope beam damage,
increase thermal conduction, reduce sample charging (increase conduction), improve
secondary electron emission and reduce beam penetration with improved edge
resolution. The scanning electron micrographs of silica monoliths were obtained using

an accelerating voltage of 20 kV and a probe current of 100 pA in high vacuum mode.

2.6.2 BET and BJH analysis

The Brunauer-Emmett-Teller (BET) was used to measure the surface area, pore size and
volume within the monoliths using nitrogen adsorption and desorption isotherms at 77 K
[Micromeritics Ltd., Dunstable, UK]. The pore volume and pore size distribution within
the monoliths were also determined from the isotherms using the BJH (Barrett-Joyner-

Halenda) model. As the micron-scale pores were too large to be determined by the
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adsorption isotherms, they were estimated by averaging 10 pore diameters measured from

the SEM images.

2.6.3 EDXanalysis

To determine the significant difference of the chemical composition on the internal
surface of the silica-based monolith, before and after modification using Energy
dispersive X-ray (EDX), analysis was performed by an INCA 350 EDX system [Oxford

Instruments, Abingdon, UK].
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3 Fabrication of silica monoliths based on

microwave heating

(Chapter 3)
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3.1 Introduction

The complexity of biological matrixes are used to test drugs of abuse, make drug abuse
screening very difficult without sample preparation.[?®!l Despite the development of
highly efficient analytical instrumentation for the endpoint determination of analytes in
biological samples, sample pre-treatment is still necessary to extract, isolate, matrix
modify and concentrate the analytes of interest.?%! Most analytical instruments have
difficulty in detecting sample analytes directly from biological sample when present at
low levels, and different methodologies are required for different sample or matrix
types.[?%! The interest in using solid phase methodology, based on monolithic structure
for analytes’ extraction, has grown recently in a number of areas such as environmental,
food and biological analyses.! This approach has also contributed to the miniaturization
of sample preparation, which can reduce the cost and time required for sample preparation,
in addition to improving the efficiency of the extraction. However, the fabrication of silica
monoliths does come with some problems, such as cost, limited capacity and fabrication

methodology, which can be time consuming and labour intensive. (3]

This chapter will focus on the time advantage gained by fabricating silica monoliths using
microwave heating compared to conventional oven heating methodology, which takes
around 3 days. The work will also investigate the effect of microwave heating on the
internal structures of silica monolith including surface area, pore volume and pore size,

and compares these to conventionally produce monoliths.
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3.2 Experimental

In this work monolithic silica rods were prepared according to the procedures described
in sections 2.1.1 and 2.1.2. Two types of heating were used during gel formation:
conventional thermal heating and microwave heating. The chemical composition and
reaction conditions utilized during silica monoliths’ fabrication are shown in Table 3-1 .

Table 3-1 Composition and reaction conditions for the preparation of monolithic
silica columns.

Column Silica Polymer Catalyst Method of heating
2mL PEO / kDa 4 mL

1 TMOS PEO 100 Acetic acid | Microwave at 25-70 °C
(0.282 q) (0.02 M) and 10-300 W

2 TMOS PEO 100 Acetic acid Oven at 40 °C
(0.282 q) (0.02 M)

3 TMOS PEO 100 Acetic acid | Microwave at 25-70°C
(0.305 g) (0.02 M) and 10-300 W

4 TMOS PEO 100 Acetic acid Oven at 40 °C
(0.305 g) (0.02 M)

5 TMOS PEO 200 Acetic acid | Microwave at 25-70°C
(0.282 g) (0.02 M) and 10-300 W

6 TMOS PEO 200 Acetic acid Oven at 40 °C
(0.282 g) (0.02 M)

7 TMOS PEO 200 Acetic acid | Microwave at 25-70°C
(0.305 g) (0.02 M) and 10-300 W

8 TMOS PEO 200 Acetic acid Oven at 40 °C
(0.305 g) (0.02 M)

After preparation, the resultant silica monolithic rods were cut to a desired length of

1 cm and characterised by SEM analysis for internal structure; energy dispersive X-ray

(EDX) analysis to find the elemental composition; and BET and BJH analysis to

measure the surface areas, pore volume and pore size.




3.3 Results and discussion

3.3.1 Silica monoliths fabrication using conventional thermal heating

In this work, the silica monolithic rods were prepared by a sol-gel method using
conventional thermal heating during the gel formation process according to that
procedure reported by Ping He. [l The rods produced were found to be white and crack-
free, as can be seen in Figure 3-1. Shrinkage of the monolithic structure during the
gelation process enabled the silica rods to be released easily from the mould. The rods
were then treated with an aqueous ammonia solution (1 M) at 90 °C for 24 h to produce

the mesoporous structure of the silica monoliths.

Figure 3-1 Photograph of white and crack-free silica monolithic rods using thermal
heating for preparation.

In order to identify the effect of each step of the sol gel process on the internal structure

of the silica monoliths, scanning electron micrographs were obtained (see Figure 3-2).
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Figure 3-2 Photographs for silica monolith consist of TMOS + PEO + 1 M nitric acid
(a) before 1 M NH4OH treatment (b) after 1 M NH4OH treatment (c) after 1 M
NHsOH treatment but before calcination (d) after 1 M NHsOH treatment and
calcination.

The images show that all silica monoliths contain co-continuous porous morphology
(shown in Figure 3-2), macro-porous structure created by the presence of PEO (see
Figure 3-2 a), and meso-porous structure produced after basic treatment (see Figure 3-2
b). In addition, it can be observed from Figure 3-2 (c) and (d) that there were no significant
differences on the internal structure of the silica monolith before and after calcination

step.
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3.3.2 Silica monolith fabrication using microwave heating

The gelation process in the sol-gel method is time consuming (3 days). Therefore, to
reduce the time of gel formation, microwave heating was used during gelation process
and an evaluation of the monolith morphology carried out. The mode and degree of
heating applied during the gel formation process plays a very important role in the
formation of the silica gel, because of their influence on the evolution of the hierarchical
pore size regimes. Due to flexibility of the sol-gel network, the silanol groups can react
with unreacted Si-OR groups or with other adjacent silanol groups during the
condensation process. Decreasing the gelation temperature in the sol-gel method resulted
in a delay in the phase separation. However, at temperatures above 70 °C the phase
separation and sol-gel transition are carried out together.[*°]

In the initial work the fabrication of silica monolith using microwave heating during gel
formation was carried out according to the earlier procedure reported by Neves, 2! where
the starting mixture included silicon alkoxide (TMQS), acid catalyst and polymer. The
power of the microwave was 300 W and the temperature was between 180 °C and 260 °C
for 10 minutes. A typical chemical composition used for the preparation of silica based

monolith is shown in Table 3-2.

Table 3-2 Chemical composition for preparation silica monolithic columns using
microwave heating.

Monolith | Microwave PEO TMOS | 1M nitric | Temperature | Time
Power 100 kDa acid
/W /g /mL /mL [°C /min
1 300 0.305 4 2 180-260 10
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Figure 3-3 Photograph of silica monolith prepared from TMOS + 1 M nitric acid +
PEO using microwave heating at 180-260 °C for 10 min and 300 W.

The photograph in Figure 3-3 shows a tiny fraction of silica monolith produced from the
initial experiments. The rather poor result is probably due to using microwave heating at
very high temperatures (180-260 °C) and high power (300 W) during the gelation step,
which created a weak cross-linked silica network resulting in a substantial deformation
and shrinkage of the monolithic structure. For this reason, the next experiment was carried
out at a reduced microwave power of 150 W and the heating temperature was at 100 °C
for 10 min, in order to control the sol-gel formation and create a uniform macro porous

network structure (see Figure 3-4).

Figure 3-4 Photograph of silica monolith prepared from TMOS + 1 M nitric acid +
PEO using microwave heating at 100 °C for 10 min and 150 W.

This figure indicates that decreasing the temperature and power of the single mode cavity
microwave produced a rod shaped silica monolith, but to improve the morphological
structure of the silica monolith it was decided to increase the time of gelation to 30 min
and decrease the heating power to 50 W, to see if that would assist the formation of the

silica monolith structure.
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Nakanishi et al.[®l reported that the silica monolith morphology is strongly dependent on
the time interval between the on-set of phase separation and the sol-gel transition. If the
gelation and phase separation of the silica monolith are in contact with each other a fine
macro porous network will be produced. This phenomenon is a possible reason for the

silica monoliths produced in this work.

Figure 3-5 Photograph of silica monolith prepared from TMOS + 1 M nitric acid +
PEO using microwave heating at 40 °C for 30 min and 50 W.

It was found that reducing the power of the microwave resulted in a decrease in heating
temperature (40 °C), which formed a transparent silica monolith due to a high water

content (see Figure 3-5).

In general, the effective dielectric loss (¢"eff) for most materials is elevated by increasing
the temperature over room temperature. However, once the material reaches Tc (critical
temperature), either through microwave absorption or through an external source, the
heating rate increases significantly. If the microwave power applied to the material

continues after Tc, then &"eff increases very rapidly.

To solve this problem we decided to use a gradient microwave heating profile (1 min at
10 W then 1 min at 20 W then 1 min at 40 W then 1 min at 80 W then 1 min at 160 W).
The heating profile was started from very low power to gradually enhance the hydrolysis
and polycondensation reactions, and reached the maximum heating temperature of 75 °C

in the last min where phase separation and sol-gel transition was carried out together.
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Figure 3-6 Photograph of silica monolith prepared from TMOS + 1M nitric acid +
PEO using microwave heating with this condition 1 min at 10 W then 1 min at 20
W then 1 min at 40 W then 1 min at 80 W then 1 min at 160 W.

Disappointingly, this method produced an irregular monolithic rod; however, the
monolithic rod was dry and white (see Figure 3-6). A possible explanation could be
incompatible hydrolysis and polycondensation reactions during the process of gel
formation due to the high concentration of acidic catalyst in the starter mixture. Since the
interaction of microwave radiation with a molecule depends on its molecular
polarizability. 0.02M acetic acid was suggested to use as the catalyst in the starter mixture

which, N-O bonds is not nearly as polar as O-H bonds.

Figure 3-7 Photograph of silica monolith prepared from TMOS + 0.02 M acetic
acid + PEO using microwave heating with this condition 1 min at 10 W then 1 min
at 20 W then 1 min at 40 W then 1 min at 80 W then 1 min at 160 W.

It was found that a decrease in the concentration of the acid catalyst, and using gradient
heating profile (microwave conditions 1 min at 10 W then 1 min at 20 W then 1 min at
40 W then 1 min at 80 W then 1 min at 160 W then 1 min at 300 W), produced a white

uniform silica monolithic rod, as can be seen in Figure 3-7. Thus, by using a gradient
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microwave heating process, with an appropriate starter mixture, a suitable silica
monolithic structure with low content of water could be successfully produced.
SEM analysis was used to evaluate the internal structure of silica monolith obtained by

microwave heating.

Figure 3-8 Scanning electron micrographs for silica monolith prepared from TMOS
+0.02 M acetic acid + PEO using microwave heating at this condition 1 min at 10 W
then 1 min at 20 W then 1 min at 40 W then 1 min at 80 W then 1 min at 160 W.

The resulting monolithic rod contains co-continuous porous morphology. However, the
sizes of the macro-porous structures varied and were randomly distributed within the
silica monolith (see Figure 3-8). The most likely reason could be unequal distribution of
the microwave heating within the silica monolithic rod or an inadequate time of
microwave heating during gel formation process. In order to find a suitable procedure for

producing silica monolithic rods with a uniform bimodal pore structure, the effect of
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heating time, when using the microwave during gel formation step, was investigated. The
time of gradient microwave heating during the gelation process was increased to 11 min
(2 min at 10 W then 2 min at 20 W then 2 min at 40 W then 2min at 80 W then 2 min at

160 W then 1 min at 300 W).
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Figure 3-9 The relation between applied power (W) by single cavity microwave and
temperature (°C) of the external surface of the silica monolith measured using the
fibre optic temperature sensor. The error bars represent the standard deviation of
5 repeat experiments.

The Figure 3-9 indicates that the temperature of silica structure was rapidly increased by
increasing the power of the microwave. The chemical composition and conditions were

applied to fabricate the silica monolith are listed in Table 3-3.

Table 3-3 Chemical composition and conditions for silica monolith fabrication using
microwave heating.

Heating PEO TMOS | Acetic acid Temperature? | TimeP°
method 100K 0.02M
/g /mL /mL /°C /min
MW 0.282 2 4 25-70 11

MW for microwave.
@ Temperature for gel formation.
b Time for gel formation

85



Figure 3-10 Photograph of (TMOS + PEO + 0.02 M acetic acid) monolith obtained
using microwave heating at this condition 2 min at 10 W then 2 min at 20 W then 2
min at 40 W then 2min at 80 W then 2 min at 160 W then 1 min at 300 W.

The resultant silica monolithic rod was found to be white and crack-free as can be seen
in Figure 3-10. Evaluation of the internal structure of formed silica monolith was carried

out using SEM analysis (see Figure 3-11).

Figure 3-11 Scanning electron micrographs for silica monolith prepared from
TMOS + 0.02 M acetic acid + PEO using microwave heating at this condition 2 min
at 10 W then 2 min at 20 W then 2 min at 40 W then 2min at 80 W then 2 min at 160
W then 1 min at 300 W.
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The result shows that increasing the time of gradient microwave heating from 5 min to
11 min produced a silica monolithic with improved bimodal pore structure distributed
over the silica monolith with uniform size. A possible reason could be the increased time
of gradient microwave heating offered sufficient time for two major reactions in the sol-
gel method to occur in sequence: hydrolysis and polycondensation. Moreover, using the
gradient mode for microwave heating enhanced the time interval between the on-set of
phase separation and the sol-gel transition, and caused the skeleton growing behaviour to
be more efficient.

A schematic comparing the fabrications of silica based monoliths using microwave
heating and conventional heating methodology (oven) during gel formation process is

shown in Figure 3-12.

d

PEO + Acetic acid ?

Mixing for 1 hour in anice
conventional heating at bath Microwave heating for
oven 40 °C for 3 days { 11 min
* Add TMOS then stirring for "
Washing with water for 40 min in an ice bath Washing with water for
6 hours 6 hours
1M NH,OH Treatment for 1M NH,OH Treatment for
24 hour at 90 °C 24 hour at 90 °C
Washing with water for Washing with water for
24 hours ﬁ Drying i 24 hours
Drying at 40°C for 6 h

Thenat90°Cfor3 h

L 2

Calcination at 600 °C for
3 hours

Figure 3-12 Methods for silica monolith preparation based on microwave heating
and conventional thermal heating.
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3.3.3 Effects of the concentration and molecular weight of polymer in the internal

structure of the silica monoliths

Since the composition of the starter mixture has a great effect on the physical and
chemical properties of the silica monolith (e.g. morphology, permeability and selectivity),
the influence of the amount of polymer on the internal structure of the silica monolith was
investigated. A number of silica monoliths were prepared in this study based on TMOS,
acetic acid and PEO. The concentration and molecular weight of PEO were varied. The
compositions of the initial solutions using microwave and conventional oven heating

methods during gel formation processes are listed in Table 3-1.

Figure 3-13 Scanning electron micrographs of silica monoliths prepared from
tetramethoxysilane, (0.02 M) acetic acid and polyethylene oxide PEO 0.282 g (a)
MW heated, (b) oven heated; or 0.305g PEO (c) MW heated, (d) oven heated.
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Scanning electron micrographs of the silica monoliths produced using the same
composition but different heating modes during gel formation, indicated that a similar
uniform channel structure distributed homogeneously throughout the bulk phase (see
Figure 3-13), and that bimodal pore structure was found in both of them (see Figure
3-14). However, the microwave method offered a significant reduction in the time
required for gel formation (11 min), compared to the conventional oven heating

methodology (3 days).

Figure 3-14 Scanning electron micrographs of silica monoliths prepared from
tetramethoxysilane, 0.02 M acetic acid and polyethylene oxide PEO 0.282 g (a) MW
heated and (b) oven heated.

The effect of microwave heating on the sol-gel reactions was observed from the formation
of condense network structure (see Figure 3-14 a). The physical properties include surface
areas, pore volume and pore size of silica monolithic rods, measured using BET and BJH

analysis (see Table 3-4).
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Table 3-4 Physical properties of silica monoliths 1-8 using microwave heating and
oven heating methodology during gel formation process.

Column | Heating | Surface Diffusion Diffusion Flow-through
method area pore size pore volume | pore diameter
/m? gt /nm lcm3 gt /um
1 MW 333 13.4 1 1.3
2 Oven 513 7.4 0.98 .89
3 MW 440 10.3 14 1
4 Oven 470 7.9 0.92 97
5 MW 521 9.1 1.2 11
6 Oven 460 8.5 0.99 1.5
7 MW 574 9 1.3 0.8
8 Oven 479 7.9 0.99 0.96

MW for microwave

Table 3-4 shows the data obtained from the silica monoliths prepared using the same
chemical composition but different heating methods during gel formation process. In
earlier work, Motokawa et al.[®® prepared silica monolithic columns with various sizes of
skeletons and through-pore structures. The silica monoliths with smaller through-pore
size and thinner skeleton structure offered higher surface area, lower back pressure and
greater efficiency. From the results it can observed that the monolithic column obtained
from the microwave heating procedure gave an average pore volume of between 1 and
1.4 cm?g and a surface area between 333 and 574 m?/g, compared to silica monoliths
obtained using oven heating method during gel formation process, where the average pore
volume was between 0.92 and 0.99 cm?/g and the surface area between 460 and 513 m?/g
(see Table 3-4). The reduction of through-pore size and skeleton size was increased by
increasing the amount of PEO in the starter mixture. This observation indicated that the
monoliths produced using microwave heating do not appear to be significantly different

from similar monoliths, with the same chemical composition, produced by conventional
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oven based heating. However, the microwave method makes a significant reduction in

the time required for gel formation.

3.3.4 Comparison between the weights of silica monoliths obtained by microwave

heating and similar monoliths obtained by thermal heating

In this experiment the weights of silica monoliths using microwave heating and similar
monoliths using thermal heating were measured by analytical balance (Ray-Ran Test

Equipment Ltd. UK).

Table 3-5 Composition and weights of monolithic silica columns 1-8 using
microwave heating and oven heating methodology during gel formation process.

Col. | Method Acetic Weight
of PEO | PEO | TMOS acid Length after
heating 0.02M calcination
/g /kDa /mL /mL /cm /g
1 MW 0.282 100 2 4 1 0.0265
2 Oven | 0.282 100 2 4 1 0.0275
3 MW 0.305 100 2 4 1 0.0280
4 Oven | 0.305 100 2 4 1 0.0278
5 MW 0.282 200 2 4 1 0.0255
6 Oven | 0.282 200 2 4 1 0.0280
7 MW 0.305 200 2 4 1 0.0275
8 Oven | 0.305 200 2 4 1 0.0280

MW for microwave

Interestingly, the silica monoliths prepared with microwave heating were found to have
a similar mass compared to the same monoliths obtained by conventional thermal heating
(see Table 3-5). This indicates that the weights of the silica monoliths were not
significantly affected when microwave heating and thermal heating was used during the

gel formation process.
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335 Effect of use F127 on the internal structures of silica monolith

In this experiment the effect of using F127 instead of PEO on the internal structures of
the silica monoliths using microwave heating or conventional thermal heating during gel

formation process was investigated.

Figure 3-15 Scanning electron micrographs of silica monoliths prepared from
tetramethoxysilane, (0.02 M) acetic acid and F127 (a) oven heated and (b) MW
heated.

Scanning electron micrographs of the silica monoliths (see Figure 3-15) confirmed that
microwave heating procedure can form a wide range of the silica monoliths including
bimodal pore structure that can allow for extraction large and small molecules at same
time.

Table 3-6 Physical properties of monoliths 9 and 10 using microwave heating and
oven heating methodology during gel formation process.

Col. Method of Surface Diffusion Diffusion Flow-through
heating area pore size pore volume | pore diameter
/m? gt /nm /cm3 gt /um
9 MW 326 10.8 0.86 14
10 Oven 387 10 0.96 1.3
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Table 3-6 shows that using thermal heating with F127 silica monolith created a slightly
larger surface area compared to the similar monolith produced using microwave heating.
Furthermore, there are no significant differences in the rest of comparative physical

properties.

3.4  Summary
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Monolithic columns 1-10

Figure 3-16 Surface areas of monolithic silica columns 1-10 using microwave heating
and oven heating methodology during gel formation process.

The use of microwave heating during the gel formation process has been found to not
only reduce the gelation time but also improve the physical characteristics of the silica
monolith (such as surface area). A range of microwave heating methods were investigated
for their potential to form silica monoliths.

The choice of chemical composition is important since it has a significant effect on the
internal structure of the silica monolith. The initial successes using a gradient microwave
heating during the gel formation process showed a significant variation in the size of
macro-porous structure. Under optimised conditions, the use of a microwave based
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method can significantly reduce the gelation time to 11 min, with ideal morphological
features, compared to the gelation step using the thermal heated oven methodology 4,320
min. Monoliths produced with PEO 200K by microwave heating showed higher surface
area than oven heated monoliths. The highest surface area was found on the silica
monolith prepared using microwave heating and a chemical composition including
TMOS (2 mL), 0.02 M acetic acid (4 mL) and 0.305 g of PEO (200K MW).Extending
this approach into the surface functionalization of silica monolith will be the subject of

ongoing research.
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4 Modification of silica based monoliths with Cis

phase using microwave heating

(Chapter 4)
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4.1 Introduction

The current methodology for screening drugs of abuse in biological samples involves
several extraction techniques such as solid-phase extraction (SPE) and liquid-liquid
extraction (LLE). The method of solid-phase extraction (SPE) can be combined with high
performance liquid chromatography (HPLC) to be suitable for extracting and detecting a
wide range of drugs and their metabolites.[*]

The distinctive properties of highly porous silica monolith make it an ideal base material
for drug extraction. The hydroxyl groups on the silica surface allow for different
functional groups to be bonded and increase its selectivity.[*4]

C1s silica monolith is the most common column used for drug extraction.??% To make the
sorbent hydrophobic the surface of the silica based monolith can be chemically modified
with a long alkyl chain. The hydrophobicity of silica monoliths can be increased by
lengthening the alkyl chain and, as a result, the hydrophobic interaction will be increased

between the sorbent and selected compound.®?!

There are three different methods for C1g modification. The first one is known as the brush
form, which is obtained by a reaction of the silanol groups on the silica surface with
monochlorodimethyloctadecylsilane and produces monomeric ligands chemically
attached to the silica monolithic surface. The second form is called oligomer, which is
obtained by reacting dichloromethyloctadecylsilane with each silanol site of silica
surface. The last form is a bulk form where the trichlorooctadecylsilane reacts with a
silica surface and produces a three dimensional polymer surface structure. Synthesis of

oligomer and bulk form is difficult and expensive.!?®!

It was decided to use the brush form in this project, due to its easy fabrication and the
high extraction efficiency it offers. However, the conventional method for C1s surface

modification using thermal heating takes a very long time: 9 h according to the
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procedures described in the previous literature. [ Therefore, this work attempts to
enhance the modification reaction by using an appropriate heating method, such as
microwave, to complete the modification process within a shorter period, and to

improve the efficiency of the modified surface.

4.2  Experiment

The silica monolithic column was fabricated and modified with C1g phase according to
the procedures described in sections 2.1.2 and 2.2.2, respectively. The chemical
composition and reaction conditions that produced the highest surface area in the previous
work (chapter 3 - column 7) were initially selected for the functionalization work. Using
a very high temperature 330 °C during sealing process can decompose the Cig stationary
phase as shown in Figure 4-1. Therefore, the modification of the silica monolith with

octadecyl groups needs to be carried out after sealing.

Silica monolithic
—p 00 sealing before

\ClS modification

Silica monolithic
rod sealing after
Cis modification

Figure 4-1 Effect of using high temperature (330 °C for 2 hours) during sealing
process on the appearance of the octadecylated silica monolithic columns.

4,2.1 Cig phase modification

The mechanism of modification reaction of Cig phase with silica monolithic surface is

shown in Figure 4-2.
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Figure 4-2 Shows the reaction of the silanol groups of the monolithic silica surface
with octadecyl groups in the chlorodimethyloctadecylsilane solution. (€]

A typical weight and reaction conditions that were utilized for modification of silica

surface with Cig phase are shown in Table 4-1.

Table 4-1 Chemical composition and reaction conditions for Cis phase modification

Method of ODS | Toluene Flow rate Temperature Time
heating ] ]
/g /mL /uL/min [°C /min
Thermal 1 10 20 80 540
Microwave 1 1.2 =1g | Just fill the column 80 40

After C1g modification process the monolithic silica column was thoroughly washed
with toluene, THF, MeOH / H>O 50/50 (V/V), MeOH and H>0 in sequence at a flow

rate 100 pL/min for 15 min.

4.3 Results and discussion

Initially, the Cig surface modification of silica monoliths was carried out using

conventional thermal heating methodology. The elemental characterization of normal

98



phase silica monolith and modified silica monolith with C1g phase were obtained using

energy dispersive X-ray (EDX) analysis (shown in Figure 4-3 and Figure 4-4).
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Figure 4-3 EDX spectra of non-modified silica-based monolith.

Table 4-2 Quantitative EDX analysis for all elements in non-modified silica-based
monolith using quantitative EDX analysis.

Spectrum C O Si Total

sample 1 1.93 | 46.69 | 51.38 | 100.00
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Figure 4-4 EDX spectra of silica-based monolith modified with Cis phase using
thermal heating method.

Table 4-3 Quantitative EDX analysis for all elements in silica-based monolith
modified with Cis phase using thermal heating method.

Spectrum

C

o)

Al

Si

Total

sample 2

40.3

32.3

0.1

27.3

100.0

The EDX spectra indicates that the carbon (C) peak on the silica surface after Cis

surface modification increases significantly compared to the normal phase of silica-

based monolith.
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4.3.1 Optimisations of silica monoliths modification with Cyg phase

When developing this procedure, speed of analysis was the main issue. For this reason, a
range of reaction times were carried out to see if a reduction could be achieved whilst
maintaining the increased attachment of the octadecyl groups. In order to modify the
surface of silica monoliths as quickly as possible, the effect of time of microwave heating
on the Cig surface modification process was investigated. EDX analysis of silica

monolithic columns before and after C1s surface modification was also obtained.
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Fractions / 350 puL

Figure 4-5 Chart of percentages of extracted caffeine (100 pg/mL) at three different
flow rates 50, 100 and 200 pL/min using Cissilica monolithic column prepared using
conventional thermal heating. The error bars represent the standard deviation of 3
repeat experiments.

To find the best flow rates can be used during the extraction of caffeine. Three samples
of caffeine standard (350 pL) 100 pg/mL were extracted at three different flow rates 50,
100 and 200 puL/min using Cig silica monolithic column prepared using conventional
thermal heating. Form the results it was observed that increasing the flow rate during
extraction from 50 pL/min up to 200 puL/min resulted in a decrease in caffeine yield. The
greatest average of caffeine extracted by Cig silica column prepared using the

conventional heating method was found 90 % at a flow rate of 50 uL/min. The recoveries
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of caffeine at flow rates 100 and 200 pL/min decreased to approximately 81 % and 46 %,

respectively (see Figure 4-5).

4,3.2 Calibration curve

The calibration curve was carried out using reference standard solutions of caffeine with
a range of concentrations: 10, 50, 100, 200, 300 and 400 pg/mL. All standard solutions
were analysed directly in triplicate by HPLC-UV and the peak areas were plotted against
concentration. Good linearity was observed for the calibration curve, which was used to

quantify the fraction during extraction experiments (see Figure 4-6).
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Figure 4-6 Calibration curve for caffeine was obtained using a wide range of
concentrations: 10, 50, 100, 200, 300 and 400 pg/mL in order to check the ability of
column to extracte low and high concentreation sample. The error bars represent
the standard deviation of 3 repeat experiments.

Caffeine is known to absorb UV light in the wavelength range of 205-273 nm.2%™] In this
work, the signal intensities of the standard sample of caffeine (100 pg/mL) were
investigated at three different wavelengths: 205, 245, and 273 nm according to the
procedure in section 2.3.3. Figure 4-7 shows the absorbance of caffeine using three

different UV wavelengths. The strongest maximum absorbance for caffeine was found at
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205 nm, whereas the highest of the peaks significantly reduced at 273 and 245 nm.

Therefore, the detection of caffeine was done at 205 nm.

3.5

2.5

1.5

Absorption / AU

0
205 245 273

Wavelength / nm

Figure 4-7 UV absorbance wavelength for caffeine standard (100 pg/mL). The
error bars represent the standard deviation of 3 repeat analyses.

The retention time of caffeine standard that was injected directly into the HPLC-UV
system was 2.02 min. No interfering or impurity peaks were observed around the peak

of analyte (see Figure 4-8).
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Figure 4-8 The UV chromatograms of caffeine standard (100 pg/mL). Experimental
conditions: the mobile phase was methanol / 0.01 acetic acid (30:70) (V/V) run under
isocratic conditions at flow rate 1 mL/min and the detection wavelength was
adjusted to 205 nm, injection volume was 20 pL. The separation column was
Symmetry Cis, 4.6 mm X 250 mm packed with silica particles size 5 pm. All
experiments were performed at ambient temperature around 25 °C.

According to the literature, the most useful temperature for modifying a silica surface

with a Cig phase is 80 °C.12%81 To find the best temperature for microwave heating during

Cissurface modification, three degrees of heating were used (see Table 4-4).
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Table 4-4 Quantitative EDX analysis for all elements in three silica-monolithic
columns modified with Cis phase using microwave heating at 80 °C, 100 °C and
110 °C for 10 min.

TMOS monolith modified with Cys C O Si Cl Total
phase using microwave heating

At 80 °C for 10 min 105 | 421 47.3 0.1 100.0
At 100 °C for 10 min 9.6 42 48.3 0.1 100.0
At 110 °C for 10 min 8 44.1 47.8 0.1 100.0

Based on all previous results it was found that the best UV wavelength for detection of

extracted caffeine was 205 nm, and the optimum temperature of microwave heating for

Cig surface modification was 80 °C.

The general procedure for caffeine (100 pg/mL) extraction was as follows:

Table 4-5 sequence of extraction procedure of caffeine standard using the Cis silica
monolithic column.

Step Procedure Amount Flow rate | Time
/uL /uL/min | /min
Conditioning | Inject THF, MeOH/ H.O 300 100 12
50/50 (V/V), MeOH and | from each solution
H-0 in sequence. or reagent (volume
of the monolithic
column was 300 pL)
Load sample | Inject standard of 50 6
caffeine dissolved in a
purified water (100 300
pg/mL).
Washing Inject purified water 900 100 9
Elution Inject MeOH/ H20 and 50 6
collect the eluent into the 300
Eppendorf tube
(1 mL).
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In the initial work the temperature of microwave heating during C1g surface
modification was adjusted to 80 °C at 120 W for 10 min, and detection of caffeine was

done at 205 nm.
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Figure 4-9 EDX spectra of silica-based monolith modified with Cis phase using
microwave heating for 10 min at 80 °C and 120 W.

Table 4-6 Quantitative EDX analysis for all elements in silica-based monolith
modified with Cis phase using microwave heating for 10 min at 80 °C and 120 W.

Spectrum C @) Si Cl | Total

sample 3 105 | 421 | 47.3 [ 0.1 | 100.0

The EDX result shows that new peaks for carbon (C) and chlorine (CI) were observed on

the modified silica surface due to the chemical composition of the modification reagent
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(chlorodimethyl octadecyl silane) (shown in Figure 4-9 and Table 4-6 ). In this case the
recovery of caffeine (100 pg/mL) was found to be only 55 %.

To overcome this issue of low binding, it was decided to increase the time of Cisg
modification reaction to investigate if increasing the time of reaction would help the Cis

phase to cover more surface binding sites and increase the area of adsorption.
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Figure 4-10 EDX spectra of silica-based monolith modified with Cis phase using
microwave heating for 20 min at 80 °C and 120 W.

Table 4-7 Quantitative EDX analysis for all elements in silica-based monolith
modified with Cis phase using microwave heating for 20 min at 80 °C and at 120 W.

Spectrum C O Si Cl | Total

sample 4 11.2 | 514 | 37.3 [ 0.1 | 100.0
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Increasing the time of microwave heating from 10 min to 20 min at 80 °C and 120 W,
during the modification binding step, resulted in an increase in the recovery of caffeine
from a standard sample (100 pg/mL) to 65 %. In addition, the peak of carbon (C) on the
silica surface was found to be slightly larger (shown in Figure 4-10 and Table 4-7).

In order to improve the interaction further between the Cig phase and internal surface of
the silica monolith the time of modification was increased again to 30 min at 80 °C and

at 120 W.
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Figure 4-11 EDX spectra of silica-based monolith modified with Cis phase using
microwave heating at 80 °C and 120 W for 30 min.

Table 4-8 Quantitative EDX analysis for all elements in silica-based monolith
modified with Cis phase using microwave heating for 30 min at 80 °C and 120 W.

Spectrum C @] Si Total

sample 5 11.9 | 50.0 | 38.1 | 100.0
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The extraction efficiency of caffeine using this condition was found to be 73 % and the
amount of carbon (C) on the surface of silica monolith was also slighlty increased (shown
in Figure 4-11 and Table 4-8).

Finally, increasing the time of Cis surface modification, based on microwave heating up
to 40 min at 80 °C and 120 W, hugely increased the peak associated with surface carbon
(C) and enabled more binding of C1g phase to the surface of the silica monolith (shown in

Figure 4-12 and Table 4-9).
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Figure 4-12 EDX spectra of silica-based monolith modified with Cis phase using
microwave heating at 80 °C for 40 min and 120 W.

Table 4-9 Quantitative EDX analysis for all elements in silica-based monolith
modified with Cis phase using microwave heating for 40 min at 80 °C and 120 W.

Spectrum C O Si Cl | Total

sample 6 425 | 30.6 | 26.8 | 0.1 |100.0
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The efficiency of caffeine extraction reached 102 %. However, increasing the time of
microwave heating more than 40 min at 80 °C lead to burn the Cgg silica monolith (see

Figure 4-13).

Figure 4-13 Silica monolithic column using microwave heating for 50 min at 80 °C
during Cissurface modification.

110



4.3.3 Characterisations of silica monoliths before and after silica surface modification

with Cig phase

Scanning electron micrographs of modified silica monoliths were obtained in order to
investigate the effect of using microwave heating during C1s surface modification on their

morphological structure, compared to conventional thermal heating methodology.

Figure 4-14 SEM images of the silica-based monolith before Cissurface modification
(a and d), and after surface modification with Cis phase (b and c) using thermal
heating, (f and g) using microwave heating.
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Figure 4-14 shows images of silica monoliths before and after conventional thermal
heating and microwave heating methods during the Cig surface modification. It was
observed that the shapes of the through-pores structures of Cig silica monoliths were
relatively round and smaller than those in non-modified silica-based monoliths. A
possible reason could be anchoring of organic moieties on the inner surface of the pores
structure. However, the structural morphology of both silica monoliths before and after
Cis surface modification process was found to be similar, and there was no significant

difference in the size of macroporous in both of them.

4.3.4 Physical properties of Cigsilica monoliths

In order to compare the silica monoliths before and after using conventional thermal and
microwave heating methods during C1g surface modification, the physical properties of
the silica monoliths were obtained using BET and BJH analysis. The effects of the Cis
surface modification on the total surface area, average pore size, total pore volume and
macro pore diameter of silica based monoliths were investigated (see Table 4-10).

Table 4-10 Physical parameters of silica monoliths before and after Cis surface
modification using microwave heating and thermal heating methodology.

Column Surface Diffusion Diffusion Flow-through
area pore size pore volume pore diameter
/m? gt /nm /cm3 gt /um
MW before Cisg
modification 570 9.1 1.2 1.1
MW after Cysg
modification 527 9.0 1.1 1
Oven before Cys
modification 479 8.5 0.99 15
Oven after Cis
modification 424 7.9 0.88 1.3

Table 4-10 shows that the BET surface areas of the silica-based monoliths using

microwave heating and conventional thermal heating methods during Cis surface
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modification decreased compared to non-modified silica monoliths. The average
mesoporous size of Cygsilica monoliths were found in the range 7.9-9 nm, which was a
little smaller than the average mesoporous size in the non-modified silica-based
monoliths 8.5-9.1 nm. That could be due to microwave interaction with the OH which is
possibly more specific than the thermal heating which can improve the replacement of
surface silanol groups on the silica monoliths by larger chemical groups. The total pore
volumes of these monoliths also decreased after Cig surface modification, to 1.1 cm?®/g in
microwave one and 0.88 cm?3/g in the thermal Cyg silica monolith. The reduction of the
surface area, pore size and volume of Cyg silica monoliths was expected; however, the
alkyl chains attached to the surface of the silica monoliths were not visible in the SEM
micrograph, probably due to the low density of the organic moieties compared to the silica
monolith matrix, or the low sensitivity of the characterisation method. For this reason, it
was very important to make sure that the Cig phase coated not only the outer surface of
the silica monolith but also the inner surface of whole monolithic column. Three cross-
sections from each modified silica monolith, using microwave heating methodology
during the C1g surface modification process, were obtained (upper - mid and lower). The
percentage of carbon in each cross-section was investigated using energy dispersive X-
ray (EDX) analysis.

Table 4-11 Quantitative EDX analysis for all elements in all cross sections of silica-
monoliths modified with Cis phase using microwave heating for 40 min at 80 °C.

Spectrum C 0] Si Cl | Total
Upper-section 405 (329 |26.6 |0.0 |100.0
Mid-section 42.6 |30.6 |[26.8 |0.0 |100.0
Lower-section 39.2 [(33.7 |27.0 |0.1 |100.0

113



From the results in Table 4-11, it can be seen that the internal surface of all cross sections
were modified with the Cyg phase. The EDX results show that the percentage of carbon
(C) in all cross sections was found similar, as can be seen in Table 4-11. The previous
results confirmed that the ability of microwave heating to be used in the monolithic

fabrication and Cig surface modification

4.3.5 Performance of Cigsilica monoliths

One of the most effective methods for characterising stationary phases is a simple
evaluation of extraction efficiency. Therefore, extraction of selected analytes, using
microwave Cig silica monoliths and thermal Cig silica monolithic columns, were

performed. Two types of analytes were chosen: caffeine and eserine.

4.3.5.1 Extraction procedure

All details of the extraction process, including materials, sample preparation and HPLC

conditions, were described in sections 2.3.1, 2.3.2 and 2.3.3 respectively.

4.3.5.2 Breakthrough curve

One of the most important factors to determine the capacity of the extraction device is the
analyte breakthrough volume. To plot the breakthrough curve, the same amount of analyte
was introduced into the Cig silica columns at the same flow rate. The analyte was
quantitatively retained by the stationary phase from the first sample up to the point where
the mass of the analyte exceeds retention capacity of the extraction phase. At the
saturation point the amount of analyte entering and exiting the extracting device becomes
identical. The breakthrough point is the first point on the curve where the analyte is
detected at the outlet of the extracting device. In order to calculate the capacity of the
extracting device the mass fractions of the analyte added during sampling time, up to the

breakthrough point, are quantitatively summed to obtain the retained quantity.
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4.3.5.3 Capacity of C1g phase

The capacity of both types of Cig TMOS columns (microwave and thermal
functionalization) for caffeine were calculated. A standard solution was prepared by
dissolving 100 g of caffeine in 1 mL of purified water. After conditioning both Cisg
monoliths (1 cm) with 2 mL of methanol, and 2 mL of purified water at flow rate 100
puL/min, 25 fractions (350 pL each) of the analyte were loaded and the eluent collected
during the loading step. The amount of caffeine present in each fraction loaded was 35
pg. Each fraction was collected manually and measured by the HPLC-UV system using
Symmetry Cis, 4.6 mm x 250 mm packed with silica particles size 5 um and the detected
wavelength was 205 nm. A standard calibration curve was used to quantify the extracted
caffeine (see section 4.3.2). Breakthrough occurred on microwave C1s-TMOS monolith
after loading 7000 pL of caffeine standard solution, compared to the thermal C1s- TMOS
monolith where the breakthrough took place after loading 5650 pL of the same standard

solution (see Figure 4-15).
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Figure 4-15 Breakthrough curves for Caffeine standard (100 pg/mL), each point
represents one fraction of solution (350 pL) contain (35 ug) of caffeine adsorbed on
( ) microwave Cais silica monolith and (——) on thermal Cis silica monolith.
The error bars represent the standard deviation of 3 repeat experiments.

The capacity of both C1 TMOS monoliths was calculated, as shown in Table 4-12.
115



Table 4-12 Composition and capacity of microwave Cis -TMOS column (Cis at

80 °C for 40 min and 120 W) and thermal C1s-TMOS column.

Column | Heating | Modification Heating Time for weight | breakthrough | Capacity
for phase for modification volume
gelation modification /min /mg /mL /mg
1 MW Cis MW 40 25 7.00 0.70
2 Oven Cis Oven 500 25 5.65 0.56

*MW for microwave

The results in Table 4-12 show that the C1s-TMOS columns using microwave heating for
monolithic fabrication and Cyg surface modification offered bigger capacity for caffeine
compared to C1s-TMOS columns using conventional thermal heating for monolithic

fabrication and Cig surface modification.
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Figure 4-16 Photograph of silica monolithic rod connected to the borosilicate tube
(0.d. 3.90 mm) within the poly (tetrafluoroethylene) (PTFE) shrinkable tube to be
suitable for drug extraction.

4.3.5.4 Evaluation of recovery

Recovery of the target analytes was calculated by comparing chromatographic peaks
areas of direct injection of standard samples with those obtained by the same samples
after extraction. The concentration of each analyte (caffeine and eserine) was 100 pg/mL.
Each analysis was carried out in triplicate. The precision was determined by calculating
the relative standard deviation (coefficient of variation, CV) and the efficiency was

expressed as a percentage of mean recovery.

116



Within batch CVs were obtained from the low, intermediate and high standard solution
samples (caffeine 10, 50 and 100 pg/mL), which were analysed three times. The same
procedure was repeated for three days to determine between batches CVs. The results
were represented the average of three replicate analyses of each standard solution. All

standard deviations were computed using Microsoft Excel software.

4.355 Method Validation

Distinct peaks and retention times for caffeine at 2.02 min and eserine at 2.11 min were

observed with no interfering or impurity peaks around them (see Figure 4-17)
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Figure 4-17 The UV chromatograms of caffeine and eserine standards (100 pug/mL).
The separation column was Symmetry Cis, 4.6 mm x 250 mm packed with silica
particles size 5 pm. All experiments were performed at ambient temperature around
25 °C according to the HPL.C conditions in section 2.3.3.

Recoveries of both analytes from standard solutions are presented in Table 4-13.
Recoveries of caffeine and eserine with C1s-TMOS columns using microwave heating for

monolithic fabrication and Cyg surface modification were 103 % and 97 %, respectively.
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These recoveries were found to be highest compared to those obtained by thermal Cas-
TMOS columns, which were 90 % and 97 % for caffeine and eserine, respectively.
Table 4-13 Percentages of recoveries of caffeine and eserine from standard

solutions (100 pg/mL) using microwave Cis -TMOS column (Cisat 80 °C for 40
min and 120 W) and thermal Cis -TMOS column.

Column Compound Concentration Recovery™
(SPE) pg /mL %
MW Cis-TMOS caffeine 100 103+ 1.7
Oven Ci1s- TMOS caffeine 100 90 +0.29
MW Cis- TMOS eserine 100 97 +2.8
Oven C1g-TMOS eserine 100 97+3.5

™Values represent means + SD of 3 experiments
SPE for solid phase extraction
MW for microwave

Within batch and between batches CVs were evaluated by assessing standard samples
prepared in purified water, and are summarized in Table 4-14. Within batch CVs for the
caffeine concentrations investigated by C1s-TMOS columns using microwave heating for
monolithic fabrication and Cig phase modification were between 2 % and 4.3 %. By
comparison, within batch CVs for the same concentrations of caffeine examined by Cis-
TMOS columns using thermal heating for monolithic fabrication and Cig phase

modification were between 3.7 % and 8.8 %.

The data obtained for between batches CVs for the caffeine concentrations investigated
by MW Cis- TMOS columns were between 3.1 and 4.5 %, whereas the between batches
CVs for the same concentrations of caffeine examined by thermal C1s-TMOS columns

were between 6 and 10 %.

The mean recovery of caffeine standard solutions using MW C1s-TMOS columns were
in the range 101-111 %, in contrast the mean recovery of caffeine standard solutions
using thermal C1s-TMOS columns were in the range 42-101 %. Thus, the data indicated

that the C1s-TMOS columns using microwave heating for monolithic fabrication and C1s
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phase modification provided better recoveries and precision for the quantification of
caffeine levels in three standard solutions compared to Cis-TMOS columns using
conventional thermal heating for monolithic fabrication and Cig surface modification.
Finally, the experimental results (Table 4-14) indicate that using the microwave heating
during the modification of silica monolith with Cig phase is possibly leading to more
specific interaction than the thermal heating method which produced more accurate and

precise Cig silica monolithic column.

Table 4-14 precision of extraction caffeine from standard solutions samples.

Column [ Concentration Within batch (n =3) Between batches (n=3)
Cv Mean Cv Mean

recovery recovery
(SPE) pg /mL % % % %
10 4.3 102 4.5 101
MW 50 3.7 111 4.5 109
Cis-TMOS 100 2 104 3.1 102
10 8.8 46 10 42
Oven 50 4.5 101 6 101
Cis-TMOS 100 3.7 95 6.5 91

*SPE for solid phase extraction

4.4  Summary

The use of microwave heating during fabrication and Cig surface modification improves
not only the physical structure of the silica monoliths but also extraction of caffeine and
eserine from standard solutions. The choice of stationary phase is very important as it has
a significant effect on the efficiency of the drug extraction method. The increased
microwave heating time during Cis surface modification up to 40 min at 80 °C resulted
in an increase in the percentage of carbon due to the attachment of more C1g chains on the

silica surface.
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Figure 4-18 Recoveries (%) of caffeine (100 pg/mL) extracted by four Cis -TMOS
columns using microwave heating during Cis modification for 10, 20, 30 and 40 min
respectively at 80 °C. The error bars represent the standard deviation of 3 repeat
experiments.

The Cag silica monoliths produced using microwave heating method showed higher
caffeine and eserine extraction efficiency, and were produced more quickly than
conventional thermal heating monoliths. The potential for the optimised method for drug
extraction presented here, suitable for performing drug extraction and detection together,

will be discussed in detail in chapter 5.
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5 Using gold nanoparticles within silica
monoliths structure and for surface

modification

Chapter 5
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5.1 Introduction

In recent years the use of gold nanoparticles (GNP) has expanded in forensic research.
They are used in extraction due to their unique properties of large surface area to volume
ratio, small size and stability over high temperatures, and the potential of gold
nanoparticles to enhance the sensitivity of methods of detection, such as
chemiluminescence, and their electrical conductivity.?%]

The chemiluminescence reaction is a simple detection method that depends on the
emission of light from a chemical reaction. Chemiluminescence is used in many
applications because it is highly sensitive, can be detected with simple instrumentation,
has a low background signal, and has a wide range of linear response. The efficiency of
chemiluminescence detection can also be improved by combining enzymatic reactions,
such as horseradish peroxidase and alkaline phosphatase, with chemiluminescence
reagents (luminol, isoluminol etc).?%

Several methods of optical detection, such as those based on fluorescent or colorimetric,
require complex optical systems for light excitation or illumination (light source, lenses,
filters etc.). However, chemiluminescence emits light directly and so needs no special
optical system, considerably simplifying detector design.[?%!

In previous work (chapter 4), Cis phase was used to improve the extraction of two
different analytes at low concentrations based on functionalized silica monolithic column.
While the Cyg phase was effective for extraction the presence of gold nanoparticles have
the ability to advance both the extraction and detection of drugs of abuse using
immunoassays with chemiluminescence.

In this work a simple design of solid phase extraction, coupled with the potential of gold

nanoparticles to enhance the sensitivity of an immunological assays, is considered.
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5.2 Experimental

5.2.1 Fabrication of silica monoliths embedded by gold nanoparticles using microwave

heating during gel formation process

To develop a new method that has the capability to extract and detect drugs of abuse

simultaneously, the starter mixture of the sol-gel was blended with gold nanoparticles

labelled by an amino group (NH2). The GNP-NH2-silica monolithic column was

fabricated according to the procedure described in section 2.4.1. The typical chemical

composition and reaction conditions used during fabrication of GNP-NH2-silica

monoliths are listed in Table 5-1.

Table 5-1 Composition and reaction conditions for preparation of silica monolithic
columns embedded by gold nanoparticles.

TMOS PEO Acetic Functionalized Microwave Time of
(200K) acid gold heating heating
(0.02M) nanoparticles at 300 W
50 nm-NH:2
/mL /g /mL /uL /°C /min
2 0.305 4 5 120 5

5.3 Results and discussions

5.3.1 Characterization

The silica monolithic columns embedded by gold nanoparticles were characterised by

different techniques such as digital photograph, SEM analysis, EDX analysis and BET

and BJH analysis.
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5.3.1.1 External morphology

Normal

GNP

Normal

Figure 5-1 Images of TMOS silica monoliths: (GNP-monolith) embedded by gold
nanoparticles 5 pL using microwave heating for 5 min at 300 W during gelation time
and (Normal-monolith) fabricated without gold nanoparticles using microwave
heating during gelation time for 11 min at 10-300 W.
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Figure 5-2 Images of TMOS silica monoliths: (GNP 5-monolith) embedded by gold
nanoparticles 5 pL using microwave heating for 5 min at 300 W during gelation time
and (GNP 10-monolith) embedded by gold nanoparticles 10 pL using microwave
heating for 5 min at 300 W during gelation time.

From the photograph in Figure 5-1, it can be seen that the colour of the silica monolithic
rods embedded by gold nanoparticles gives a pink tint compared to the white colour of
normal phase silica monolithic rods. The possible reason for that could be formation of
gold oxide during the sol-gel process. It was also observed that the intensity of the colour
was increased by increasing the amount of gold nanoparticles within the silica matrix as

shown in Figure 5-2.
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5.3.1.2 SEM analysis

The scanning electron micrographs were obtained in order to confirm the existence of
GNP within the silica structures. In this case, the samples for SEM analysis were coated
with a thin layer of carbon (thickness approximately 2 nm) due to high charge of gold

nanoparticles.

. ‘“ﬂé g‘:'

Gold nanopamclet‘.iglq: A*\

Figure 5-3 Scanning electron micrographs of TMOS silica monolith embedded by
gold nanoparticles 5 pL, using microwave heating during gelation time (5 min at 300

GNP |

Figure 5-4 Scanning electron micrographs of TMOS silica monolith embedded by
gold nanoparticles 10 pL, using microwave heating during gelation time (5 min at
300 W).
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Figure 5-5 Scanning electron micrographs of TMOS silica monolith without gold
nanoparticles, using microwave heating during gelation time (11 min).

From the images above it will be clear that the bright white appearance in the internal
structure of the silica monoliths came from the negative charges on the gold nanoparticles,
as can be seen in Figure 5-3 and Figure 5-4. Increasing the amount of gold nanoparticles
embedded in the silica monoliths resulted in an increase in the brightness of gold

nanoparticles within the silica structure (the brightness in Figure 5-4 more than
Figure 5-3).

5.3.1.3 Physical properties of GNP silica monoliths

The physical properties of GNP-NH2-silica monoliths were obtained using BET and BJH
analysis in order to investigate the effect of embedding GNP during gel formation in the
internal structure of the silica monoliths (surface area, average pore size and total pore

volume).
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Table 5-2 Physical properties of silica monoliths without and with GNP-NH..

Column Surface | Diffusion Diffusion Flow-through
area pore size pore volume pore diameter
/m? gt /nm /cms gl /um
With GNP-NH, (5pL) | 404 15 1.3 1

Table 5-2 shows that the BET surface areas of the silica monoliths after embedding of
GNP-NH; (5 pL) decreased compared to the same silica monoliths without GNP-NH.
The average pore size distributed over the GNP-silica monolith using microwave heating
during gel formation, measured by the BJH method, were found to be larger than the
average pore size in the non-embedded silica-based monolith. A possible reason for the
observed decrease in surface area could be a variation in the gel formation process when
using microwave heating due to embedding of GNP which are presumably very
microwave active (e.g. local hot spots are generated). The total pore volumes of these
monoliths also slightly increased after embedding GNP to 1.3 cm3/g. Conversely, the
flow-through pore diameter within the GNP-NH_-silica monoliths were found to be a little
smaller than the flow-through pore diameter in the non-embedded silica-based monoliths.
Whilst a reduction of the surface area and flow-through pore diameter in the GNP-NH.-
silica monolith was expected, the increase in the average pore size in the GNP-NH.-silica
monolith was a surprise. This would be due to converting the microwave radiation to
thermal heating within starter mixture of the GNP-NH-silica monolith much more
quickly, compared to normal phase silica monoliths.

The internal structure of the silica based monolith includes siloxane (Si-O-Si) and silanol
(Si-OH) groups on the surface area, which can be utilised as anchors for the organic
groups. However in this study, immobilisation of the antibody on the surface of

GNP-NHz embedded into silica-based monolith was performed. The EDC solution was
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injected into the silica monolithic column embedded with GNP-NH; at 50 pL/min
followed by the Sulfo-NHS at 50 uL/min in order to immobilise of anti-oxazepam on the
amino group bonded to the GNP. After that 1000 pL of anti-oxazepam 5 pg/mL was
injected through the silica monolithic column at 50 pL/min. To remove any unbound
antibody, the monolithic columns were then washed with 1000 uL of PBS at 100 uL/min.
The washing fraction was collected to check whether the antibody immobilised on the
amine-bonded GNP embedded within the silica monolithic column.

It was very important to make sure that the anti-oxazepam immobilised on the surface of
GNP-NHz is able to bind with the antigen-HRP and determine the incubation time for
antigen—antibody reaction before analysis of collected fractions. This was performed by
placing 5 uL of GNP-NH> in three glass tubes filled by 1 mL of purified water. Only the
GNP-NHz in the first tube (a), 5 uL of GNP-NH2 with 5 uL of antibody were present in
the second tube (b) and SuL of GNP-NH; with 5 pL from antibody and 1000 pL from

their antigen—HRP 0.5 pg/mL were present in the third tube (c).

Figure 5-6 Image of antigen antibody reaction took place in three glass tubes contain
1 mL of purified water and 5 pL of GNP-NH: in tube (a) plus 5 pL anti-oxazepam
in tube (b) and 5 pL anti-oxazepam and their antigen—HRP in tube (c) (after 5 min).
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Figure 5-7 Image of antigen antibody reaction took place in three glass tubes contain
1 mL of purified water and 5 pL of GNP-NH: in tube (a) plus 5 pL anti-oxazepam
in tube (b) and 5 pL anti-oxazepam and their antigen—HRP in tube (c) (after10 min).

Figure 5-8 Image of antigen antibody reaction took place in three glass tubes contain
1 mL of purified water and 5 pL of GNP-NH2 in tube (a) plus 5 pL anti-oxazepam
in tube (b) and 5 pL anti-oxazepam and their antigen—HRP in tube (c) (after 3
months).

The results show the efficiency of using GNP-NH2 to immobilise the antibody. In
addition, the antigen-antibody reaction was successful and selective after a relatively
short period (5 min) and was found to be stable for a long period (3 months), as can be

seen in Figure 5-6 and Figure 5-8, respectively.

5.3.2 Assay condition optimization

Main parameters affecting chemiluminescence-based immunoassay were studied. All of
the optimization results discussed below were based on three repeat experiments, while

the error bars indicate one standard deviation. Since the analysis time is very important
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in drugs of abuse testing, the effects of the exposure times and the concentration of the

assay reagents on chemiluminescence signals were investigated.
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Figure 5-9 Parameter optimization for chemiluminescence-based immunoassay.
Each datum represents the average of three repeat experiments, while the error bars
indicate one standard deviation. (¢) Effects of the luminol concentration on the
signal / noise ratio of chemiluminescence detection. (m) Effects of the hydrogen
peroxide (H202) concentration on the signal / noise ratio of chemiluminescence
detection.
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Figure 5-10 Parameter optimization for chemiluminescence-based immunoassay.
Effects of the luminol and H202 concentrations on the exposure time of
chemiluminescence signal.

Figure 5-9 shows the chemiluminescence intensity as a function of the luminol and H20>

concentrations. As the background signal changed for different luminol and H20:
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concentrations used the signal to noise ratio to search for the optimum concentration. The
results indicate that the optimum concentrations of luminol and H>O> are 10 mM. The
effects of luminol and H2O2 concentrations on the exposure times of chemiluminescence
were also investigated and the results are shown in Figure 5-10. The exposure times of
highest chemiluminescence signal (RLU = 250) decreased with increasing luminol and
H20- concentrations. The results indicated that 2 min for exposure time is sufficient to
obtain the highest chemiluminescence signal at the optimum concentrations of luminol

and H202 (10 mM).

5.3.3 Calibration Curve

Under the optimum conditions obtained the calibration curve of oxazepam-HRP
detection using chemiluminescence based immunoassays as shown in Figure 5-11. Since
oxazepam-HRP attached with a fixed amount of anti-oxazepam immobilized on the
surfaces of the detection zone and the chemiluminescence intensity represents the amount
of oxazepam-HRP, the increase in signal from the first sample indicates increasing of
oxazepam-HRP in a sample, and the degree of the decrease is proportional with the

concentration of oxazepam-HRP.
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Figure 5-11 Calibration curve for oxazepam-HRP analysis based immunoassays.
Each data point represents an average from three repeat experiments using
chemiluminescence, and the error bars indicate one standard deviation.
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Good linearity was observed that meant the calibration curve was useful in quantifying
the fraction during detection experiments. The limit of detection and limit of
quantitation for oxazepam-HRP were calculated from the slope and standard deviation

(SD) of the linearity curve.

Detection Limit, DL = SD x 3/slope

Quantitation Limit, QL = SD x 10/slope

It was found the LOD 0.33 pg/mL and the LOQ was 1.1 pg/mL.

The analysis of the collected washing fraction was carried out using chemiluminescence
based immunoassay, which added 1000 pL of oxazepam-HRP solution to the washing
fraction, and were left for 10 min to allow for antigen-HRP to bind with their antibodies.
After that a 1:1 ratio of luminol and hydrogen peroxide were added to the mixture (100

pL) and placed under the CCD camera for analysis.

Figure 5-12 Images of the antigen-antibody reaction based on chemiluminescence
response upon addition of luminol and hydrogen peroxide (a) negative sample (b)
washing fraction and (c) positive sample.

From the result it is clear that embedding of gold nanoparticles inside silica-based
monolith could be used to trap and detect oxazepam-HRP however, using microwave
heating during gel formation lead to a loss of some antibody during immobilization
process due to decompose the organic moieties (NH>) or formation of gold oxide at very

high temperature (see Figure 5-12). To overcome this issue the silica monolithic column
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was fabricated according to that procedure described in section 2.1.2 and its top surface

was coated physically by GNP-NH> in order to immobilise of anti-oxazepam.

5.3.4 Coating the surface of silica based monolith with GNP-NH.

The top surface of the silica monolithic column was physically coated by GNP-NH>. The

resulted silica monolithic columns were characterised by different techniques such as

SEM analysis and BJH and BET analysis.

Figure 5-13 Image of silica monolithic column coated by GNP-NH..

Table 5-3 Physical properties of silica monoliths without and after coating by GNP-

NH2.
Column Surface area Diffusion Diffusion Flow-through
pore size pore volume | pore diameter
/m? gt /nm /cm3 gt /um
574 9 1.3 0.8
Without GNP
After coating by 552 9.1 1.3 0.85

GNP-NH; 10 pL

The table shows no significant difference in the internal structure of the silica monolith

without, and after, adding GNP-NH2 to the top surface, as can be seen in Table 5-3.
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5.3.5
coated by GNP-NH:

Immobilisation of anti-oxazepam on the top surface of silica monolithic column

The amine functional groups are highly reactive to many functional groups and can offer

the necessary active sites for other components for further immobilisation. The mechanism

of immobilisation of the antibody on the surface of GNP-NH: is shown in

Figure 5-14.
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Figure 5-14 Mechanism of reaction of the antibody with the surface of GNP-NH..
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Coating of the top surface of silica monolithic column was carried out using the acid
groups on the antibody. This was activated by EDC and produced O-acylisourea ester that
was then stabilised by the Sulfo-NHS on the GNP-NH2 monolith. It is very important to
make sure that the GNP-NH: coated silica monolithic column and the attached antibody
can catch the antigen—-HRP sample. As the NH> terminal groups on the surface of GNP
coated the silica monolithic column resulted in a covalent coupling between the antibody
and the top surface of the silica monolith, immobilised antibodies cannot be washed out.
The monolithic column coated with GNP-NH, was qualitatively tested using the
chemiluminescence-based immunoassay. The initial experiment was carried out to
determine the efficiency of immobilisation of anti-oxazepam on the GNP-NH surface.
1000 pL Oxazepam-HRP solution (0.5 pg/mL) was injected into three silica monolithic
columns coated with GNP-NH: at a flow rate of 50 pL/min to allow antigens to link with
their antibodies. The HRP was used as a catalyst for the luminol and hydrogen peroxide
reaction, which will generate an emission of light when the antibodies bind to their
antigens. The CCD camera detected light resulting from (antigen-HRP)-antibody

reactions (this experiment was repeated three times) and the images are shown in Figure

5-15 below.

Figure 5-15 Different images for silica monoliths coated by gold nanoparticles (GNP
10 puL + anti-oxazepam 5 pL) reacted with a same concentrations of oxazepam-HRP
(1000 pL). (a) Negative sample (b, c and d) 0.5 pg/mL of oxazepam-HRP.

The chemical composition and experimental conditions are listed in Table 5-4.
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Table 5-4 RLU-values for three silica monolithic columns coated by GNP-NHz-anti
oxazepam reacted with same concentration of oxazepam-HRP.

Monolith Gold Anti-oxazepam Antigen RLU
nanoparticles (oxazepam-HRP)
/uL /uL /ug/mL
b-TMOS 10 5 05 4000
c-TMOS 10 5 0.5 4207
d-TMOS 10 5 0.5 4190

It will be clear from these images in Figure 5-15 that using this method for extraction and
detection of oxazepam-HRP was effective, and there was no significant difference in the
intensity of light in all of the samples using the same conditions, as can be seen in
Table 5-4. However, the reaction of hydrogen peroxide and luminol has a short lifetime.
In order to study the effect of increasing the amount of antigen-HRP on the intensity of
light produced by antigen—antibody reaction using three different concentrations of
antigen—HRP, the same amount of antibodies (5 puL) were immobilized on the same
amount of gold nanoparticles (10 pL) coating the silica monolithic columns (this

experiment was repeated three times).

Figure 5-16 Different images for silica monoliths coated by gold nanoparticles (GNP
10 pL + anti-oxazepam 5 pL) reacted with three different concentrations of
oxazepam-HRP (1000 uL). (a) Negative sample (b) 0.5 pg/mL of oxazepam-HRP (c)
1 pg/mL of oxazepam-HRP (d) 1.5 pg/mL of oxazepam-HRP.
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The images in Figure 5-16 show that the intensity of light produced by antigen—antibody
reaction was increased by raising the concentration of antigen—-HRP sample (see
Table 5-5). A possible reason could be enhancing the chemiluminescence reaction by
increasing the concentration of antigen-HRP decreases the number of un-bonded
antibodies on the surface of GNP-NH,. However, the antigen-antibody reaction still
occurred just on the edge of the surface of silica monolithic columns coated by GNP-NH>
because the top surface of silica rod is possibly not even or flat well.

Table 5-5 RLU-values for three silica monolithic columns coated by GNP-NH2-anti
oxazepam reacted with three different concentrations of oxazepam-HRP

Monolith | GNP | Anti oxazepam | Antigen (oxazepam) -HRP RLU
pL pL pg/mL

b-TMOS 10 5 0.5 4.000 £ 0.13

c-TMOS 10 5 1 9.500 + 0.58

d-TMOS 10 5 1.5 23.500 = 0.53

sdy/alues represent means + SD of 3 experiments

In order to avoid this problem, the next procedure used a new mould for monolithic
fabrication, which would be able to localize the antigen-antibody reaction just on the top
point of the silica surface where the GNP-NHz could be coated. The shape of the top
surface of silica monolithic column using microwave heating for fabrication (see
section 2.1.2) was changed from cylindrical to conical. The top point on the cone shape

of silica monolithic column was coated by GNP-NH> (5 pL).
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Figure 5-17 Images of cone shape TMOS silica monoliths coated by GNP-NH:2 using
microwave heating during gel formation step for 11 min.

Immobilisation of the antibodies on the GNP-NH: coating the top surface of the cone
shaped silica monoliths was carried out according to the procedure described in section
(5.3.5), and the evaluation of those monoliths (see Figure 5-17) was also carried out using
the chemiluminescence based immunoassay ( see Figure 5-18). This experiment was

repeated three times.

10 mm

Figure 5-18 Different images for cone shaped silica monoliths coated by gold
nanoparticles (GNP 5 pL + anti-oxazepam 5 pL) reacted with three different
concentrations of oxazepam-HRP (1000 pL). (a) 0.5 pg/mL of oxazepam-HRP (b) 1
png/mL of oxazepam-HRP (c¢) 1.5 png/mL of oxazepam-HRP.
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Table 5-6 RLU-values for three cone shaped silica monolithic columns coated by
GNP-NH:z-anti oxazepam reacted with three different concentrations of oxazepam-
HRP.

Monolith | GNP | Anti-oxazepam | Antigen (oxazepam-HRP) RLUs
puL puL pg/mL

a-TMOS 5 5 0.5 5130+ 0.11

b-TMOS 5 5 1 9.840 +0.43

c-TMOS 5 5 1.5 27.325+0.5

sd/alues represent means * SD of 3 experiments

These images for the top surfaces of the cone shaped silica monoliths coated by GNP—
NH:2 show that the efficiency of using this method for extraction and detection of drugs
of abuse was improved, and the intensity of light produced by antigen-antibody reaction
was also enhanced and increased in response to an increase in the concentration of
antigen-HRP that attached to the antibody present (see Table 5-6). The main reason for
this could be by changing the shape of the monolithic silica column to a cone made the
area of antigen antibody reaction very small and more effective. However, the size of the
top surface of the cone shaped silica monolithic column minimizes the ability of this
column to detect more than one type of drugs of abuse at the same time. For this reason,
the next procedure used another type of mould for fabrication of the silica monolith to
make the top surface area for antigen-antibody reaction much bigger and more suitable

for detecting more than one type of drugs of abuse at the same time.
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Figure 5-19 Square surface of silica monolithic column coated with gold
nanoparticles.

In this work silica monolithic column was fabricated inside a plastic cuvette that was a
small tube with a square cross section (see section 2.1.2). The top surface of the
monolithic column was physically modified by GNP-NH..

In order to immobilise the anti-drug of abuse on the GNP—-NH; coated square top surface
of the silica monolithic column used the procedure explained in section 5.3.5. In addition,
its efficiency was also tested by the chemiluminescence based immunoassay.This

experiment was repeated three times.

Negative sample

Figure 5-20 Images for the top square surface of the silica monolithic column coated
by (GNP-NH250 pL + anti-oxazepam 5 pL) reacted with a-) negative sample b-)
oxazepam-HRP 0.5 pg/mL.
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The image of the top of the square surface of the silica monolithic column coated by GNP-
NH: proved the effectiveness of using this method for extraction and detection of drugs
of abuse at the same time. The spreading of light over the top square surface of silica
monolith produced by (antigen-HRP)-antibody reaction was obvious (see Figure 5-20).
Changing the shape of monolithic silica column to a square enabled the area of antigen
antibody reaction to be much larger and more appropriate for the detection of more than
one type of drugs of abuse.

The next experiment was performed by using an artificial urine sample and two types of
antibodies and antigens-HRP (amphetamine and methamphetamine). The top surface of
the silica based monolith coated by 50 pL gold nanoparticles was divided into two sides,
in order to immobilise 5 pL anti-amphetamine in side (I) and 5 pL anti-methamphetamine
in side (I1). The urine sample (1000 pL) included the same concentration of both antigens
labelled with HRP (0.5 pg/mL), which were injected into the silica monolithic column at
a flow rate of 50 pL/ min. The luminol and hydrogen peroxide reaction was took place
and emitted light when the antibodies bound to their type of antigen. The resulting light
from (antigens-HRP)-antibodies reactions was recognised using the CCD camera (this

experiment was repeated 3 times), and the images are shown in Figure 5-21.

Negative sample

Figure 5-21 Images for the divided square surface of the silica monolithic column
coated by GNP-NH2 50 pL + anti-amphetamine 5 pL in side (I) and anti-
methamphetamine 5 pL in side (I1) reacted with a) nigative sample b) amphetamine-
HRP 0.5 pg/mL in side (I) and methamphetamine-HRP 0.5 pg/mL in side (I1).
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The image of the divided square surface of silica monolithic column coated by GNP-NH:
showed that the intensity of light produced by antigen—antibody reaction was similar on
both sides (see Table 5-7), and the spread of light on both sides was also well distributed
(see Figure 5-21). The main reason for this could be the increase in the immobilisation of
anti-drugs of abuse on the upper surface of the monolithic column, due to a square shape,
improved the orientation of anti-drugs of abuse and the efficiency of antigen antibody
reaction.

Table 5-7 RLU-values for three divided square shape silica monolithic columns

coated by GNP-NH: + anti-amphetamine and anti-methamphetamine and detected
same concentration from amphetamine-HRP and methamphetamine-HRP.

Monolith [ GNP | Anti-amphetamine and antigen-HRP RLUs
anti-methamphetamine
puL puL pug/mL
b-TMOS 50 5 0.5 4.130+0.21
0] amphetamine
b-TMOS 50 ) 0.5 4.310+0.18
) methamphetamine

In order to check the sensitivity and selectivity of the silica monolithic column, the square
top surface coated by GNP—NH: used two types of drugs of abuse antigens (amphetamine
and methamphetamine) with different concentrations in the artificial urine sample. The
top surface of silica based monolith coated by gold nanoparticles was divided into two
sides to immobilise 5 pL anti-amphetamine in side (1) and 5 pL anti- methamphetamine
in side (11).

The urine sample (1000 pL) containing different concentrations of two antigens 0.5 pg/mL
amphetamine-HRP (1) and 1 pg/mL methamphetamine-HRP (I1) was then injected into the

silica monolithic column at a flow rate of 50 pL/ min. Next, the luminol and hydrogen
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peroxide reaction took place and produced light when the antibodies bound to their type of
antigen. The resultant light from the antigen-antibody reaction was recognised by CCD

camera. This experiment was repeated 3 times.

Negative sample

Figure 5-22 Images for the divided square surface of the silica monolithic column
coated by GNP-NH2 50 pL + anti-amphetamine 5 pL in side (1) and anti-
methamphetamine 5 pL in side (Il) reacted with a) negative sample b)
amphetamine-HRP 0.5 pg/mL in side (1) and methamphetamine-HRP 1 pg/mL in
side (I1).

The image of the divided square surface of silica monolithic column coated by GNP—NH>
showed the variation in the intensity of light produced by antigen—antibody reaction in
side (1) (0.5 pg/mL) and side (11) (1 pg/mL) (see Figure 5-22).

Table 5-8 RLU-values for three divided square shape silica monolithic columns

coated by GNP-NH: + anti-amphetamine and anti-methamphetamine and detected
different concentrations from amphetamine-HRP and methamphetamine-HRP.

Monolith | GNP | Anti-amphetamine and antigen-HRP RLUs
anti-methamphetamine
ML puL png/mL
b-TMOS 50 5 0.5 4.260 £ 0.42
()] amphetamine
b-TMOS 50 5 1 7.560 + 0.67
) methamphetamine
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The reason for that was increased the amount of antigen-HRP in the side (1) resulted in
a raise the antigen—antibody reaction , whereas decreasing the amount of antigen-HRP
led to a reduction in the antigen—antibody reaction and the intensity of light in side (I)
(see Table 5-8). The spreading of light on the both sides was expected; however, the
antigen antibody reaction also occurred in the area between sides (1) and (II) in

Figure 5-22.

5.4 Summary

The use of GNP within the silica structure enabled microwave heating to reduce the
gelation time to 5 min, but the surface area of those monoliths decreased compared to the
same non-embedded silica monoliths. In addition, using microwave heating during gel
formation process causes a degradation for amine groups linked to the surface of GNP.
Choosing to modify the top surface of silica columns with GNP did not affect the internal
structure of silica monoliths. In addition, initial successes for silica monolithic column
coated with GNP-NH: in detecting drugs of abuse showed a significant problem due to
the location of antigen-antibody reaction on the edge of surfaces.

Under optimised conditions, the fabrication of silica monoliths into a cone shape did
improve the efficiency of the method of detection. A square shaped monolith produced a
higher surface area for antigen-antibody reaction compared to previous monoliths.
Finally, it is clear from the results that the sensitivity and selectivity of this method for
extracting and detecting more than one type of drugs of abuse is possible. However, this
method requires more optimisation to be more efficient, especially when attaching the

antibody to the silica surface.
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6 Using microwave heating for fabrication
graphene monoliths and graphene silica

monoliths

(Chapter 6)
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6.1 Introduction

In recent years graphene has attracted the interest of scientists due to its physicochemical
properties, such as superb thermal conductivities of 5000 W m™ K, extraordinary
electro catalytic activity, high stiffness and high-speed electron mobility of 200000 cm?
V1 st at room temperature, high specific surface area (SSA) of 2600 m? g* and optical
properties.[?*

There are different structures for graphene. A two-dimensional macrostructure can be
produced by three different techniques: layer-by-layer assembly, direct chemical vapour
deposition and vacuum-assisted filtration.[?*2l However, the large accessible area of the
graphene nanosheet is sacrificed due to the susceptibility of graphene monolayer
membranes to restack and aggregate as a result of hydrophobic interactions, strong p—p
interactions and van der Waals forces.[?®! To overcome this problem, three-dimensional
(3D) graphene-based macrostructures have been developed, including hydrogel and
aerogels. Three-dimensional graphene not only has large surface areas, but also has
several micrometres porous structures.?®dl Recently, many applications have been
developed for these materials, such as energy storage and conversion 188 2131 catalysis
(2141 ‘water purification 2% and oil absorption. [l

The great potential of graphene hydrogel and aerogels for the separation and extraction
of small molecules has also attracted increasing interest in analytical chemistry. The
unique physicochemical properties of graphene makes it suitable to be used as a superior
extraction material for solid phase extraction (SPE).[?'1 However, the direct use of
graphene as SPE material may cause irreversible binding for the target analytes;
furthermore, graphene itself may escape from the SPE holder under high pressure. 28l
This chapter explores ways of retaining the advantageous properties of graphene by
reducing graphene oxide (GO) into bimodal silica porous material. This technique might
offer access to novel solid phase for extraction and separation sciences.

146



6.2 Experiment

6.2.1 Graphene monoliths
6.2.1.1 A typical procedure for graphene oxide (GO) reduction

From the literature it was found that the optimum conditions for reducing graphene oxide
(GO) by thermal heating was 12 hours at 90 °C. 2% Therefore, in the initial work the
degree of microwave heating was adjusted to 90 °C during graphene oxide (GO)
reduction. A mixture of 5 mL GO suspension (1 mg/mL), 0.125 g of oxalic acid (OA) and
0.25 g of sodium iodide (Nal) was heated by microwave at 90 °C and 130 W. A black
graphene monolith was formed after 1 min as shown in Figure 6-1. The fibre optic
temperature measurement was used to monitor the temperature of the external surface of
the monolith in addition to the infrared sensor fitted in the microwave cavity. In contrast,
the black graphene monoliths using conventional thermal heating to reduce GO usually
take a very long time to be formed (12 h) according to that procedure reported by Lianbin
Zhang in 2012. 2% The effect of microwave heating on the time of graphene oxide (GO)

reduction was investigated.

6.2.1.2 Characterization of graphene monoliths

During reduction of GO the characterization of the graphene monolith produced through
microwave heating was achieved through different approaches. This was based on a
digital camera for external morphology, SEM analysis for internal structure, BET and
BJH analyses for the physical properties and energy dispersive X-ray (EDX) analysis to

find the chemical composition of 3D graphene structure.
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6.2.2 Silica monoliths

6.2.3 Fabrication of silica monolith

The silica monolithic columns were fabricated according to the procedure described in

section 2.1.2. (Used column number 7/ chapter 3).

6.2.4 Modification of silica monoliths with graphene phase

The modification of silica monoliths with graphene was achieved by reducing the
graphene oxide (GO) solution within the silica monolith. The internal pores’ structure,
within the silica monolithic column, was filled with a mixture of 1 mL of GO suspension
(1 mg/mL), 0.025 g of OA and 0.05 g of Nal. Subsequently, the silica monolithic column

was heated in a microwave for 1 min at 90 °C and 130 W.

6.2.5 Characterization of modified silica monoliths with graphene phase

During GO reduction the characterization of graphene-silica-monoliths, produced
through microwave heating, was achieved by using a digital camera for external
morphology, SEM analysis for internal structure and energy dispersive X-ray (EDX)
analysis for chemical composition of the graphene-silica-structure. The surface area and
macro-pore size of silica monoliths, before and after graphene modification, were
obtained using BET analysis. In addition, their performance was also characterized by

extraction of the drug of abuse compound known as amphetamine.

6.3 Result and discussion

6.3.1 Graphene monoliths

The external morphology of fabricated graphene monoliths through conventional thermal
and microwave heating during reduction of GO was obtained using a digital camera.

Photographs of graphene monoliths indicated that a reduced time for GO reduction, based

148



on microwave heating, does not make any difference in the external morphology of the

graphene monolith, as seen in Figure 6-1.

Figure 6-1 Images of graphene monoliths a) using microwave heating during
reduction of GO b) using conventional thermal heating for reducing GO.?%

The internal structures of graphene monoliths were also investigated by SEM analysis.
This was to compare the internal features of the microwave graphene monolith and the

3D graphene structure using conventional thermal heating during reduction of GO.

Figure 6-2 Scanning electron micrograph for internal structure of graphene
monolith used conventional thermal heating for GO reduction. 2%
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Figure 6-3 Scanning electron micrograph (a and b) for internal structure of
graphene monolith used microwave heating for GO reduction.

It was observed that the internal structural of both graphene monoliths were similar (see
Figure 6-2 and Figure 6-3), but there were slight differences in the size of the
macroporous structure in both of them, as can be seen in Table 6-1. The results indicate
the ability of microwave heating to produce graphene monolith in a very short time with

an optimal structure, compared to conventional thermal heating methodology.
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Table 6-1 Physical properties of the graphene monoliths using microwave and
thermal heating methods for GO reduction.

Method of heating GO concentration Average pore size?
mg/mL pm
Thermal 1 46+1.3
Microwave 1 7.3+34

2 Determined from the SEM images.

The chemical composition of microwave graphene structure was obtained using energy

dispersive X-ray (EDX) analysis.

0 0n.s 1 1.5 2 25 a as 4 4.5 5
FFull Scale 5214 cts

Figure 6-4 Scanning electron micrographs of the graphene monoliths using
microwave heating during GO reduction.

151



Table 6-2 Quantitative EDX analysis for all elements in graphene monolith using
microwave heating during reducing of GO.

Spectrum Cc @) Na | Al Si S Cl Ag |1 Total

sample 1 611 | 304 |08 (05 |03 (09 [02 |00 |58 |100.0

The EDX spectra of graphene monolith prepared with microwave heating shows two
large peaks for carbon (C) and oxygen (O) on the 3D graphene structure. Smaller peaks
for sodium (Na), aluminium (Al), silicon (Si), sulphur (S), chlorine (CI) and iodine (1)
were also observed (see Figure 6-4). The smaller peaks were found in the graphene
monolith due to using reducing reagents that include sodium iodide (Nal) and oxalic acid
(OA) with graphene oxide (GO) suspension. The reduction of GO by microwave heating
was performed in an extremely short time. However, the direct use of graphene monolith
as a solid phase extractor can lead to the irreversible binding of analytes due to its high
hydrophobicity. To avoid this problem, whilst retaining the advantages of graphene, it
was decided to modify the surface of silica monolithic column that possess the unique

bimodal porous structure with graphene phase.

6.3.2 Graphene-silica monoliths

In this work the silica monolithic column was fabricated and modified with graphene
phase according to the procedures explained in sections 2.1.2 and 2.5.2). The modified
silica monolithic columns with graphene phase were characterised using digital

photograph, SEM analysis, BET analysis and EDX analysis.
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Figure 6-5 Images of silica monoliths a) non-modified silica rod b) modified silica
rod with graphene phase (GO 1 mg/mL).

The external morphology of modified silica monolithic column indicated that the
reduction of GO within the silica structure was achieved, which the black colour of
graphene becoming visible (see Figure 6-5). The formation of a graphene structure inside

the silica monolithic column was also confirmed by SEM analysis.

Figure 6-6 Scanning electron micrograph (a and b) for modified silica monoliths
with graphene phase (GO 1 mg/mL).
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From SEM images it was observed that the internal porous structures of silica monolithic
column were blocked by graphene phase, as can be seen in Figure 6-6.

The efficiency of using microwave heating during modification of silica monoliths with
graphene phase was investigated using EDX analysis.

The EDX result shows that tiny peaks of carbon (C), sodium (Na), aluminium (Al) and
iodine (1) were detected on the internal surface of silica monolithic column after 10
seconds, when using microwave heating at 90 °C and 130 W. The peak of carbon (C) in
the graphene silica surface was raised by increasing the time of microwave heating up to

60 seconds at 90 °C and 130 W, as can be seen in Figure 6-7 and Figure 6-8.
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Figure 6-7 EDX spectra of silica-based monolith modified with graphene phase
using microwave heating for 10 seconds at 90 °C and 130 W.
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Figure 6-8 EDX spectra of silica-based monolith modified with graphene phase
using microwave heating for 60 seconds at 90 °C and 130 W.

The graphene silica monolith using microwave heating was obtained in a very short time
(1 min), however, formation of a graphene structure within the silica monolith blocked
macro porous structure and produced very high back pressure. The main reason could be
the concentration of the GO suspension, which was very high (1 mg/mL). In order to
solve this problem, the next procedure reduced the concentration of GO suspension to 0.5
mg/mL. The resultant graphene silica monolithic columns were then characterised using

SEM analysis, BET analysis and EDX analysis.
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Figure 6-9 Scanning electron micrograph (a and b) for modified silica monolith with
grapheme phase (GO 0.5 mg/mL).

SEM micrographs show a decreased number of blocked macro porous structures
following a reduction in the concentration of GO to 0.5 mg/mL in the starter mixture, as
seen in Figure 6-9. However, spreading the graphene structure over the silica surface
covered some macro porous structures, and decreased the surface area of the modified

silica monolith as shown in Table 6-3.
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Table 6-3 Physical properties of the graphene monoliths using microwave heating
methods before and after GO reduction.

Column Surface area Flow-through

pore diameter 2

/m? gt /um
7-Microwave monolith (chapter 3) Value £ SD Value £ SD
Normal phase TMOS-monolithic column 577+8.4 08+24
Graphene-TMOS-monolithic column 144 + 4.4 09+56

2 Determined from the SEM images.
SD standard deviation

The results indicate the capability of using this graphene silica monolith as stationary
phase for extraction of small organic molecules.

The performance of this graphene silica monolith in the extraction of small organic
molecules was investigated using amphetamine. A range of amphetamine concentrations
(up to 40 pg/mL) were extracted based on grapheme-silica monolithic column (GO 0.5

mg/mL) according to the procedure described in section (2.5.3).

6.3.3 Optimization of amphetamine extraction using graphene silica monolithic column

For individual optimisation experiments the flow rate was varied. In general, the process
for amphetamine extraction was as follows:
1) The solid-phase matrix was pre-conditioned with 5 mL methanol and purified
water at 100 pL/min.
2) The standard sample (amphetamine dissolved in a water) was flowed over the
solid-phase matrix at 50, 100, and 200 pL/min, resulting in amphetamine binding.
3) A purified water was used to wash the solid-phase matrix at a flow rate of 100
pL/min.
4) The amphetamine was eluted in 10% : 90% acetonitrile: water with 1 %

phosphoric acid (pH 4) at 50 pL/min. All steps described above were performed
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sequentially and, from the time of adding the amphetamine to the final step, all
solutions that had flowed over the solid-phase matrix were collected. These
samples were then analysed using HPLC-UV system using Symmetry Cig, 4.6
mm x 250 mm packed with silica particles size 5 um, at wavelength 254 nm
according to the manual of National Drug Testing Laboratories and United
Nations Drug Control Programme and the Centre for International Crime
Prevention (UNODC). Recoveries were calculated by comparing
chromatographic peaks of collected fractions from extracted standard samples
with those obtained by direct injection of the same standard solutions in HPLC-
UV system. Distinct peak and retention time (6.69 min) for amphetamine standard,
injected directly into HPLC-UV, were investigated. No interfering or impurity

peaks were observed around the peak of the test compound (see Figure 6-10).

(a) Amphetamine standard (b) Loading fraction
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Figure 6-10 Chromatograms of amphetamine and those samples were collected
during loading, washing and elution steps; the concentration of amphetamine was
20 pg/mL. All results were obtained from HPLC-UV system under that HPLC
conditions described in section 2.5.3.
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The results show there is no peak for amphetamine in the collected fraction from the
loading and washing steps that indicates the monolith has been trapped (see Figure 6-10
b and c). In the chromatogram of elution fraction (see Figure 6-10 d) there was a high
peak at the retention time of the amphetamine standard (6.64 min), but no impurity peaks
were observed around it, which confirmed the validity of using this method for extraction

of amphetamine.

To find the best flow rate to be used during the extraction of amphetamine by grapheme-

silica monoliths several flow rates were applied: 50, 100 and 200 pL/min.
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Fraction / 350 uL

Figure 6-11 Percentage of amphetamine standard (100 pg/mL) extracted using
graphene-silica monolithic column (GO 0.5 mg/mL) at flow rate 50 plL/min
compared to direct injection of the same amphetamine standard. The error bars
represent the standard deviation of 3 repeat experiments.
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Figure 6-12 Percentage of amphetamine standard (100 pg/mL) extracted using
graphene-silica monolithic column (GO 0.5 mg/mL) at flow rate 100 pL/min
compared to direct injection of the same amphetamine standard. The error bars
represent the standard deviation of 3 repeat experiments.
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Figure 6-13 Percentage of amphetamine standard (100 pg/mL) extracted using
graphene-silica monolithic column (GO 0.5 mg/mL) at flow rate 200 pL/min
compared to direct injection of the same amphetamine standard. The error bars
represent the standard deviation of 3 repeat experiments.
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The results show that increasing the flow rate from 50 pL/min up to 200 uL./min resulted
in a decrease in amphetamine yield during the elution phase. The best average (90 %) of
amphetamine extracted by the graphene silica column was found at a flow rate of 50
pL/min. This can be compared to the amount of amphetamine extracted at flow rates 100
and 200 pL/min, where the averages decreased to approximately 62 % and 20 %,
respectively (see Figure 6-11, Figure 6-12 and Figure 6-13). A possible reason could be
the decreased time of interaction between the analyte and the internal surface of graphene
silica monolith. Increasing the flow rate to 100 uL./min and 200 pL/min during extraction
led to the release some of amphetamine during loading and washing steps (see Figure 6-12
and Figure 6-13). According to the previous results it was decided to use the flow rate of
50 uL/min in all subsequent experiments. Noticeably, all percentages were obtained from

an overall average of the peak areas obtained.

6.3.4 Calibration curve

A calibration curve was produced using reference standard solutions of amphetamine
with a wide range of concentrations 40, 20, 10, 5, 2 and 1 pg/mL. All standard solutions
were analysed in triplicate directly by the HPLC at UV wavelength 254 nm, and the mean
peak areas were plotted against concentration (see Figure 6-14). Good linearity was
observed that meant the calibration curve was useful in quantifying the fraction during

extraction experiments.
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Figure 6-14 Calibration curve for wide range concentrations of amphetamine (40,
20, 10, 5, 2 and 1 pg/mL). (W.L. 254 nm). The error bars represent the standard
deviation of 3 repeat experiments.

The efficiency of graphene silica monoliths in extraction of amphetamine was evaluated
using three standard solutions of amphetamine with low, medium and high concentrations
(2, 20 and 40 pg/mL). The extraction of all samples was carried out at a flow rate of 50
puL/min and detected at UV wavelength 254 nm. The error bars represented the average
of three replicate analyses of the standard samples. All standard deviations were

computed using Microsoft Excel software.
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Figure 6-15 Percentage of amphetamine standard (40 pg/mL) extracted using
graphene-silica monolithic column (GO 0.5 mg/mL) at flow rate 50 pL/min
compared to direct injection of the same amphetamine standard. The error bars
represent the standard deviation of 3 repeat experiments.
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Figure 6-16 Percentage of amphetamine standard (20 pg/mL) extracted using
graphene-silica monolithic column (GO 0.5 mg/mL) at flow rate 50 pL/min
compared to direct injection of the same amphetamine standard. The error bars
represent the standard deviation of 3 repeat experiments.
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Figure 6-17 Percentage of amphetamine standard (2 pg/mL) extracted using
graphene-silica monolithic column (GO 0.5 mg/mL) at flow rate 50 pL/min
compared to direct injection of the same amphetamine standard. The error bars
represent the standard deviation of 3 repeat experiments.

It is clear from the figures above that increasing the concentration of amphetamine
resulted in an increase in amphetamine yield during the elution phase up to 40 pg/mL. In
addition, using graphene in the extraction process enabled more effective binding of
amphetamine to the silica. However, the amphetamine yield during the elution step was
found to be low, with the average between 20 % and 60 % (see Figure 6-15, Figure 6-16
and Figure 6-17). There remains a question mark over the amount of amphetamine lost
during the extraction processes using graphene silica monolithic columns. The possible
reason could be the direct proportion between the concentration of graphene phase and
the adsorption within the silica monolith, which caused irreversible binding of the
amphetamine. To solve this problem, the next procedure decreased the concentration of
GO to 0.25 mg/mL to control for the thickness of the graphene phase, improve

permeability and reduce the amount of irreversible analytes.
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Figure 6-18 Percentage of amphetamine standard (2 pg/mL) extracted using
graphene-silica monolithic column (GO 0.25 mg/mL) at flow rate 50 pL/min
compared to direct injection of the same amphetamine standard. The error bars
represent the standard deviation of 3 repeat experiments.
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Figure 6-19 Percentage of amphetamine standard (20 pg/mL) extracted using
graphene-silica monolithic column (GO 0.25 mg/mL) at flow rate 50 pL/min
compared to direct injection of the same amphetamine standard. The error bars
represent the standard deviation of 3 repeat experiments.

165




120 ~

100.00
100 - 93.00

60 -

Recovery %

20 -

0.00 0.00 0.00 0.00

STD 40 loading washingl washing2 washing3 elution
ug/mL

Frction / 350 pL

Figure 6-20 Percentage of amphetamine standard (40 pg/mL) extracted using
graphene-silica monolithic column (GO 0.25 mg/mL) at flow rate 50 pL/min
compared to direct injection of the same amphetamine standard. The error bars
represent the standard deviation of 3 repeat experiments.

The results show that the average percentage of extracted amphetamine from the low
standard 2 pg/mL sample was 79 %. Increasing the concentration of amphetamine
standard to 20 pg/mL led to a slight increase in the percentage of amphetamine extracted
91 % (see Figure 6-19). Finally, the percentage of extracted amphetamine reached 93 %
when the concentration of the standard increased to 40 pg/mL (see Figure 6-20). The
comparison between the efficiency of extracting the same standard solutions of
amphetamine using graphene silica monolith and Cig silica monolithic column was

concluded (see Table 6-4).
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Table 6-4 Recoveries of three amphetamine standards (low, mid and high) using
graphene silica monolith and Cis silica monolith during extraction processes.

Column Compound Concentration Recovery™

(SPE) png /ml % + SD
Cis8-TMOS Amphetamine 2 85+ 2.27
TMOS-GRAPHENE Amphetamine 2 79 +3.45
Cis-TMOS Amphetamine 20 86 +7.13
TMOS-GRAPHENE Amphetamine 20 91+241
Cis-TMOS Amphetamine 40 94+ 2.80
TMOS-GRAPHENE Amphetamine 40 93+295

SD standard deviation
All standard deviations were computed using Microsoft Excel software.

Similar percentages for recoveries were obtained from both monoliths. However, solving
the problem of irreversible binding in a graphene silica monolith can improve yield of
amphetamine to be superior (100 %). In addition, these results confirm the ability of
graphene phase to be used instead of Cig phase during the extraction of small organic

molecules.

6.4 Summary

The use of graphene monolith as the solid-phase makes the elution of small organic
molecules very difficult due to the high hydrophobicity of the graphene phase. However,
using microwave heating during reduction of GO speed up the reaction, which was

achieved in 1 min.

The use of graphene phase for modification of silica monoliths enables not only
purification but also extraction of amphetamine from a standard solution. A range of
graphene silica based monoliths have been investigated for their potential in extracting
small organic molecules such as amphetamine. The concentration of GO in the starter
mixture, used for modification the silica-based monoliths, is very important as it has a
substantial effect on the efficiency of amphetamine extraction and elution processes. The
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graphene-silica-monoliths produced by microwave heating showed higher amphetamine
extraction efficiency and were easier to produce than thermal heating grapheme-silica-
monoliths. Despite initial successes in using graphene-silica-monoliths for amphetamine
extraction, efficiency studies showed a significant problem with permeability. In addition,
blocking of the macro pores structure with graphene phase often led to difficulty with

high back pressures during extraction process.

In comparison to Cig silica monoliths, the extraction efficiency of amphetamine by
graphene silica monolith provided a similar percentage of recoveries for the same
standard solutions. However, the modification of silica surface with Cig phase by
microwave heating takes approximately 40 min, whereas the modification of silica

monolith with graphene phase can be carried out in just 1 min.

The potential for the method of graphene modification to be optimized to perform drugs

of abuse extraction and detection, will be discussed in future work.
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7 Conclusion and future work

7.1 Fabrication of silica monoliths using microwave heating (chapter 3)

The number of applications of monolithic materials, such as SPE, has increased in recent
years, especially for the extraction of drugs of abuse. Nevertheless, the fabrication process
of silica monolith is still time-consuming and laborious. In this work, silica monolithic
rods were fabricated using microwave heating during the gel formation process. Different
microwave conditions were investigated for their potential in the formation of silica
monoliths. It was found that the use of microwave heating enables the rapid formation of
silica monolithic rods with improved physical characteristics, compared to silica
monolithic rods prepared using conventional heating methods. In 2002 Gisele M. Neves
71 also used microwave heating during the sol-gel process; the fabrication of silica
monolith was achieved in 10 min, however, the surface area of the created silica structure

was very low (112 m?/g). In this work a high surface area (574 m?/g) was achieved.

Under optimised conditions, microwave heating reduces the gelation time from 4,320 min,
in the thermal heated oven methodology, to 11 min producing ideal morphological

features.

This work not only confirmed the ability of microwave heating to enhance the gel
formation process in a very short time, with no morphological differences from the same
monoliths prepared using oven heating method, it also improved the surface area of the

microwave produced silica monoliths.

Future work should be carried out to optimise the fabrication of the silica monoliths using
microwave heating in order to increase the surface area and the permeability of the

monolithic column. In addition, it would also be interesting to investigate different types
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of chemical composition, as the internal structure of silica monolith can be affected by

any variation on the processing parameters.

7.2 Cig modification of silica monoliths using microwave heating (chapter 4)

Using microwave heating during C1g surface modification produced a greater coverage
of functional groups on the silica surface in a reduced time. Many researchers have
reported that the performance of Cys silica columns is affected by the number of Cis
chains on the silica surface during the modification process. For example, Martin et al.
(41 reported that the Cis silica columns used to extract polar and non-polar compounds
from biological matrices should have intermediate carbon loading plus some residual
silanols. Cyg silica monolith is the most common column used for drug extraction,
however, the Cig modification process remains time-consuming. In this work the
application of microwave heating in C1g surface modification was carried out in order to
increase the amount of carbon loading on the silica surface. This was found to improve

the extraction efficiency of caffeine and eserine from standard solutions.

The modification of silica monoliths with C1s phase using microwave heating was found
to offer a high carbon percentage loading, but at a slightly reduced surface area. The mean
recoveries of three caffeine standards using microwave Cig silica monolithic columns
were found to be very high 101 % —111 %, in comparison with recoveries of the same

standards using thermal Cig columns, which were in the range 42 % — 101 %.

This work indicated that the potential of microwaves (single mode cavity) to control the
loading of octadecyl groups on the silica surface during the modification process produces

quicker (40 min) and more efficient heating.

Ongoing work should focus on the extraction of more complex samples, such as proteins
from biological samples after optimisation of the pore size of the octadecylated silica

monolith.
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7.3 Modification of silica monolithic column with gold nanoparticles using microwave

heating (chapter 5)

The combination of silica monolithic structure with gold nanoparticles was found to offer
direct on-column detection of drugs of abuse based on an immunoassay. Many research
groups have made this combination between the silica frameworks and gold nanoparticles.
However, the reported methods for combining GNP with silica monoliths usually reduced
the surface area, closed some porous structure and hydrolysed the functional surface
groups during the sol gel process. In this work the potential to use gold nanoparticles for
detection, coupled with a silica monolithic column for extraction, produced using
microwave heating, was investigated as a sensitive immunological assay. In addition, an
investigation of the efficiency in using an immunosensor based on GNP-silica monoliths
in the extraction and detection drugs of abuse was carried out simultaneously.

The use of GNP-NH2 within the silica structure based on microwave heating reduced
gelation time to (5 min). Under optimised conditions, the functionalization of GNP with
antibodies allowed a cone shaped silica monolith to be used for the direct detection of one
type of drug of abuse. Square shape monoliths also allowed several drugs of abuse to be

detected at the same time.

This procedure improves the sensitivity and selectivity of modified silica surfaces that are
suitable for extracting and detecting more than one type of drugs of abuse at the same

time.

Future work could further investigate the extraction of some real forensic samples and
use of a reference material with drugs of abuse, in addition to the modification of gold
nanoparticles with different functional groups suitable for the extraction of a huge number

of analytes.
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7.4 Modification of silica monolithic column with graphene phase using microwave

heating (chapter 6)

The considerable potential and unique physicochemical properties of a graphene phase in
offering the extraction of polar and very-polar compounds from large sample volumes is
much easier compared to conventional Cg silica columns. However, the direct use of
graphene as SPE material may cause irreversible binding for the target analytes.
Furthermore, graphene itself may escape from the SPE holder under high pressure. In
2014 Xiaojia Huang extracted strongly polar aromatic amines (AAs) from water samples
using poly (ethylene glycol dimethacrylate/graphene oxide) (EDMA/GO) monolith.
However, recoveries of AAs spiked in different matrices ranging from 74.2 % to 105 %

and the fabrication process was time consuming.

In this work the generation of GO in a silica monolith using microwave heating was
achieved in an extremely short time (1 min). The extraction efficiency of a polar analyte
(amphetamine) by graphene-silica monoliths was evaluated using HPLC-UV system. The
extraction of amphetamine by graphene silica column was found to be high 93 %,
indicating the extraction of non-polar, polar, very polar and water-soluble analytes, based
on both hydrophobic and electronic interactions, could be easy and simple using the
approach developed. However, the elution of amphetamine from a graphene silica column

is still difficult.

Future work would therefore need to investigate the extraction of more types of drugs of
abuse from different biological samples using graphene silica monolith. In addition, the
modification of graphene silica monolith with different functional groups, suitable for

extracting different types of analytes, would be worth future investigation.
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