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Abstract

This thesis describes how modifying PDMS can influence the polymer’s sorbent properties
towards organic compounds in aqueous matrices. Where each new sorbent’s extraction
performance was measured through TD-GC-MS and characterized through various analytical

techniques.

Chapter 1: Gives a brief introduction to the analytical techniques used within the thesis whilst
outlining the current state-of-the-art PDMS modification techniques reported in recent

literature.

Chapter 2: Provides the detailed design of experiment and the corresponding materials used

for each results chapter.

Chapter 3: This chapter shows the results and discussions section for the encapsulation of
amines with PDMS. In which each PDMS-based material demonstrated variable sorptive
extraction properties towards organic compounds in aqueous solutions compared to PDMS.
However, each material presented thermal instability and extraction performance dropped

over time.

Chapter 4: Highlights how bonding amines to PDMS improved the thermal stability of the
sorbent material. However, the TD-GC-MS results showed little variance in extraction
performance compared to that of the currently used PDMS, unlike that of the encapsulated

method.

Chapter 5: This section looked at how a novel preparation technique aimed to incorporate
established commercially available sorbents within the PDMS. These bi-phasic sorbents were
tested for organic compound extraction via TD-GC-MS. The results showed that the PDMS-
Tenax GR outperformed all other sorbents for most of the tested organic compounds. Whilst
demonstrating both chemical and thermal robustness. The main issue around this section was

how to scale-up the material preparation step.

Chapter 6: This chapter provides an overview of the results obtained during the thesis while
highlighting the areas of improvement. Future works state the direction this research should

move based on the result obtained.
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Chapter 1: Introduction




1.1  Scientific Question

Analytical chemistry has an important role in monitoring the quality and safety of our
environment, allowing us to study the chemical and physical properties of substances we
come in contact within our everyday life[1]. Today, we have several different formats of
analytical equipment and methods which allow us to profile chemicals from various industries
such as forensic science, clinical analysis or environmental to name a few[2]-[4]. However, in
some instances what we wish to be analysed would require sample preparation due to not
being compatible with the equipment or not easily removed from its natural environment to
a laboratory facility. Such example of this would be the removal of organic contaminants from

river systems [5].

HiSorb, a high capacity sorptive extraction probe is used across a vast range of analytical
sectors as a sample preparation technique. HiSorb is a solvent-free technique that utilises a
polydimethylsiloxane (PDMS) sorptive phase to efficiently extract organic analytes prior to
analysis through Thermal Desorption-Gas Chromatography-Mass Spectrometry (TD-GC-MS).
PDMS was the chosen sorbent due to favourable properties such as chemical inertness and
robustness [6]. However, the hydrophobic surface chemistry (LogP > 3) of the PDMS makes
the polymer sorbent efficient at extracting the complimentary, hydrophobic organic
compounds [7]. Therefore, this project will address the need for new sorbent materials to
extract organic compounds which have a greater range of affinity for organic compounds than

the currently used PDMS.

The aim of the project would be to modify the PDMS material through various modification
techniques. Each new PDMS-based material’s performance at extracting organic compounds
from aqueous matrices will be measured through the TD-GC-MS analysis whilst profiling both
physical and chemical properties through further analytical techniques described within. With
this project being industry-funded, commercial considerations such as cost of material would
be taken into consideration. Overall objective for this project would be to widen the product

portfolio for Markes International HiSorb and therefore broaden its current application basis.




1.2 Gas Chromatography

The International Union of Pure Analytical Chemistry (IUPAC) definition of chromatography
states that it is a physical method of separation in which the components to be separated are
distributed between two phases, one of which is stationary (stationary phase) while the other
moves (mobile phase) in a definite direction [8]. Gas chromatography consists of a vaporized
sample being injected into the machine via the injection port to where the carrier gas is
located [9]. The carrier gas is typically inert to prevent any interactions taking place with itself

and the sample [10]. From here the sample is passed through to the column.

The column contains a stationary bed which has a large surface area, and the composition of
this stationary bed is chosen dependent of the experiment being run [11]. Such options
include compounds that are polar or non-polar. The various types of stationary beds will each
have a different affinity for the analytes within the sample matrix leading to separation as the
analytes elute at different rates [12]. The affinity of the analyte for the stationary phase can
be measured in chemical terms as the partition coefficient, Kq. Where Kgq is the ratio of the
amount of analyte adsorbed to the stationary phase to the amount of analyte remaining in

the carrier gas [13]. Thus, providing the following equation:
Ka=q/C

Equation 1.1: Calculation of partition coefficient K4, where the distribution coefficient, Cis
the amount of analyte remaining in the carrier gas and q is the amount of analyte adsorbed

onto the stationary phase.

The larger the value of Kq the greater the affinity the analyte has for the stationary phase [14].
Furthermore, the column tends to be a long coil as the longer the column, the greater the
separation of the compounds. Once the sample has eluted from the column, the detector
monitor’s and records which compounds eluted at which rates. The detector displays the

signals received in a graphical form for analysis, also known as a chromatogram (Figure 1.1).
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Figure 1.1: Representative peak from chromatogram.

The chromatogram is a two-dimensional plot of response vs time. Each compound elutes from
the machine at a specific time which is dependent on their chemical structure and how their
structure interacts with the column when passed through. The concentration of each
compound can be calculated by measuring the area under each peak and how this value of

area corresponds to a calibration curve of known concentrations for that compound.

1.3  Mass Spectrometry

Mass spectrometry (MS) is an analytical technique that precisely measures the molecular
masses of individual compounds and atoms by converting them into charged ions [15]. The
mass spectrometer uses the principle of electric and magnetic fields to deduce the mass of
unknown molecules (Figure 1.2). The mass spectrometer ionizes the analytes leaving a charge
on each species within the sample. The reason for the charge is that the ions when charged

are easier to manipulate into moving in the direction of the detector.
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Figure 1.2: Schematic representation of mass spectrometry [16].




Mass spectrometry can be broken down into 3 simple steps.

1.

lonization — this step requires the ionization of the analytes through the
addition/removal of electrons or protons forming gas-phase ionic molecules or atoms
[17]. The sample may be solid, liquid or gaseous and placed into the mass
spectrometer. A high voltage difference is created within the machine and the high
voltage difference creates an electric current. This electric current collides with the
sample leading to the ionization of the sample mixture, leaving a positive charge on
the molecules [18]. The ionization process is undertaken in negative pressures and
leads to the fragmentation of compounds within the sample.

Separation — the ionized molecules or atoms are now separated according to their
individual mass-to-charge ratios [19]. This is done by accelerating the positively
charged particles and subjecting them to an electric and magnetic field. The particles
differentiate through the various deflections before reaching the ion detector. The ion
detector calculates the radius curvature that the positively charged species took on its
way to reaching the detector. The mass of the molecule is deduced through the
equation:

m = (qrB1Bz) / E
Equation 1.2: Mass spectrometry equation where: m = molecular mass, q = charge
on particle, r = radius each particle is deflected in magnetic field, B = energy or

intensity of the magnetic field, E = ion accelerating voltage.

Analysis — the data obtained is displayed in the form of a mass spectrum (Figure 1.3).
The mass spectrum displays the relative abundance of ions as a function of the mass
to charge ratio. Identification of the structures is determined either through known

masses or the fragment patterns displayed on the spectra.
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Figure 1.3: The mass spectra for toluene d8.




Mass spectrometry equipment has the capabilities to deduce the structure of a molecule as
well as quantitatively measure the analyte levels [20]. Such characteristics has made mass
spectrometry one of the most used comprehensive analytical techniques currently being used

by scientists across many disciplines such as physics, chemistry and pharmaceutical sciences.

1.4  Gas Chromatography-Mass Spectrometry

Gas chromatography-mass spectrometry (GC-MS) is an analytical technique that detects trace
levels of analytes through the combination of gas chromatography and mass spectrometry
[21].This two-part system uses the same protocols that are described in the previous sections
where the sample is firstly separated by the different chemical properties associated with
each of the molecules in the sample mixture. Upon elution from the gas chromatography
machine, the molecules are directly passed into the mass spectrometer. Here the separated
molecules are captured and ionized into distinguishable charged fragments prior to
acceleration through the machine. Each of the fragments are then analysed based upon their
mass-to-charge ratio. GC-MS systems can distinguish between a vast range of compounds
enables making them widely used across several industrial sectors in-particular food & drink

[22], environmental monitoring [23] and clinical studies [24].

1.5 Thermal Desorption

Thermal desorption was introduced in the 1970’s to overcome issues that surrounded sample
preparation for conventional GC analysis [25]. It was found that packing injector liners with
sorbent material allowed for the adsorption of a fixed volume of gas prior to separation.
However, many issues surrounded this initial technique including loss of volatile substances
and large errors within the results, all be it the first example of single-stage thermal

desorption.

Sample preparation is the treatment of a sample into a state that is efficient for analysis,
where thermal desorption is one of the most prominent within the analytics of chemical
industry [26]. Furthermore, it is said to be the most powerful and versatile of all gas

chromatography sample introduction technologies allowing for trace-level analysis of volatile




molecules that would not be possible with alternative preconcentration techniques such as
solvent extraction [27]. Thermal desorption can be interpreted as an extension of GC [26].
The apparatus serves as a multi-purpose tool in the sampling and preparation of analytes.
Furthermore, the selected samples can have a tailored concentration prior to injection into
the GC equipment. Thermal desorption concentrates volatile and semi-volatile organic
compounds within an inert gas stream prior to injection into the GC equipment (Figure 1.4).
The alteration to the concentration of the volatile organic compounds leads to the
improvement on detection limits, allowing the GC equipment to detect trace amounts within
samples as low as a part per trillion (ppt) level. Thermal desorption has an impact on the
quality of results when applied in tandem with GC or GC-MS analysis. The sample preparation
results in reduced peak widths and an overall improvement on the chromatography

performance.

The first step of single-stage thermal desorption requires the direct sampling of volatile
materials onto a sorbent tube (Figure 1.4). The adsorbed material undergoes extensive
heating before being purged into the injection port of the GC machine via an inert flow of gas.
This allows for any substance that was originally adsorbed onto the sorbent tube, to be

thermally desorbed into the GC machine and separated into its individual components.

Single-stage is the simplistic approach to thermal desorption. Alternatively, a two-stage
thermal desorption method allows for the improvement on the already powerful technique
with the introduction of a multi-stage process (Figure 1.5). This entails the continuous process
of extraction and desorption into smaller volumes of gas. This concentrates the samples of
interest, enhancing sensitivity and detection limits. In principle, this equipment can be used
to monitor a range of compounds in the air or sample, firstly by pumping the gaseous samples
through a sorbent sampling tube over a set period. The volatile or semi-volatile gases that are
retained onto the sorbent tube are desorbed into an inert carrier gas of a set volume. The
inert gas that contains the sample re-adsorbs the sample onto a smaller piece of sorbent
material, also known as the cold trap. From this, the gaseous analytes can be quantitatively
thermally desorbed into the GC inlet in as little as 100uL of inert carrier gas. Thus, providing
a sample with a substantially improved concentration which leads to the increased sensitivity
and detection limits for the chromatography separation process. Furthermore, through the

multiple step process of trapping the gaseous analytes, it is possible to remove unwanted




impurities through a purge to vent system, quantitatively retaining the compounds of interest

prior to injection into the GC machine.
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Figure 1.4: Schematic describing the single-stage thermal desorption process. Sample matrix
is injected and carried through the column via an inert flow of gas (a). Sample passes onto
the sorbent material within the column, where compounds of interest adsorb onto the
sorbent surface (b). Lighter molecules such as N; pass through the sorbent tube (c). The
sorbent tube is heated in a reverse flow of carrier gas in a process called back flushing (d).
Compounds of interest desorb from the surface of the sorbent and are released into the

inert flow of gas (e).




Tube desorption Trap desorption
The sorbent tube is heated The

and the analytes are swept
onto a focusing trap in
100-200 mL of carrier gas. n 100-200 pL of ¢

> focusing tre

ap IS heated

> ? s

Y™y
- . FOCUSING TRAP S

SORBENT TUBE

Figure 1.5: Schematic representation of the two-step thermal desorption process [26].

1.6 Thermal desorption vs Solvent Extraction

Like thermal desorption, solvent extraction is a common sample preparation technique used
within industry and laboratories for chromatography [28]. The method simply consists of the
transfer of a solute from one solvent to another with both solvents being immiscible or
partially immiscible with each other [29]. The two solvents of choice tend to be an aqueous
mixture with the other being a non-polar organic liquid. The method is simplistic, consisting
of a mixing step followed by a separation step. However, such disadvantage of solvent
extraction is that too vigorous of mixing can lead to a difficult separation step as
emulsification of the two layers takes place, expressing the importance of choosing the two
correct immiscible solvents at the beginning of the experiment. Another disadvantage to this
extraction technique is that it is not possible to transfer to 100% of the retained analytes to
the analytical instrumentation, with recovery values being as low as 20% [30]. This is the main
advantage of thermal desorption when compared to solvent extraction. Thermal desorption
can easily allow for over 95% desorption efficiency given that the experiment meets up to the
analytical conditions such as sorbent, temperature and flow rate [31]. This high desorption
percentage is due to the constant purging of the compounds into the inert gas as the rising

temperature releases the compounds within the matrix as vapours.

Another advantage of thermal desorption over solvent extraction is reduced interference and
lower detection limits [32]. During solvent extraction there may be solvent interference. This
effect can have an impact on the results of the analysis such as peak masking, signal

guenching and baseline disturbance. Without the use of solvents in thermal desorption,




solvent interference is not an issue. Furthermore, thermal desorption is a preferred technique
to due attributes such as being less labour intensive and requiring little or no sample

preparation [33].

1.7 Evolution of Thermal Desorption Technology

Contaminated drinking water led to many birth defects within the United States during the
1970’s [34]. As a result, a simplistic mode of sampling the water systems were introduced. In
response to this, The US Environmental Protection Agency (EPA) developed a purge-and-trap
GC-based test that allowed the monitoring of VOCs within the drinking water that was
contaminated in the 1940’s and 50’s by chemical industries [35]. Around the same time was
the development of the ‘Coker Cooker’ which consisted of %” O.D tubes designed by
Environmental Monitoring Systems Ltd. for the containment of samples and sorbents. This
late 1970’s thermal desorption model is considered as the first commercial use of thermal
desorption technology offering the consumer simple single-step desorption properties with a
primary use of monitoring air pollutants within the workplace of the petrochemical industry
[36]. Overall, this primitive piece of apparatus operated sufficiently. However, the need to
meet certain criteria which included the need for a packed column, only analysis of stable
compounds and performance within a narrow concentration and volatility window limited its

applications and left room for improvement.

The Working Group 5 (WG5) of the UK Health and Safety Committee on Analytical
Requirements (HSE CAR) also convened in the late 1970’s to discuss the applications of both
diffusive sampling and thermal desorption [37]. At the time, the choice of quantitatively
monitoring air was undertaken by personal sampling pumps, however the WG5 believed
diffusive sampling could be an inexpensive, alternative option. Eventually, the group decided
to base their samplers on the %4” O.D sorbent tubes that were earlier designed for the Coker
Cooker machinery. Characteristics such as practical in size, non-susceptible to air speeds and
suitable for both pumped and passive sampling made the %4” O.D sorbent tubes provided the

foundations for the future developments.

As previously mentioned, thermal desorption has a greater ability of separating compounds

within a mixture compared to solvent extraction [32], [33], [38], [39]. Furthermore, the WG5
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noticed that thermal desorption overcame toxicity issues that were associated with the
charcoal/CS, extraction methods that were employed at the time. These advantageous
characteristics of thermal desorption led to the WG5 exploring an automated service for

sampling with today’s protocols such as leak testing and pre-purging.

WG5 believed that this mode of thermal desorption had greater potential than what was
expressed through single-stage thermal desorption [40]. With the sampling tubes containing
large quantities of sorbent material and a requirement of several millilitres of gas for
extraction, they looked to improve on the sensitivity of the device which resulted in greater
resolution spectra. The resulting product was a two-stage thermal desorption apparatus that
contained a capillary cryogen focusing trap between the sample tube and the separating
column. The process involves the adsorption of analytes to the sorbent within the sample
tube. Once adsorbed, the analyte is desorbed from the primary sample tube onto the cryogen
cooled focusing trap, prior to once again being desorbed into the separating column via a
smaller volume of carrier gas. Reducing the volume of carrier gas increased sample
concentration prior to analysis by the gas chromatography equipment leading to improved

peak shape and sensitivity.

One of the first recorded models to incorporate the cryogen focusing trap was the Chrompack
CTC unit. Results showed improved peak shape and sensitivity in comparison to single-stage
thermal desorption methods. Albeit improved results, the cryogen focusing trap blocked with
ice and the general running costs of the machinery were expensive as it required 6L of liquid
nitrogen per hour to run [41]. In response to the limiting factors associated with the
Chrompack CTC, PerkinElmer responded with the release of the ATD (Automated Thermal
Desorption) 50 in 1981 [42]. The ATD 50 machine provided the first real breakthrough in
thermal desorption analysis. Combining sorbent tubes with an electrically cooled focusing
trap, the ATD 50 essentially provided a means of quantitatively measuring the retention time
of a vast range of volatile compounds at a low cost with no ice formation within the cryogen
trap. The ATD 50 had further features such as a rapid heating rate of 60°C/s on the stainless-
steel focusing trap which meant fast desorption of the analyte into the column and an overall
improved peak shape. The introduction of a heated rotatory valve located in the flow path of

the desorb unit allowed for the isolation of the sorbent tube from the column. This enabled
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the user to undergo stop-flow leak tests and pre-purging of the air to vent before the

desorption step within each sample run.

The ATD 50 thermal desorption equipment made the initial step towards an easy and
simplistic pre-sampling method to gas chromatography. This led to increasing interest from
scientists of various backgrounds and increasing the demand for this level of pre-sampling
technology [40]. Several limitations with the ATD 50 were highlighted, such as the flow path
and desorption temperatures. The specifications of the ATD 50 machines were a maximum
flow path temperature of 150°C, desorption temperatures of 250°C in the sorbent tube and
300°C in the cryogen cold trap [40]. These temperature limits were not efficient enough for
the detection of carbon chains over Cy6 which became an issue for scientists who at the time
were eager to use thermal desorption for the monitoring of various carbon-based substances
within the environment. Such examples of these carbon-based analytes include
polychlorinated bisphenols (PCBs) and phthalates who have boiling points greater than 300°C
[39], [43]. Furthermore, there was growing interest in the monitoring of small molecular,
volatile compounds within the atmosphere and to quantitatively examine these range of
compounds under ambient conditions [38], [41]. Unfortunately, this was not possible with
the conventional sorbent tubes at room temperature due to the pressing issues of harmful
environmental gases causing adverse health effects to those living within urban environments
[44]. Thermal desorption seemed to be well suited as a solution to the demand for a near real
time evaluation of the air pollutants causing health conditions within the population. The
thermal desorption equipment was adjusted to easily sample the air within the atmosphere
and focus the contaminants directly to the cryogen focusing trap [45]. Such examples of how
thermal desorption equipment can have a positive impact on society led to increased

awareness and improved investments during the 1990’s.

Such improvements during the 1990’s included the optimisation of the cryogen focusing trap.
To this day the cryogen focusing trap is operated through an electrically cooled/sorbent-
packed focusing traps during two-stage thermal desorption. However, parameters such as
type of material used, internal diameter, sorbent bed length, cooling/heating efficiencies and
desorption rate were and currently are still be improved. Modern instrumentation consists of
inert materials such as quartz, to be heated up to rates of 100°C/s and allow for efficient

desorption of flows as low as 1.5ml/min to optimize method sensitivity [46]. Backflush

12




desorption is a term used to describe the carrier gas flowing in the reverse direction to that
of the air flow during desorption [47]. Using backflush desorption in tandem with a sorbent
bed that consists of various sorbents, the thermal desorption equipment can measure a wide

range of analytes with various volatilities [48].

Prior to adsorption onto the cryogenic focusing trap, samples have a variety of methods of
being introduced into the gas chromatography equipment. One such methods is direct

introduction via solid-phase microextraction (SPME).

1.8 Sampling — Solid-Phase Microextraction

Sampling options associated with thermal desorption include vapour monitoring, use of
sorbent tubes/traps, canisters with bags or direct desorption of homogeneous liquids or solids
[47]. However, in-terms of obtaining target analytes for analysis via gas chromatography,
solid-phase microextraction (SPME) tends to be the preferred use. SPME was developed by
Pawliszyn as a new sampling technique using a fused-silica fibre that had an appropriate outer
coating called the stationary phase [49]. This extraction method consisted of direct adsorption
of analytes from the sample onto the fibre coating. This allowed the user to save time through
a greener process that did not include the use of solvents, all while improving the detection
limits of their samples [49]. SPME is currently sold commercially in various forms from
different suppliers. One such example of these supplier is Merck (Table 1.1). SPME fibre
assemblies sold by Merck contain fibres which vary in terms of polarity and thickness of
coating on each fibre. In tandem with consistent sampling time, the analyst can expect highly
consistent and quantifiable results from low concentrated volatile analytes [50]. Merck offer
a range of SPME fibres including polydimethylsiloxane (PDMS) and various multi-phase
derivatives, each of which are sold with recommended 24- or 23-gauge needles for auto

sampling.
SPME-Overcoated:

Samples that contain a high-background such as various fats and sugars within food products
can stick to SPME fibres [51]. This leads to the reduce life expectancy of the fibre and may
also result in the contaminants being transferred to the GC machine and interfering with the

chromatographic analysis. Providing an overcoat of PDMS to the existing PDMS/DVB coating
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reduces these issues as the PDMS serves as a barrier between the contaminants within the

matrix and the fibre.

Table 1.1: Range of SPME Fibre Assemblies available from Merck.

Type of SPME Fibre

Composition of SPME fibre

Film thickness — d¢

(um)

Needle size

(sa)

Price per

needle (£)

SPME-Overcoated

SPME Metal Alloy

Carboxen/Polydimethylsilo
xane (CAR/PDMS)

Polydimethylsiloxane/Divin

ylbenzene (PDMS/DVB)

Divinylbenzene/Carboxen/
Polydimethylsiloxane

(DVB/CAR/PDMS)

Polydimethylsiloxane

(PDMS)

Polyacrylate (PA)

Carbowax-Polyethylene

Glycol (PEG)

Polydimethylsiloxane/Divinylbe
nzene (PDMS/DVB) fibre
overcoated with a layer of
PDMS
Carboxen/Polydimethylsiloxane
(CAR/PDMS)
Divinylbenzene/Carboxen/Polyd
imethylsiloxane
(DVB/CAR/PDMS)
Polydimethylsiloxane/Divinylbe
nzene (PDMS/DVB)

Polydimethylsiloxane (PDMS)

Carboxen/Polydimethylsiloxane

(CAR/PDMS)

Polydimethylsiloxane/Divinylbe
nzene (PDMS/DVB)

Divinylbenzene/Carboxen/Polyd

imethylsiloxane

Polydimethylsiloxane (PDMS)

Polyacrylate

Carbowax-Polyethylene Glycol
(PEG)

75 um (65 pm of
coating + 10 um of

overcoating

85 um

50/30 um
Divinylbenzene/Car

boxen

65 um

100 um
75 um
75 um
85 um
85 um
65 um
65 um
50/30 um
(Divinylbenzene/Car
boxen)
50/30 um
Divinylbenzene/Car
boxen
7 um
7 um
30 um
30 um
100 pm
100 pm
85 um
85 um

60 um

23 ga

23 ga

23 ga

23 ga

23 ga
24 ga
23 ga
24 ga
23 ga
24 ga
23 ga

24 ga

23 ga

23 ga
24 ga
23 ga
24 ga
23 ga
24 ga
24 ga
23 ga

23 ga

150.00

364.00

364.00

364.00

367.00
94.00
98.67
94.00

108.33
94.00
98.67

94.00

108.33

108.33
99.00
108.33
99.00
98.66
94.00
99.00
108.33

108.33
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Carboxen/Polydimethylsiloxane (CAR/PDMS):
SPME metal alloy:

The SPME metal alloy fibres consist of the addition of a metal alloy to the needle, plunger and
fibre core. The selected metal alloy provides great flexibility to the SPME system with a
plunger of greater thickness to reduce the chance of breakage as well as a needle with thinner
walls in comparison to the traditional stainless-steel alternative. Furthermore, the metal alloy
used is more inert than the stainless-steel needles. There is a range of metal alloys available
where the composition of the fibre, the length of the needle and the thickness of the bonded

phase all vary.

This form of SPME analysis targets molecules of a low molecular weight of approximately 30-
225. The process is particularly used in the sample preparation of GC-MS rather than using
the solvent extraction technique. Such examples of this type of SPME fibre being used is
within the extraction of volatile cheese extracts via the static headspace method [52], and the
determination of the concentrations of molecules such as 2-heptanone [53] and dimethyl

sulphide [54].
Polydimethylsiloxane/Divinylbenzene (PDMS/DVB):

The PDMS/DVB SPME fibres mainly vary in film thickness (df) of 60 um and 65 pm,
respectively. This has an influence on its applications, where the 60 um fibres are
recommended for HPLC analysis of amines and polar compounds. However, for analysis of
more volatile polar compounds such as alcohols, it is recommended to use the 65 um
PDMS/DVB fibres as they possess greater adsorption efficiency and a faster rate of release

[55].
Divinylbenzene/Carboxen/Polydimethylisiloxane (DVB/CAR/PDMS):

A 50/30 um divinylbenzene/carboxen film thickness on a PDMS fibre is used within SPME for
extraction of analytes that range from C3-C20 (MW 40-275) and can measure up to trace

amounts of compounds within this range.
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Polydimethylsiloxane (PDMS):

The PDMS fibres are used for the adsorptive capabilities across the non-polar range. For
analysis of analytes across the non-polar semi-volatile or large molecular weight range it is
recommended to use PDMS fibres with a film coating of either 7 or 30 um. These thickness’
possess greater extraction efficiency than the extraction probes of 100 um PDMS thickness
across this range, while the fibres of 100 um thickness are used for non-polar compounds

with a low molecular weight and high volatility.
Polyacrylate (PA):

Polyacrylate probes sold by Sigma-Aldrich consist of a film thickness of 85 um for extraction
of polar semi-volatiles of MW 80-300. Such applications of the manual sampling SPME
Polyacrylate probes have been recorded in the detection of insecticides within water samples
[56], determination of chlorophenols in landfill leachates [57], and the extraction of free fatty

acids within milk [58].
Carbowax-Polyethylene Glycol (PEG):

PEG SPME probes are designed for the extraction of alcohols and other polar molecules with

a MW 40-275.

Gerstel offer an advancement of the fibre coated probes provided by Sigma-Aldrich (Table
1.2). The Gerstel Twister enables efficient extraction of organic compounds from aqueous
matrices based of Stir Bar Sorptive Extraction (SBSE) technology. Gerstel Twister prides itself
on being a solvent-free technique with efficient extraction of up to 1000-fold greater
sensitivity than conventional SPME techniques [59]. This is due to a large sorbent volume in
tandem with stirring allows for extraction and concentration of analytes to the surface of the
stirrer bar from a large sample matrix. Once the analytes are adsorbed to the surface of the

sorbent, they are typically desorbed using thermal desorption.

The Gerstel Twister detects and extracts low concentrations of organic compounds from
aqueous matrices for characterisation and quantification via gas chromatography. This has
led to many applications of the Gerstel Twister such as the detection of PAH in marine tissues
[60], pesticides in water [61] and 2,4,6-TCA in wine [62]. Each of these compounds has been

successfully extracted from aqueous environments using the non-polar phase, PDMS. The
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PDMS sorbent on the Gerstel Twister compliments the non-polar hydrocarbons within the
aqueous samples, providing a surface for the hydrocarbons to adsorb onto in preparation for

analysis.

Table 1.2: Comparison of the Gerstel PDMS Twister and EG/Silicone Twister [59].

PDMS Twister EG/Silicone Twister

Polydimethylsiloxane (PDMS / Ethylene
Phase Polydimethylsiloxane (PDMS) glycol (EG) — copolymer on an inert

metal grid for mechanical stabilization

Unspecific adsorption of non-polar Unspecific adsorption of non-polar
compound with a log p > 4. compounds, additionally specific binding
Enrichment
The polarity range can be extended by of polar hydrogen bond donors, such as
adding salt to the sample (salting out). phenols.
Pesticides in water.
Polycyclic Aromatic Hydrocarbons
Application (PAHs) in marine tissues.
Flavour compounds in beverages.
examples 2,4,6-Trichloroanisole (2,4,6-TCA) in

wines.

Flavour compounds in foods.

The Gerstel PDMS Twister specialises in the extraction compounds with a partition coefficient
(log P) value of greater than 3 [63]. This leaves a large spectrum of compounds that cannot
be extracted using the standard PDMS Twister. To improve on this, Gerstel published a paper
in 2011 that compared the PDMS Gerstel Twister with a novel ethylene glycol (EG) and silicone
based combined sorbent phase for efficient stir bar sorptive extraction (SBSE) [64]. Each
Twister was compared across three drink beverages whiskey, wine and fruit juice for their
qualitative flavour profiles of each beverage. It was found that the EG-silicone could extract a
broader range of compounds from whiskey, wine and multivitamin juices compared to the
PDMS Twister. With the addition of EG in the sorbent phase, polar compounds that included
volatile esters, fusel alcohols and phenol-based compounds were successfully extracted. All
compounds adsorbed to the surface of each Twister were analysed and quantified using GC-
MS. Where it was found that the EG-silicone Twister quantifiably extracted more compounds

compared to the PDMS Twister. However, due to the hydrophobic nature of the PDMS surface
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long carbon-chain ethyl esters, lactones and terpenes were successfully extracted using the

PDMS twister.

Some benefits of SMPE comprise of efficient extraction capabilities and less solvent and
sample manipulation. Such qualities are the reason SPME is one of the leading extraction
technologies across various areas of chemical analysis including environmental and food
monitoring [65]. The technique was revolutionised by PAL Systems with the introduction of
the PAL SPME arrows. The main objective of the PAL SPME arrow was to improve on the
limited capabilities of existing SPME models such as mechanical stability and the small phase

volumes of the sorbent on each fibre [66].

To improve on the mechanical stability of the SPME apparatus, the PAL SPME arrow
introduced two sized probes, with outer diameters of 1.1 and 1.5 mm respectively (Table 1.3).
The larger outer diameter probes provided an increased surface area as well as improved
robustness compared to conventional SPME devices. Furthermore, the PAL SPME arrow gets
its name from the arrow-shaped tip that allows for ease of penetration of vials and injector
septa. The intuitive design leads to full protection of the sorbent material, preventing loss of
analytes adsorbed to the surface. Another highlighted aspect of the PAL SPME Arrow is the
ability to analyse matrices via immersive or headspace extraction, expanding on the

apparatus’ versatility in analysing both volatile and semi-volatile analytes.

The PAL SPME Arrow benefits from improved rate of extraction, sensitivity and robustness
which results in greater productivity and lower running costs for the consumer [67]. Similarly
to the Gerstel Twister, PAL SPME Arrows comes with a choice of sorbent material which allows

the user to select a phase most complimentary to their target analytes.
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Table 1.3: Various fibre types of the PAL SPME Arrow with relative diameter and phase
thickness [66].

Fibre Type Diameter (mm) Phase Thickness (ds)
1.1mm 100 pm
Polydimethylsiloxane (PDMS)
1.5mm 250 pm
Acrylate (Polyacrylate) 1.1mm 100 pm
Carbon Wide
Range/Polydimethylsiloxane (Carbon 1.1mm 120 pm
WR/PDMS)
Divinylbenzene/Polydimethylsiloxane
1.1mm 120 um

(DVB/PDMS)

PAL SPME Arrow has a larger phase volume compared to conventional SPME apparatus. This
large volume of sorbent gives PAL SPME Arrow apparatus improved sensitivity towards the
extraction of target analytes. This was well demonstrated by Kremser et al where they
evaluated the extraction efficiency of the PAL SPME Arrow on freely dissolved polycyclic
aromatic hydrocarbons (PAHs) in water [66]. For comparable results, the sorbent of choice
for both the PAL SPME Arrow and classical SPME fibres was PDMS. The three main areas of
comparison analysed were limits of detection, the reliability of the fibres and extraction
yields. Results showed that PAL SPME Arrow was superior to conventional SPME fibres at the
extraction of the PAHs. Data showed a greater quantity of PAHs were extracted in PAL SPME
Arrows and was concluded that this was due to the increased volume of sorbent. Further
research that compared PAL SPME Arrow to conventional SPME fibres was undertaken by
Helin et al. This research investigated the extraction efficiency of each technique on short
chain aliphatic amines in aqueous samples [68]. The two target analytes for the SPME Arrow
and SPME Fibre within the aqueous matrices were trimethylamine (TMA) and dimethylamine
(DMA). The results revealed that there was a greater percentage volume of DMA and TMA
recovery when using the PAL SPME Arrow in comparison to the SPME Fibre (Figures 1.6 &
1.7). Furthermore, evidence showed that when the sample was spiked with 100puL of 5mg/L
DMA solution that the PAL SPME Arrow maintained efficient extraction capabilities, however
the SPME fibre’s extraction affinity for DMA dropped (Table 1.4). As previously explained, the

SPME fibre have a small surface area. The paper describes that the small surface area of the
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SPME fibre led to competitive adsorption at the surface. In other words, there was saturation
at the surface of the Polydimethylsiloxane/Divinylbenzene/Carboxen (PDMS/DVB/CAR) SPME
fibre when attempting to extract the DMA. This concluded why the data showed reduced
adsorption of DMA compared to that of the PAL SPME Arrow which had a larger surface area
and overall sorbent volume. The paper continued to explore a solution to the competitive
adsorption on the SPME fibre. With findings suggesting that reducing extraction time would

prevent this limitation however, this would be at the expense of sensitivity on the instrument.
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Figure 1.6: Extraction time profiles of dimethylamine and trimethylamine obtained from
extractions performed with SPME Arrow (PDMS/CAR 1000) [68].
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Figure 1.7: Extraction time profiles of dimethylamine and trimethylamine obtained from

extractions performed with PDMS/DVB/CAR SPME fiber [68].
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Table 1.4: A comparison of PAL SPME Arrow and SPME Fibre in the adsorption of
trimethylamine (TMA) and dimethylamine (DMA) [68].

PAL SPME Arrow (PDMS/CAR

Sample Type (Analyte) SPME Fibre (PDMS/DVB/CAR)
1000)
Effluent (DMA) 79 +1 pg/L 80+ 7 ug/L
Effluent spiked (DMA) 167 +2 pg/L 137 + 10 pg/L
Effluent (TMA) 120 + 2 pg/L 134 + 1 pg/L
Influent (DMA) 81+5 ug/L N/A
Influent (TMA) 120 + 8 pg/L N/A

Overall, it can be concluded that SPME is a highly successful tool for sample preparation, with
great versatility in extracting a wide range of analytes. However, the characteristics of the
fibres such as phase thickness makes these probes easily breakable, non-reusable and subject

to competitive adsorption [69] [70].

1.9 Markes International

Markes International is a specialist manufacturer of instrumentation for detection of trace-
level volatile and semi-volatile organic compounds (VOCs and SVOCs) [71]. In-particularly,
Markes International have expertise in thermal desorption (TD) technology as a pre-
concentration technique in the analysis of VOC and SVOCs. Markes International manufacture
a vast range thermal desorption equipment that cover 3 modes, sorbent tube analysis, on-
line sampling analysis and cannister/bag sampling [72]—-[74]. However, the most recent of

these was the release of Centri.

1.9.1 Centri

Markes have described Centri as a breakthrough in sample automation and concentration of
VOCs and SVOC analysis via GC-MS [75]. Centri offers the user improved sensitivity,
unattended sampling and pre-concentration of VOCs and SVOCs across liquid, solid and

gaseous matrices [76].
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Centri was designed to overcome several analytical issues such as:

e Time-consuming sample preparation that is associated with liquid-liquid extraction or
solid phase extraction[77].

e The need for improved sensitivity for the analysis of VOC and SVOC compounds within
solid or liquid matrices.

e The ability to run several samples with differing injection techniques and workflows,

off a single platform.
Offering the analyst [78]:

e Improved sensitivity — where analytes can be detected at levels as low as part per
trillion via cryogen-free analyte trapping technology.

e Improved versatility — successful analysis of a greater range of VOCs and SVOCs in
solid, liquid or gaseous forms.

e Improved sample throughput — can run integrated sequences of multiple sampling
techniques and run in ‘overlap’ mode, for unattended operation.

e Cryogen-free analyte trapping — improved sensitivity with the option to purge any
water or solvents in the system.

e Recollection of split flows — presented within each injection mode, once the sample
has been run it is re-collected and stored. This allows for re-analysis of direct samples
while avoiding the lengthy process which is sample preparation.

e Cryogen-free and solvent-free operation — this reduces the cost per sample while
making the analytical process more environmentally friendly.

e Barcode readers and TubeTAG technology — allowing the samples to be easily tracked.
Centri can be operated in 4 different sampling modes [78]:

e HiSorb
e Headspace and Headspace-trap
e SPME and SPME-trap

e Thermal desorption
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1.9.2 HiSorb

HiSorb technology was developed by Markes International as an innovative, labour-saving

sampling technique for the analysis of VOCs and SVOCs in liquids and solids via TD-GC-MS

[79]. As an extension of thermal desorption, HiSorb consists of a polydimethylsiloxane (PDMS)

sorbent phase which removes analytes from complex matrices via sorptive extraction (Figure

1.8). This has led to improved capabilities of thermal desorption, with trace level analysis of

analytes across various disciplines such as aroma profiling and quality control [80]. With

improved detection limits within the part per trillion level, HiSorb aimed to improve on

conventional techniques such as SPME. The process of HiSorb is relatively simple and

comprised of 4 steps, insertion, extraction, washing and analysis (Figure 1.9). All of which can

be automated on the Centri platform.

Figure 1.8: HiSorb probes and immersive sampling of organic compounds [79].
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Figure 1.9: Shows the 4-stage procedure for HiSorb to remove analytes from the sample

mixture and inject into the GC-MS.
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The 3 key benefits associated with using HiSorb compared to conventional techniques such

as SPME are:

e Time and cost savings due to complete automation on the Centri platform
e Increased sensitivity due to superior phase size

e Robustness

The robust HiSorb equipment allows for automated, unattended sample preparation with
improved extraction efficiency. HiSorb is a quicker, more environmentally friendly alternative
to solvent extraction. This leads to faster sample preparation for lower costs as solvent
consumption and disposal is eliminated. Furthermore, each probe is re-usable reducing the
costs associated with buying a probe for each sample run. Similarly to the PAL SPME Arrow
previously discussed, the HiSorb probe contains a large volume of PDMS increasing the
surface area of the probe compared to conventional SPME Fibres. The large sorbent volume
provides the HiSorb probe with lower detection limits and improved sensitivity. HiSorb prides
itself on being a versatile, easy to use piece of equipment. This is achieved through the probe’s
ability to analyse complex sample matrices via immersive or headspace analysis.
Furthermore, HiSorb is compatible with all leading TD-GC-MS machines available on the
market, allowing the consumer to benefit from HiSorb without the costs of updating all their

equipment.

Centri was launched in the Spring of 2018 and uses robotic technology to fully automate the
multi-mode sampling and concentration system for GC-MS. In combination with Centri,
HiSorb can provide the consumer the ability to automate high capacity sorptive extraction

from liquids and solids.

HiSorb provides high capacity sorptive extraction properties for a wide range of target
analytes, across many analytical sectors. Such applications for HiSorb include environmental

monitoring, food and drink profiling or medical diagnostic to name a few [81][82][58].

Water analysis is another particularly useful application of HiSorb. Drinking water can be
prone to contamination by naturally occurring compounds such as geosim, methyl isoborneol

(MIB) or trihaloanisoles.
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As such, the removal of these trace-level organic compounds is a pro-longed issue for drinking
water providers [84][85]. These organic compounds can be detected by the human nose at a
concentration as low as 10 ng/L (10 ppt). All-be-it non-toxic, these compounds can provide an
unfavourable earthy odour. Early detection, for example at the water plant, can raise alarms
that these compounds are present and therefore improve the water company’s chance to
correct the contamination with appropriate action. Due to the relatively high volatility of the
compounds, GC was the recommended mode of analysis. However, due to the considerably
low concentrations of the contaminants within the sample, thermal desorption pre-
concentration is required. HiSorb has been demonstrated as an appropriate tool within the
pre-concentration technique. As the target compounds within the water supply exhibit
hydrophobic characteristics, extraction with a PDMS stationary phase was efficient and

successful to trace-level concentrations due to the large volume of sorbent used.

The application of HiSorb stretches beyond just drinking water when overcoming issues that
surround water treatment. Another major issue for water treatment plants is the presence of
SVOCs such as pharmaceuticals and personal care products (PPCPs). PPCPs are an emerging
area of environmental contamination within water systems. Their presence at low
concentrations within water systems can lead to physiological effects such as unwanted
growths throughout various organisms including humans [86]. The extent of PPCP
contamination appears across several different water systems such as groundwater, marine

water, drinking water, surface water, soils and sediments at very low concentrations.
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Table 1.5: Various molecules that are currently extracted using HiSorb [84][87].

Molecular Boiling
Detection
Application Weight Chemical Structure point
level
(M) (°C)
Water
Geosmin 182.31
Odours B 270 ppt
oH Z
CH,
HsC CHs
Water 2-
168.28
Odours Methylisoborneol OH 207 ppt
CH
% CH,
OCHj,
Trihaloanisole
X X
Water X=Cl
Odours 2,4,6-
Trichloroanisole
X
Water o
Dibenzo-1,4-
SVOCs 184.19
dioxin 283.5 ppt
(EDCs) o
X X X X
Water
Polychlorinated
SVOCs - X X
biphenyl
(EDCs) - ppt
X X X X
Water
Brominated flame
SVOCs - - ppt
retardant
(EDCs)
Water
SVOCs Bisphenol A 228.29
220 ppt
(EDCs)
HO OH
o}
Phthalate (esters)
Wat Bis(2-ethylhexyl
ater is(2-ethylhexyl) oR
SVOCs benzene-1,2- -
) OR 385°C ppt
(EDCs) dicarboxylate
o}
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A wide range of substances are thought to disrupt the action of hormone receptorsin humans
called endocrine-disrupting chemicals (EDCs) [88]. Some examples of these include dioxin and
dioxin-like compounds, polychlorinated biphenyls (PCBs), brominated flame retardants,
pesticides and components of plastics such as bisphenol A (BPA) and phthalates. The reported
effects of these compounds at low concentrations are believed to be linked with adverse
effects within humans such as cancer, obesity, type 2 diabetes, low semen quality and genital
malformations [89][90]. Due to these reasons, EDCs are a growing issue and area of interest
to analytical scientists. With a lack of information surrounding the amounts of the SVOCs
within the water systems and their ecological effects, there is a current demand to monitor
these. Monitoring can start to answer questions such as where is the source of the SVOCs?
What are the most important routes of exposure? How are the levels effected by
environmental factors? At what level is it hazardous? What are the underlying mechanisms

of action [87]?

Through monitoring with HiSorb technology, more is being learnt about the effects of
contaminants within the water systems. The process involves the rapid sampling at the site
of an ongoing pollution event, where the HiSorb probe efficiently extracts the contaminants
from the aqueous environment to the surface of the PDMS sorbent. Subsequently allowing
analysis by TD-GC-MS which will then qualitatively and quantitatively measure the

contaminants.

Another important application of the HiSorb apparatus is across the food and beverage
industry [91]. With many different types of VOCs contributing to the flavour of drinks. To
understand the profiles each beverage can help the manufacturer understand the products
in greater depth and lead to improvement by identifying the factors that affect the customers
perception. The VOCs of a beverage may also give indictors to whether the product has
expired, with uncharacteristic odours and contaminants. The main issue that surrounds
sampling from beverages is the ability to separate the volatile substances from the bulk
components such as water, ethanol or acetic acid in order to avoid the overload of the
analytical system. As previously mentioned, sampling vapours onto sorbent tubes with
analysis through thermal desorption is useful to measure volatiles within liquids. As it
provides the high level of concentration enhancement that is needed for detailed chemical

analysis and profiling. In terms of sampling the VOCs from beverages, sorptive extraction
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using HiSorb probes is an efficient method of extracting the less volatile compounds from an
aqueous sample when compared to the more traditional approaches such as extraction and

distillation.

HiSorb technology can be utilised to extract VOCs within liquids (immersive) or gases
(headspace). One of the most recent applications of HiSorb is within the field of medical
devices and demonstrates headspace analyte extraction [92]. This simplistic method utilises
HiSorb technology to detect and quantify key biomarkers for respiratory disease and liver
impairment. Targeting VOCs such as aldehydes, ketones and alkanes associated with these
diseases were collected onto the HiSorb phase prior to analysis through TD-GC-MS. With
HiSorb technology’s ability to extract trace level biomarkers, a large step towards breath-
based diagnostics for lung disease and liver impairment has been made, with work continuing

to identify more key biomarkers across several other diseases and illnesses.

Overall, HiSorb technology has demonstrated versatility across several application areas.
However, with only a single PDMS phase available HiSorb is subject to a limit on which
analytes are extracted from a sample. To improve the performance of HiSorb and expand the
area of application there is a requirement to expand the number of available phases. This will

allow HiSorb to compete with the more established extraction techniques such as SPME.

1.10 Polydimethylsiloxane Modification

Polydimethylsiloxane (PDMS) is a polymer belonging to the siloxane family (Figure 1.10). The
PDMS empirical formula is CH3[Si(CH3),0]nSi(CHs)3 where n represents the number of
monomer units within each polymer chain. PDMS is one of the most well-used silicon-based
polymers due to several desirable characteristics such as biocompatible [93], viscoelastic [94]
and chemically inertness [95]. Crosslinking within the PDMS induces a hydrophobic surface
with a low surface tension and energy. This allows the polymer to become resistant to
swelling against most polar solvents including water and methanol. However, PDMS and its
corresponding hydrophobic properties have been proven a useful, cost-effective tool in the

removal of hydrophobic contaminants within aqueous/polar environments [84][87].
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Figure 1.10: Chemical structure of PDMS.

1.10.1 Plasma Treatment

Much research has been carried out in recent years investigating how PDMS can be modified
to possess more hydrophilic properties [96]. The majority of research that introduces
hydrophilic characteristics to PDMS have focused on surface properties of the polymer [97].
A well-practiced method of surface modification to PDMS is the application of plasma
treatment [98][99]. The plasma treatment devices used in PDMS modification commonly
have an electrical coil that generates a partially ionized gas comprising of electrons, ions,
neutral atoms and molecules [100]. Some of the commonly used gases for PDMS modification
include argon, oxygen or nitrogen with each establishing a hydrophilic layer at the surface
[101][102][103]. Exposing the PDMS surface to these reactive species introduces more polar
silanol (Si-OH) terminal groups in reward of non-polar methyl groups (Si-CHs). This technique
has been predominantly investigated to improve the adhesion between PDMS and glass

surfaces in microfluidic devices [104].

Gomathi’s research group studied the effects of oxygen and nitrogen plasma on the
physiochemical properties, in particularly the hydrophilicity, of PDMS to improve the
material’s biocompatibility [105]. Results from this experiment showed that using nitrogen or
oxygen plasma induced a hydrophilic surface characteristic within PDMS (Figure 1.11). The
group decided to use oxygen and nitrogen plasma for comparison with untreated PDMS.
Untreated PDMS tends to have a low surface energy with leads to the hydrophobic nature
and low adhesion properties. However, once treated with plasma the surface energy values

and polarity of the samples increase.
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Figure 1.11: Ageing analysis of plasma treated PDMS [105].

Contact angle measurements are a well-established technique for the measuring the
hydrophilicity at the surface of the material [106][107]. The contact angle of a deionised water
droplet at the surface of the untreated PDMS was shown to be approximately 106° (Table
1.6). Within the experiment, contact angles reached a low of approximately 25° at time = 0
due to the plasma surface modification. However, a key issue that surrounds the oxidisation
of PDMS surfaces through plasma treatment, is the eradication of the newly formed
hydrophilic surface and regeneration of the hydrophobic surface over the first 30 minutes
(Figure 1.11). The restoration of the hydrophobic surface can be explained through a couple
of mechanisms [101]. First of which features the migration of low molecular weighted PDMS
monomer chains from the bulk to the surface of the polymer material. When the surface
undergoes modification via plasma treatment, this destabilizes the thermodynamics of the
material surface. As such, the low molecular weight PDMS monomers migrate from the bulk
to the surface, to compensate and remove the modified polymer chains that induce the
thermodynamically unstable surface. Another possible explanation included the natural
physical recovery of the PDMS due to the elastic property of the polymer. These mechanisms
of recovery explained the dramatic increase in contact angle values over the first 30 minutes
of exposure to air for each piece of treated PDMS. The recovery continued for approximately
90 minutes of air exposure, where the samples hydrophilic property stabilized. PDMS samples

that were treated with O; for 1 minute showed the most hydrophobic recovery with an
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average contact angle of 89° and the samples that were exposed to N, plasma for 5 minutes

showing the least recovery with an average contact angle of 72°.

Table 1.6: Contact angle, surface energy and polarity of untreated PDMS and plasma

treated PDMS. DI = Deionised water, FA = Formamide, DIM = Diiodomethane. y = surface

free energy, yp = surface free energy of polar, yq = surface free energy of polar [105].

Contact Angle (°) Surface Energy Polarity
(N/mm?)

DI FA DIM Yp Yd Y
Untreated 106 87+1 | 81+2 | 0.92 15.81 16.7 0.05

+2
Oz — 1min 89+2 60+1 761 6.58 @ 1547 22.1 0.30
O; - 5min 88+1 | 48+2 791 | 8.71 14.44 | 23.2 0.38
N2 — 1min 82+2 34+2 572 6.62 26.06 32.7 0.20
N; — 5min 72+2 | 28+1 | 63+1 134 | 19.87 | 333 0.40

The research group of Tan investigated the effectiveness of a secondary extended oxygen
plasma treatment on the hydrophobicity of PDMS surfaces within a closed microchannel
[102]. One of the variables used in this study was different oxygen plasma exposure times on
the secondary round of treatment. Similarly to Gomathi’s research, the group measured
contact angles of liquids at the surface of the PDMS to determine any change to the
hydrophilicity. The findings revealed that increasing the oxygen plasma exposure time at the
PDMS surface reduced contact angle and increased hydrophilicity [102]. The hydrophilicity of
the treated PDMS within the microfluidic channels was measured over 6 hours in ambient air.
It was found that the devices with the PDMS samples that were treated with just 100 or 200
seconds of plasma, recovered to a hydrophobic state after just 3 hours. However, results
showed that exposing PDMS samples to 300, 400 or 500 seconds of oxygen plasma recorded
no hydrophobic recovery with contact angles of 60°. Furthermore, atomic force microscopy
(AFM) showed that as the length of oxygen plasma treatment increased, the surface of the
PDMS became smoother which reduced the rate of hydrophobic recovery. One issue

surrounding this paper was the values for the contact angles. For a planar PDMS sample,
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exposure to lengthy times of oxygen plasma would produce contact angles of less than 10° at
time = 0. Within this study, at time = 0 a contact angle was recorded to be 17°. This increase
in contact angle could be explained by a lower concentration of oxygen reactive species
reaching the surface of the PDMS due to the shape of the microfluid device. It would have
been interesting to see the effects of secondary oxygen plasma on a planar PDMS surface as
it would be a more direct exposure to the oxygen radical for the PDMS. Another investigation
within the paper stated that induced hydrophilic surface characteristic of PDMS can be
attained for more than 7 days via storage in deionised water or a vacuum. This study showed
that stabilizing the thermodynamically unstable surface prevents the low molecular weighted

PDMS fragments regenerating a hydrophobic surface.

1.10.2 Ultraviolet Treatment

An alternative approach to physical modification of PDMS is the application of Ultraviolet (UV)
treatment. Although UV is known to not be as oxidising as plasma treatment over the same
period of time, a major benefit is that the UV treatment penetrates the material better than
plasma, allowing for oxidation further within the bulk of the material [108]. This is
advantageous as a greater depth of oxidized PDMS within the sample will produce a slower
regeneration time of the original hydrophobic surface. Research presented by Efimenko
investigated the effects of oxygen on PDMS during UV treatment [109]. Contact angle
measurements were recorded for PDMS samples that were UV treated in either oxygen-rich
or oxygen-deprived. It was deduced that the modified PDMS samples which were exposed to
a UV treatment with oxygen for up to 60 minutes had reduced contact angle values of 10°
and high surface energies of 72mJ/m? compared to contact angles of 110°and surface energy
values of 20mJ/m? in PDMS samples not exposed to oxygen. This experimental evidence
showed that the presence of oxygen significantly changed the surface energy PDMS making
an oxygenated atmosphere a vital aspect of the modification process. The high surface energy
within UV and oxygen exposed modified PDMS was characterised through fourier-transform
infrared (FTIR) spectroscopy. This data showed the presence of hydroxy (-OH) functionality at
the surface of the PDMS samples. Overall, this paper demonstrated an efficient, physical
method of surface modification to PDMS, with improved hydrophilic behaviour of PDMS after

exposure to UV in oxygen compared to untreated PDMS. This paper demonstrates how
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exposure time affects contact angle measurements. However, a critic of this paper is the lack
of investigation surrounding the sustainability of modification. With knowledge that PDMS
surfaces regenerate after plasma treatment [110], it would be interesting to see how UV
treatment differentiates and whether oxygenated species situated within the bulk influence

contact angle measurements and hydrophobic regeneration.

1.10.3 Chemical treatment

Chemical treatment of PDMS surfaces is an alternative method to PDMS modification. Brook
et al. investigated the effects of thiol-ene click chemistry on the hydrophobic PDMS surface
[111]. The reported intention was to improve the hydrophilicity of PDMS while avoiding the
unwanted characteristics such as surface cracking and hydrophobic recovery that are
associated with other modification methods. The group successfully produced a thiol
functionalized PDMS surface via base-catalysed equilibration (Figure 1.12). The first step of
the mechanism consisted of the nucleophilic attack of hydroxy ions at the surface of the PDMS
material. This allows for the addition of the coupling agent (MeO)sSi(CH2)sSH (MTS). These
nucleophilic reactions lead to the formation of silanolate ions (R3SiO"). The silanolate ions
undergo a further series of nucleophilic reactions that leads to the formation of MTS
oligomers, depolymerisation of the PDMS chains and the tethering of MTS in various forms

to the PDMS surface.

Techniques such as XPS or fluorescent labelling would be efficient at deducing whether thiols
are present at the surface of the PDMS. However, these broadly used techniques are used as
a qualitative tool rather than quantitative. To quantitatively measure the amount of thiol
present techniques such as titration and Ellman’s reagents were considered. The
concentration of thiols at the surface of the PDMS was monitored using two complementary
titration methods: 4,4-dithiodipyridine (DTDP) titration and iodine titration, respectively. It
was understood that applying each of these techniques would allow independent analysis of

thiols at the surface of the PDMS and the bulk.
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Figure 1.12: Schematic illustration of the process to introduce thiols to the surface of PDMS.
(A) reaction with the silicone; (B) reaction at (MeO)sSi(CH3)3SH (MTS); and (C) metathesis at

the elastomer interface [111].

DTDP titration was undertaken in DMSO which is an unfavourable solvent for PDMS. Due to
the unfavourable interaction between PDMS and DMSO, the DTDP reagent only reacts with
thiols at the surface of the PDMS. The nucleophilic substitution reaction sees the formation
of 4-thiopyridone and can be measured spectrophotometrically at 347nm (Figure 1.13).
Within the iodine titration, an oxidation of iodine to iodide causes the formation of a covalent
bond between the sulphur atoms. Unlike DTDP titration, the iodine titration oxidation takes
place at the surface and within the bulk of the PDMS. The reason for this being that the
titration takes place in a toluene solution which swells the PDMS allowing access to the bulk
elastomers. The absorbance of an iodine solution can be seen at 497nm, therefore the
concentration of thiols on the surface and within the PDMS can be determined by a loss of

intensity as iodine oxidizes to iodide.

A major focus around PDMS modification is the prevention of the hydrophobic recovery as
the hydrophiles are replaced at the surface by the hydrophobic silicone chains. Utilising DTDP
and iodine titrations to quantify thiols at the surface compared to the surface and bulk
provided an opportunity for Brook et al [111]. In-order to measure the hydrophobic recovery
of the thiol modified PDMS materials, the results of the two titrations over time were

compared to calculate the effect of bulk modification on PDMS hydrophobic recovery.
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Figure 1.13: Quantitative analysis of thiols at the surface of the PDMS via DTDP titration and

within the surface layer via iodine titration [111].

The results showed that after just 2 hours the concentration of thiols based on the DTDP
titration dropped over 50% indicating a significant loss of thiols from the surface. However,
over the same time the iodine titration showed a smaller, less significant drop from
78nmol/cm? to 62nmol/cm?. This represents little loss of thiol concentration throughout the
whole PDMS elastomer. After 4 hours, the concentration of the thiols became close to zero
for the samples measured with DTDP titration while iodine titration showed little change.
After 6 hours, the samples underwent swelling/deswelling in DCM. This allowed for the
rearrangement of the elastomers within the PDMS and what was found was that
approximately 25% of the original thiols were present at the surface as they became

accessible for titration by DTDP.

A major advantage of obtaining a thiol surface is the ability to undertake thiol-ene click
chemistry. This allows for further surface modification to PDMS via the tethering of various
functionalised and hydrophilic groups. Within the paper published by Brook et al the surface-
bound thiols underwent thiol-ene click reactions using maleic anhydride and an acrylate-
terminated silicone surfactant (ACR) [111] (Figure 1.14A). The thiol surfaces that underwent
click chemistry with maleic anhydride, once maleic anhydride was successfully located at the
surface of the PDMS, ring opening reactions of the maleic anhydride took place to attach

polyethylene glycol (PEG) and chitosan ligands to the surface (Figures 1.14C, 1.14D and 1.14E).
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The hydrophilicity and durability of the modified surface were measured using water contact
angles. The results show that all four modifications improve the hydrophilicity of the material
due to the introduction of hydrophilic functional groups such as carboxylic acid, amino and

hydroxyl groups.
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Figure 1.14: Surface modification of thiol-silicones: Surface thiol-ene reactions with (A) ACR
A008-UP, (B) N-(5-fluoresceinyl)maleimide, and (C) maleic anhydride, followed in the latter
case by ring-opening of the surface anhydride with (D) M-PEG, (E) chitosan, or (F)
rhodamine 123 [104].
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The hydrophilic durability of the modified PDMS materials were analysed within this
experiment by examining how the water contact angles at the surface changed when stored
in ambient air for 6 months (Table 1.7). Similarly to other hydrophilic modified PDMS surfaces,
it was found that recovery of the hydrophobic silicones to the surface of the material was
apparent in a matter of hours. However, the group regenerated the hydrophilic surface by
soaking the material in a complimentary solvent for silicones. In this case, the solvent used
was water. All four materials showed improved hydrophilicity after equilibration in water for
three days, but only PDMS-S-MA-CH and PDMS-S-MA showed total recovery of the
hydrophilic surface. Alternatively, PDMS-SH was stored at 2°C in a methanol solution for over
4 months and did not show total hydrophobic recovery while maintaining 25% thiol

concentration at the surface.

Table 1.7: Contact angle measurements of modified PDMS [111].

PDMS-S-ACR PDMS-S-MA PDMS-S-MA-PEG  PDMS-S-MA-CH

Old @ old Old | Old Old | Old Old @ Old

New | Air | H,O | New Air H H,O  New | Air | H,O | New Air | H,O

Contact angle (°) 74 92 | 82 84 89 78 73 92 82 71 8 75
Error (°) 4 3 1 6 3 5 2 1 3 7 5 6

When comparing plasma, UV and chemical modifications to PDMS, each achieve reduced
contact angle values indicating oxidation at the surface of the PDMS. However, the
hydrophilicity in each modification is limited by the regeneration of the hydrophobic surface
as the oligomers replace the newly oxidised polymer chains at the surface of the material.
This regeneration process can be reduced by using appropriate storage, such as storing the
samples in water. Furthermore, it has been shown that partial recovery of the oxidised surface

can be achieved after the regeneration of the hydrophobic surface.
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1.10.4 Small Molecule Encapsulation

A rarely documented form of PDMS modification is through encapsulation of small molecules.
PDMS encapsulation manipulates the polymer’s ability to swell in various organic solvents to
capture small molecules in the matrix of the material. Opposed to the surface modification
techniques previously described, this bulk modification was demonstrated by the Crick
research group [112]. The research found that large concentrations of nanoparticles can be
found at the surface of the material with lower concentration located within the bulk. PDMS
was placed in a nanoparticle/hexane mixture where the hexane swelled the polymer material.
This swelling generated space between the polymer chains in the matrix. Over-time the
nanoparticles are adsorbed by the material, locating themselves across the surface of the
material and within the gaps created by the swelling agent. PDMS was then removed from
the nanoparticle/hexane mixture, rinsed and left to dry. It was this drying process which
removed all the hexane solution, allowing the PDMS to shrink back to its original size and

leaving the nanoparticles throughout the polymer (Figure 1.15).
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Figure 1.15: (i) PDMS placed in organic solvent, that leads to swelling; (ii) nanoparticles
penetrate the PDMS, locating themselves in the matrix; (iii) PDMS dried of organic solvent,

leaving the nanoparticles within the PDMS matrix.

1.11 Commercial Needs & Project Aims

The overall requirement from an industrial perspective is to develop a new sorbent phase to
expand on the current HiSorb product portfolio. At this moment in time, HiSorb is available
in a single PDMS phase and as such is limited to the extraction of analytes which adsorb to
this siloxane surface. The category of analytes which adsorb to the surface of PDMS are

primarily hydrophobic (LogP > 3). This limited analyte extraction range inhibits the HiSorb

38




competitiveness within the current market, as other products such as SPME showcasing a vast

range of phases for different applications (Section 1.7).

Therefore, the aim of this study is to apply various modification techniques to PDMS, in-order
to improve HiSorb adsorptive capabilities towards a larger range of organic compounds in

aqueous solutions via immersive sampling.

It is expected that supplementing the PDMS with polar compounds or various other types of

sorbents would alter the PDMS sorptive extraction performance.

This report will assess 3 different PDMS modification techniques and how each of these new
sorbent materials perform at extracting organic compounds from aqueous solutions as
measured by thermal desorption—gas chromatography—mass spectrometry (TD-GC-MS).
Furthermore, each sample’s physical and chemical properties will be measured after each
thermal desorption cycle via techniques such as Fourier-transform infrared spectroscopy

(FTIR), scanning electron microscopy (SEM) and contact angle measurements.
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Chapter 2: Materials & Methodology
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2.1 Material Preparation

2.1.1 HiSorb Conditioning

Conditioning of the HiSorb probes within thermal desorption (TD) tubes was conducted on a
Markes International TC20 for 2 hours 20 minutes at 300 °C under N, as recommended within
the instructions. Upon completion, the probes were left to cool for 15 minutes at room
temperature before being sealed with brass cap locks. The brass cap locks ensure that the
HiSorb probes are not exposed to the environment, reducing contamination and ensuring

sample integrity.

2.1.2 Amine Encapsulation

After the PDMS was conditioned on the TC20 (Section 2.1.1), a 10% concentrated
encapsulation solution of total volume 7.5 mL was prepared by adding 0.75 mL of 3-
aminopropan-1-ol to 6.75 mL of acetone (swelling agent) in a 10 mL flask. This process was
then repeated for amines; diethylenetriamine, N,N-Bis[3-(methylamino)propyl]methylamine,
4-(2-aminoethyl)morpholine, N,N-dimethylbenzylamine and 1-(3-aminopropyl)imidazole
(Table 2.1). Conditioned PDMS HiSorb probes were then added to each of corresponding
encapsulation solutions, clamp sealed (to avoid evaporation of solution) and left for 24 hours
under ambient conditions. After soaking the PDMS materials in their encapsulation amine
solution for 24 hours, each probe was washed with acetone to remove any residual solution

and left for 1 hour to dry under ambient conditions.
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Table 2.1: Amines used for encapsulation and their relative polarity, boiling point and

chemical structure.

Boiling
Compound Chemical Structure
Point (°C)
3-aminopropan-1-ol /\/\
[113] 1.12 187.5 HaN OH
Diethylenetriamine H
2.1 207
[114] i ST N,
N,N-Bis[3-
(methylamino)propyl] -0.9 232.5 3 ,L o

methylamine [115]

4-(2- [ j
aminoethyl)morpholine 1.1 205
[116]
NH,

N,N- N
dimethylbenzylamine 1.98 183

[117]

1-(3- //\/NHz

aminopropyl)imidazole 0.6 296
[118] | />

2.1.3 Epoxy-terminated PDMS Crosslinking

Epoxy-terminated PDMS (250 uL) was mixed at a 10:1 ratio with each of the corresponding
amines; diethylenetriamine (25 pL) and N,N-Bis[3-(methylamino)propyllmethylamine (25 pL).
HiSorb tips were placed into NMR tubes (Figure 2.1a). NMR tubes were used because they
had the correct diameter for making the tubular sorbent shape, inertness to ensure no side-
reaction and high thermal stability for the crosslinking process. Once the pre-crosslinked

polymer mixture was placed into the NMR tube to approximately 11 mm (same length of
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current PDMS material), the tube was placed in an oven to cure at 180 °C for 120 hours (Figure
2.1b). Once cured and cooled under ambient conditions, the outer glass mould was removed
from the newly formed PDMS-based sorbent material (Figure 2.1c). The HiSorb tip and phase

were then screwed in the main body of the HiSorb probe (Figure 2.1d).
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Figure 2.1: (a) HiSorb tip (without sorbent phase) was placed in the NMR tube. (b) The NMR
tube was filled with the PDMS-based pre-crosslinked mixture to a length of approximately
11 mm and placed in oven at 180 °C for 120 hours. (c) Removed and left to cool before
carefully removing the glass NMR tube mould. (d) Screwed onto the main body of the

HiSorb ready for analysis.

2.1.4 Multi-phase PDMS

Various types of commercially available sorbents were provided by Markes International to
cure in PDMS. However, within this study Carboxen 1016 (graphitised carbon) and Tenax GR
(molecular sieve) were successfully synthesized into a cylindrical PDMS-based biphasic
sorbent material. The PDMS used in this chapter was purchased from DOW. SYLGARD 184 is
a 2-part PDMS curing kit. Part 1 is the PDMS pre-polymer and part 2 is the crosslinking agent.

These structures were proprietary to DOW.

Carboxen 1016 (45 mg) and Tenax GR (45 mg) were weighed into individual 20 mL vials
containing hexane (0.9 mL). As per the methodology described by the Jiang research group,

each flask was vortexed for 1 minute, followed by 30 minutes sonication [119]. These steps
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were taken to ensure a homogeneous distribution of particles. After mixing, high-density
Sylgard PDMS pre-polymer (225 mg) was weighed into each vial. The vials were then further
vortexed for 2 minutes each prior to 1 hour of sonication. Hexane was then removed from
the mixture by placing the mixture in an oven at 85°C for 30 minutes before being left to cool
to ambient temperatures. 30 minutes was found to be the optimum time to allow all hexane
to evaporate. As per the DOW instructions of a 10:1 ratio of prepolymer : crosslinking agent,
the crosslinking agent (22.5 mg) was then added to each vial and vortexed for a further 2
minutes. NMR tubes were then placed upright in a rack with HiSorb tips facing downwards at
the bottom (Figure 2.1a). Each mixture was then placed into each of the corresponding glass
NMR tubes (Figure 2.1b). Following these steps, the PDMS mixtures were left under vacuum
for 24 hours prior to being placed in an oven at 80°C for 24 hours followed by a further 24
hours at 120°C. The vacuum step was to remove any trapped air within the mixture from the
several mixing steps in the preparation steps. Over this period, the viscous PDMS-based
sorbent was in a viscous liquid state. When exposed to the higher temperatures the PDMS
underwent crosslinking and set as a rubber polymer. Once set, the PDMS-based sorbent was
removed from the glass sleeve and attached to HiSorb probe bodies (Figures 2.1c & d). Prior
to extraction, each HiSorb probe was placed in a Markes International TC20 at 300°C for 36

hours under N».

2.2  Material Characterisation

2.2.1 Thermal Desorption-Gas Chromatography-Mass Spectrometry

2.2.1.1 Preparation of Calibration Standards

Two sets of 5000 pg/mL concentrated calibration solutions were prepared. The first set was
made by adding the quantities of each organic compound in Table 2.2 to a 10 mL volumetric
flask and this mixture was to be used for the extraction testing via TD-GC-MS for the materials
prepared via amine encapsulation (Section 2.1.2) and epoxy-terminated PDMS crosslinking
(Section 2.1.3). For the multi-phase PDMS materials that were synthesized with the

commercially available sorbent (Section 2.1.4) the quantities of organic compounds in Table
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2.3 were add to a 10 mL volumetric flask. Each of the 5000 pg/mL solutions were made by
then filling the volumetric flask with dichloromethane (DCM) up to the 10 mL line. Each
solution was diluted with methanol to various concentration levels from 1 to 250 pg/mL

(Table 2.4).

Table 2.2: The quantity of each organic compound added to the 5000 pg/mL stock solution

for PDMS sorbents that underwent amine encapsulation and epoxy-terminated PDMS

crosslinking.
Density Volume Quant lon Boiling

Compound (g/mL) Added (uL) (m/z) Point
Pyridine 0.71 0.98 51 79 115
Ethyl Acetate 0.73 0.89 56 43 77
Butanol 0.88 0.81 62 56 118
Hexanal 1.78 0.81 62 44 130
Toluene-d8 2.73 0.87 58 98 110
Cyclohexane 3.44 0.77 65 56 81

Isobornyl

Methacrylate 4.30 0.98 51 69 129
Heptane 4.66 0.68 74 43 98

Table 2.3: The quantity of each organic compound added to the 5000 pg/mL stock solution

for the PDMS materials moulded with commercially available sorbents, Tenax GR and

Carboxen 1016.

ST Density Volume Quant lon Boiling
(g/mL) Added (uL) (m/z) Point

Acrylonitrile 0.20 0.80 61 53 77
Pyridine 0.71 0.98 51 79 115
Ethyl Acetate 0.73 0.89 56 43 77
Butanol 0.88 0.81 62 56 118
Hexanal 1.78 0.81 62 44 130
Toluene-d8 2.73 0.87 58 98 110
Styrene 2.90 0.91 55 104 145
Cyclohexane 3.44 0.77 65 56 81

Heptane 4.66 0.68 74 43 98
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Table 2.4: Dilution table that shows the ratio of 5000 pug/mL stock solution to methanol

required to generate each known concentration level.

Required Volume of 5000 pg/mL stock
Concentration (pg/mL) solution (pL) Ve EilnE I,
250 50 950
100 20 980
75 15 985
50 10 990
25 5 995
10 2 998
5 1 999
1 0.2 999.8

Markes International stainless steel Tenax TA thermal desorption (TD) tube (C1-AAXX-5003)
was placed under a flow of nitrogen gas and spiked with 1 pL of 250 ug/mL directly onto the
gauze and left to purge under nitrogen at 100 mL/min for 3 minutes as per Markes internal
protocol (Figure 2.2). This process was repeated for each known concentration level with 2

repeats for each concentration.
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Figure 2.2: Stainless steel Tenax TA thermal desorption tubes used for spiking with

calibration standards ranging from 250 - 1 pg/mL.
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2.2.1.2 Preparation of Extraction Mixture and Extraction with HiSorb

A 10 ppb aqueous extraction mixture was prepared by half filling a 500 mL volumetric flask
with Ultra-High Performance Liquid Chromatography (UHPLC) grade water and methanol (25
mL). 50 pL of 100 pg/mL standard in methanol was added to the volumetric flask prior to
filling up to the 500 mL line with the UHPLC grade water and shaking. 7.5 mL of the 10 ppb
solution was added to each of the 10 mL flasks prior to clamp sealing and insertion of the
HiSorb probes via septum. Each flask was placed in an agitator at 30 °C and 200 rpm for 2
hours. After agitation, HiSorb probes were washed with UHPLC water and dried with tissue
prior. The final step comprised of the probes being placed in empty inert coated thermal

desorption tubes (CO-CXXX-0000) and sealed with inert DiffLok caps.

Figure 2.3: (a) HiSorb probe immersed in 7.5 mL 10 ppb extraction mixture. (b) Markes

International HiSorb agitator.

2.2.13 Calibration

Each of the Tenax tubes which were spiked with varying levels of known concentration were
analysed in the TD-GC-MS. The calibration sequence was set from the lowest to the highest
concentration with each of the organic compounds adsorbed at the Tenax surface desorbed

and analysed via thermal desorption gas chromatograph-mass spectrometry (TD-GC-MS).

The calibration analysis parameters were as follows:
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Thermal Desorption

Instrument: Centri (Markes International)

Sorbent Tube: Tenax TA stainless steel sorbent tube (C1-AAXX-5003)
Tube Desorption: 300 °C (8 min)

Flow Path: 190 °C

Focusing Trap: General Purpose Trap - U-T2GPH-2S (10mm Quartz Wool, 25mm Tenax TA,
25mm Carbograph 1TD)

Purge Flow: 50 mL/min (1 min)

Trap Low: 20 °C

Trap High: 300 °C (8 min)

Split Flow: 5 mL/min

Gas Chromatography — Mass Spectrometry

Column: DB-624 Ul, 60 m x 0.32 mm x 1.80 um

Constant flow: Helium, 2 mL/min

Oven program: 45 °C (5 min), then 10 °C/min to 250 °C, then 35 °C/min to 300 °C (2.5 min)
Transfer line: 310 °C

lon source: 250 °C

Quad: 200 °C

Mass range: m/z 25 — 300

The spiked Tenax TA thermal desorption tubes were used to quantitatively calculate how
much of each organic compound was extracted. The spiked Tenax TA thermal desorption
tubes also allowed for the calculation of retention times, which is the time at which each
organic compound elutes from the GC and detected by the mass spectrometer (Tables 2.5 &
2.6). To identify these analytes the mass spectrometry data was compared to a customised

library generated from spectra in the NIST MS Search 2.0 database.

Retention times (RT) for each organic compound were located on the chromatogram
depending on m/z value (Figure 2.4) and concentrations calculated by measuring peak area
(Figure 2.5). A calibration curve for each compound was formed of concentration on the x axis

and peak area on the y (Figure 2.6).
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Table 2.5: Retention times for each organic compound used in the amine encapsulation and
epoxy-terminated bonding PDMS experiments. The table shows the corresponding mass to

charge ratios (m/z) used to identify each compound on the spectra.

Compound Retention Time (min) Mass to Charge Ratio (m/z)

Ethyl Acetate 8.9 70
Cyclohexane 9.6 84
Heptane 10.2 57
Butanol 10.5 56
Pyridine 11.9 79
Toluene - d8 11.9 98
Hexanal 12.7 44
Isobornyl Methacrylate 21.4 136

Table 2.6: Retention times for each organic compound within the extraction mixture for the
PDMS and commercially available experiments. The table shows the corresponding mass to

charge ratios (m/z) used to identify each compound on the spectra.

Compound Retention Time (min) Mass to Charge Ratio (m/z)
Acrylonitrile 9.7 53
Ethyl Acetate 11.4 43
Cyclohexane 124 56
Heptane 13.1 43
Butanol 13.4 56
Pyridine 15.4 79
Toluene-d8 15.5 98
Hexanal 16.6 44

Styrene 18.6 104
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Figure 2.4: Spectra from 250 ng concentrated spiked Tenax TA tube which clearly identifies

the retention times of each organic compound in the extraction mixture.
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Figure 2.5: (a) Peak area at retention time 12.4 min for cyclohexane. (b) Shows that within

the peak at 12.4 min, 56 was the most common mass-to-charge ratio (m/z).
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2.2.1.4 Desorption of Organic Compounds from HiSorb Probes

After each HiSorb probe had undergone organic compound extraction (Section 2.2.1.2), each
of the probes were placed in the Markes International Centri, ready for analysis. TD-GC-MS

parameters were based off the Markes International protocol and were as follows:

Thermal Desorption

Instrument: Centri (Markes International)

Probe: Standard-length stainless steel HiSorb probes — phase varied on on experiment.
Control phase: PDMS (H1-XXAAC)

Sorbent Tube: Empty inert sorbent tube (CO-CXXX-0000)

Tube Desorption: 160 °C (12 min)

Flow Path: 190 °C

Focusing Trap: General Purpose Trap - U-T2GPH-2S (10mm Quartz Wool, 25mm Tenax TA,
25mm Carbograph 1TD)

Purge Flow: 50 mL/min (1 min)

Trap Low: 20 °C

Trap High: 300 °C (8 min)

Split Flow: 5 mL/min
Gas Chromatography — Mass Spectrometry

Column: DB-624 Ul, 60 m x 0.32 mm x 1.80 um

Constant flow: Helium, 2 mL/min

Oven program: 45 °C (5 min), then 10 °C/min to 250 °C, then 35 °C/min to 300 °C (2.5 min)
Transfer line: 310 °C

lon source: 250 °C

Quad: 200 °C

Mass range: m/z 25 — 300

The TD-GC-MS results obtained provided both qualitative (were the compounds extracted)
and quantitative (how much was extracted) information about how each HiSorb probe
performed at extracting organic compounds from aqueous mixtures. Furthermore, result of
each modified HiSorb probe’s extraction performance was directly compared to that of the

non-modified PDMS HiSorb probes (H1-XXAAC).

51




After each thermal desorption cycle, the HiSorb probes underwent a secondary extraction
using the same protocol described in section 2.2.1.2 prior to further TD-GC-MS analysis. This
process was repeated 6 times for each of the modified and non-modified HiSorb probe to test
the durability of each type of sorptive polymer. In the first run there were 6 replicates,
however after each TD-cycle, one probe of each type was removed for qualitative analysis of

the material.

2.2.2 Quantification of Encapsulated Amines

The PDMS HiSorb probes were weighed prior to the encapsulation of amines as described in
Section 2.1.2. A control group was also included where the probes were left in 100%
concentrated acetone solution (swelling agent). The materials were left for a defined period
of time, prior to being removed from solution and dried under ambient conditions. The amine
encapsulated PDMS and the control group samples were then re-weighed, and the mass
difference calculated. This process was repeated across various encapsulation time lengths
that ranged from 10 minutes to 7 days. The reason for this was to experiment at what time

was the optimum concentration of amines encapsulated within each of the PDMS materials.

2.2.3 Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared (FTIR) spectroscopy is an analytical technique used to identify
various organic compounds at the surface of a material [120]. The FTIR applies a range of
lights that vary in frequency to the surface of the material. The wavenumbers within the
infrared spectrum that are absorbed by organic compounds at the surface of both the
modified and non-modified PDMS samples indicates the bond characteristics present. The
corresponding wavenumbers of light absorbed by the organic bonds was cross-referenced to

literature to determine the type of bond [121].

A sample size of approximately 0.5cm x 0.5cm was cut from each of the modified and non-
modified PDMS samples. Each sample was then clamped into position on to FTIR machine
(Shimadzu IRAffinity-1S) and analysed. Each sample was then formatted into a graphical

representation and material bond types characterised.
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2.2.4 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) (1540X from Carl Zeiss, Germany) produced an image of
each PDMS sample surface via scanning the surface with a focused beam of electrons [122].
Each modified and non-modified PDMS sample was cut into semi-cylindrical shapes to provide
a flat, stable surface on the slide. Due to the non-conductive nature of the polymer, each
surface was sprayed with a gold/platinum coating. Samples were then analysed by taking
photos in 3 different areas of each sample. This was repeated across 3 different
magnifications 500 x, 1000 x and 2000 x. All samples were analysed prior to extraction and
TD-GC-MS analysis, as well as after each run thereafter (Runs 1-6). The purpose of applying
this technique within the experimental was to provide a microscopic view of any physical or

chemical changes to the surface compared to PDMS over time, such as cracking or blistering.

2.2.5 Contact Angle Measurements

Measuring the contact angle of droplets at the surface of modified and unmodified PDMS
samples allowed for comparison in-terms of surface energies [123]. Surface energies have an
impact on how the sorbent material interacts with the external environment [124]. Flat PDMS
samples were used to encapsulate the amines as described in Sections 2.1.1 and 2.1.2.
Whereas other modification techniques followed the protocols as described in Sections 2.1.3
and 2.1.4 but cured on a flat surface rather than in a tubular construct that was required for
HiSorb extraction. Each sample had individual 5uL droplets of water, ethylene glycol and
octan-1-ol placed at the surface. These 3 solvents were chosen due to their variety in polarity,
with ethylene glycol being the most hydrophilic and octan-1-ol being the most hydrophobic
[125]. Taking an up-close video and screenshots of the surface allowed for the measurements
of the angles between each polymer surface and corresponding liquid (Figure 2.6). If contact
angle 6 of the water droplet is greater than 90° the surface is described as hydrophobic. If this
value exceeds 150° then it is described a superhydrophobic. However, if the contact angle is
less than 90° the surface is described as hydrophilic with superhydrophilicity being achieved

lower than 5°.

Each liquid was placed at 3 different areas of each sample with 4 replicates of each, totalling

12 contact angle measurements per modified and non-modified sample. To measure the
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surface energies of each material gave in-sight into how the surface of each material interacts

with a range of hydrophilic and hydrophobic VOCs during the extraction process.

b .@/'

]

Figure 2.6: Character drawing that demonstrates (a) the various surface energy values:

liquid/vapour yvy, solid/vapour ysy, solid/liquid ys.. In which angle 6 between SL and LV
determines the wettability of the surface (b) water droplet at hydrophobic surface (c) water

droplet at hydrophilic surface.
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Chapter 3: Amine Encapsulated PDMS Sorbent
Materials
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3.1 Abstract

The main limitation of Polydimethylsiloxane (PDMS) as a sorbent is the inability of the
material to extract compounds of logP < 3 [126]. The first results chapter of this thesis
explored how applying an encapsulated technique to PDMS enabled amines to be
encapsulated within the matrix of the polymer sorbent. Each modified PDMS sorbent’s ability
to extract a range of organic compounds was compared to that of PDMS. It was found that
encapsulating amines within the PDMS matrix influenced the uptake of organic compounds.
The quantity of each organic compound extracted was independent to each amine modified
sorbent. To deduce the extent of which the amines penetrated the PDMS matrix, various
techniques including fourier-transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM) and contact angle (CA) measurements were conducted. The main limitation
of this modification technique was the loss of amine concentration after each thermal
desorption cycle. After several thermal desorption cycles the modification was reversed and

each sample extracted the same quantity of organic compounds as that of PDMS.

3.2 Introduction

Polydimethylsiloxane (PDMS) is a widely used sorbent for the extraction of volatile and semi-
volatile organic compounds (VOC and SVOC) due to characteristics such as sorbent capacity,
chemical inertness and relatively cheap costs of production [127]. A further characteristic is
the hydrophobic nature of these silicone polymers, with a partition coefficient (logP) value of
3[128]. The low surface energy of the polymer resists the wetting while maintain the
extraction of VOCs for chemical analysis. There is extensive literature into increasing the
surface energy of PDMS with the main techniques being plasma treatment[105], UV
treatment [108], sol-gel coatings [129] and layer-by-layer depositions[130]. Applying such
modification techniques to PDMS to improve the extraction and analysis of VOCs has
drawbacks such as thermal instability, chemical fouling or includes a multi-step expensive
procedure that could not be easily replicated on an industrial level. Instead of the above
approaches, the development of a bulk modified PDMS sorbent for the analysis of VOCs could
potentially offer prolonged modification properties with simple preparation. Modification of

the bulk of PDMS has been a less explored approach to PDMS modification. What has been
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reported was the presence of nanoparticles within the bulk of PDMS through an

encapsulation technique, as detailed in Section 1.9.4 [86].

In this chapter, a technique modelled on this encapsulation technique was investigated.
Whereby manipulating the ability of PDMS to swell in organic solvents was used to
encapsulate 6 amines of various hydrophilicity, chemical structure and volatility. The effects
embedded amines had on the ability of each material to extract trace levels of organic
compounds was analysed and compared to unmodified PDMS. It was hypothesized that
incorporating hydrophilic compounds into the matrix of the PDMS polymer material, there
would be an improvement in the uptake of relative hydrophilic VOCs. The extraction efficiency
and durability of the modification was tested using thermal desorption-gas chromatography
mass spectrometry (TD-GC-MS) equipment (Section 2.2.1.3). Each material was analysed
before and after each TD-GC-MS cycle through Fourier-Transform Infrared Spectroscopy
(FTIR), Scanning Electron Microscope (SEM) and Contact Angle Measurements (Sections 2.2.3
— 2.2.5). Furthermore, the weighted quantity of each amine within piece of PDMS sorbent

material was measured (Section 2.2.2).

3.3 Results

Results discuss the overall effect of encapsulating amines within PDMS had on the uptake of
VOCs. The chosen method used to measure these uptakes was Thermal Desorption-Gas
Chromatography-Mass Spectrometry (TD-GC-MS), in-which VOCs were measured through
qualitative and quantitative design. Fourier-transform infrared (FTIR), Scanning Electron
Microscopy (SEM) and Contact Angle measurements were taken as a means of characterising
each modified and non-modified PDMS sample’s surface. The data obtained from these
characterising techniques was cross referenced with each other and the TD-GC-MS results.
Results showed that the method of swelling PDMS in organic solvent does allow the
incorporation of amines at both the surface and bulk of the polymer matrix, independent of
polarity and chemical structure. This was best supported within the data that showed mass
differences between PDMS and encapsulated PDMS samples in the uptake of the amines.
Furthermore, the data demonstrated that the encapsulation of amines within the bulk of

PDMS influenced VOC uptake with no modification to the surface of the material.
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3.3.1 Thermal Desorption-Gas Chromatography-Mass Spectrometry

The results of the Thermal Desorption-Gas Chromatography-Mass Spectrometry (TD-GC-MS)
analysis demonstrated that applying an encapsulation technique, where amines were
incorporated into the polydimethylsiloxane (PDMS) polymer, influenced the extraction
capabilities of the sorbent material. It was found that the chemical structure of the amine had
a significant effect on the extraction of Volatile Organic Compounds (VOCs). This was best

described in the results for the uptake of pyridine (Figure 3.1).
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Figure 3.1: Graphical representation that measures the uptake of pyridine in PDMS

compared to PDMS samples that underwent amine encapsulation.

In Run 1, N,N-Bis[3-(methylamino)propyl]methylamine encapsulated samples extracted 34 ng
of pyridine on average, compared to PDMS which extracted 5.5 ng on average. The most
noticeable result was the dramatic drop from 34 ng in Run 1 to an average of 17 ngin Run 2.
From Run 2 through to Run 5, there was a less dramatic drop in quantity of pyridine extracted.
Where it seems after Run 5 the drop seems to level off. However, after 6 extractions and
thermal desorption cycles, the PDMS material that encapsulated N,N-Bis[3-
(methylamino)propyllmethylamine maintained an extraction average of 12.5 ng of pyridine

compared to PDMS which averaged 4 ng on Run 6.
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The extraction of hexanal was another example of how encapsulating amines in PDMS
improves uptake of VOCs. 4-(2-aminoethyl)morpholine encapsulated PDMS samples
extracted an average of 55 ng of hexanal on Run 1 (Figure 3.2). Similarly to the extraction of
pyridine, this quantity of hexanal extracted by the modified polymer material dropped

between Runs 1-3, before steadying between Runs 4-6 at an extraction average of

approximately 12 ng.
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Figure 3.2: Comparison between PDMS and 4-(2-aminoethyl)morpholine encapsulated

PDMS in the extraction of hexanal.

The TD-GC-MS results of this experiment highlighted not just improved extraction due to
amine encapsulation, but also how encapsulating amines can have the opposite effect and
reduce the uptake of each VOC compared to PDMS. The extraction of butanol best
demonstrated how the type of amine encapsulated into the extraction efficiency of a VOC. In
this case, it was found that encapsulating 3-aminopropanol in PDMS gave the largest uptake

of butanol, while encapsulated diethylenetriamine failed to uptake any butanol until Run 3

(Figure 3.3).
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Figure 3.3: Graphical representation that measures the uptake of butanol in PDMS

compared to PDMS samples that underwent amine encapsulation.

Interestingly, the 3-aminopropanol encapsulated PDMS shows similar extraction efficiency as
that of PDMS after 1 Run. However, the diethylenetriamine encapsulated PDMS does not
show any extraction of butanol until Run 3. Ethyl acetate and isobornyl methacrylate further
demonstrated how varying the encapsulated amines within the PDMS reduced the uptake of

VOCs.

Ethyl acetate uptake had the smallest number of samples which extracted the VOC. PDMS
proved to be the greatest sample, with an average uptake of 3 ng in Run 1 (Figure 3.4). The
only other sample to uptake any ethyl acetate in Run 1 was N,N-dimethylbenzylamine
encapsulated PDMS which had an average uptake of 0.5 ng. 3-aminopropanol showed a slight
uptake of ethyl acetate in Run 2, with N,N-dimethylbenzylamine showing an increase of ethyl
acetate uptake by almost 2-fold. This increase towards a value to that of PDMS demonstrated
the reversal of the modification. By Run 4, all samples showed an affinity for the extraction of

ethyl acetate.
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Figure 3.4: Graphical representation that measures the uptake of ethyl acetate in PDMS

compared to PDMS samples that underwent amine encapsulation.

In the extraction of isobornyl methacrylate, all amine encapsulated samples extracted the
VOC except 1-(3-aminopropyl)imidazole (Figure 3.5). Run 4 was the first time isobornyl
methacrylate was extracted by the PDMS with 1-(3-aminopropyl)imidazole encapsulated.
However, not all samples which had 1-(3-aminopropyl)imidazole encapsulated in Run 4 did
extract this VOC, explaining the large standard deviation. Samples with amines 3-
aminopropanol, diethylenetriamine and N,N-Bis[3-(methylamino)propyllmethylamine
encapsulated showed little change in extraction efficiency across all 6 runs. This data showed
that over 6 TD cycles, any change to the degree of modification to each of these samples did

not influence the extraction of isobornyl methacrylate.

Not all VOCs extracted from the extraction mixture were affected by the amine encapsulation
modification technique. The extraction of cyclohexane was an example of how encapsulating

amines had no effect on the extraction efficiency (Figure 3.6).

61




100

90

80
70
60
50
40
30
20
10

0

Mass extracted (ng)

Run1 Run 2 Run 3 Run 4 Run 5 Run 6
Number of Runs
m PDMS M 3-aminopropanol m Diethylenetriamine
B N,N,Bis[3-{methylamino)propyl]methylamine B 4-(2-aminoethyl)morpholine o N,N-dimethylbenzylamine

M 1-(3-aminopropyl) imidazole

Figure 3.5: Graphical representation that measures the uptake of isobornyl methacrylate in

PDMS compared to PDMS samples that underwent amine encapsulation.
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Figure 3.6: Graphical representation that measures the uptake of cyclohexane in PDMS

compared to PDMS samples that underwent amine encapsulation.

To conclude, the TD-GC-MS data showed that encapsulating amines in PDMS did influence
organic compound extraction from aqueous matrices. It was hypothesised prior to the
analysis that incorporating amines, which have polar characteristics, would improve the

sorbent materials ability to attract and extract the polar organic compounds in the mixture.
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This was however shown to be incorrect, in which there was no correlation between polarity

of amine encapsulated and polarity of organic analyte.

3.3.2 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) data for PDMS displayed 4 significant bond
characterisations that represent the 4 bonds which make up the PDMS monomer (Table 3.1).
These 4 bond characterisations coincide with the literature (Table 3.2). When plotted
graphically, the 4 bonds are shown by a drop in transmittance as the bonds absorb the light

of discrete wavelengths (Figure 3.7).
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Figure 3.7: Graphical demonstration of FTIR data for PDMS that shows how the

transmittance of the IR light changes as wavenumber increases.

Table 3.1: PDMS FTIR peaks with corresponding bond characterisations.

Wavenumber (cm) Bond Characterisation
785 CHs rocking and Si-C stretching in Si-CHs;
1005 Si-O-Si stretching
1257 CHs deformation in Si-CHs
2963 Asymmetric CHs; stretching in Si-CH3
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Table 3.2: PDMS FTIR peaks from literature [131].

Wavenumber (cm?) Bond Characterisation
789 —796 CHs rocking and Si-C stretching in Si-CHs;
1020-1074 Si-O-Si stretching
1260 -1269 CH; deformation in Si-CHs
2950 -2960 Asymmetric CHs; stretching in Si-CH3

Superimposing the data from the amine encapsulated PDMS samples on top of unmodified
PDMS samples, it was found that there was a difference in chemical composition at the
surface of the material (Figure 3.8). This was best demonstrated when comparing PDMS
samples that underwent encapsulation of 1-(3-aminopropyl)imidazole to that of PDMS. The
data showed additional peaks, indicating the presence of the amine at the surface of the
material (Figure 3.8). The 5 additional peaks found within the FTIR spectra of the 1-(3-
aminoproyl)imidazole were each characterised and associated with bonds in found in 1-(3-

aminopropyl)imidazole including C-C bonds in ring formation and N-H bond (Table 3.3).
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Figure 3.8: Comparison of PDMS (blue) and PDMS with encapsulated 1-(3-

aminopropyl)imidazole (orange) FTIR data.
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Table 3.3: PDMS with encapsulated 1-(3-aminopropyl)imidazole FTIR peaks with

corresponding bond characterisations [132].

Wavenumber (cm™) Bond Characterisation
785 CHs rocking and Si-C stretching in Si-CHs
1005 Si-O-Si stretching
1257 CHs deformation in Si-CHs
1370 C-H rock
1506 C-C stretch (in-ring)
1570 C-C stretch (in-ring)
2963 Asymmetric CHs stretching in Si-CHs
3113 C-H stretch
3298 N-H stretch

Comparing FTIR spectra of 3-aminopropanol encapsulated PDMS before and after the first TD
cycle showed the loss of the broad peak at 3207cm™ which corresponded to an N-H bond
(Figure 3.9a). The FTIR spectra for 3-aminopropanol after the first TD cycle was
complimentary to unmodified PDMS (Figure 3.9b). This indicated that 3-aminopropanol was
present at or just below the surface of the material after the encapsulation process however
after the first thermal desorption cycle, the amine was lost. The same trend was apparent
with diethylenetriamine, 4-(2-aminoethyl)morpholine and 1-(3-aminopropyl)imidazole.
Where prior to any TD cycles, the peaks which represented the various bond characteristics
corresponding to the encapsulated amine were present, however after the first thermal
desorption cycle these peaks were lost from the chromatogram. The FTIR data for samples
which were encapsulated with N,N-Bis[3-(methylamino)propyllmethylamine and N,N-
dimethylbenzylamine showed no difference in FTIR peaks compared to that of unmodified
PDMS. This indicated that none, or a very low concentration of these amines were present at

the surface of the PDMS material after encapsulation.
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Figure 3.9: (a) Showed the difference in FTIR peaks of PDMS (blue) and 3-aminopropan-1-ol
(orange) before the first TD-GC-MS cycle.
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Figure 3.9: (b) Showed the difference in FTIR peaks of PDMS (blue) and 3-aminopropan-1-ol
(orange) after the first TD-GC-MS cycle.

To summarise, the FTIR data showed that after the encapsulation method that amines were
present at the surface of the PDMS material. However, after the first thermal desorption
cycle each modified material showed no difference in surface chemical profile compared to
that of unmodified PDMS. It was however assumed that amines were still located within the
PDMS material after the first thermal desorption cycle due to varying extraction

performance in the TD-GC-MS data compared to that of the PDMS (Section 3.3.1).

3.3.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were taken to deduce if there was any physical
damage such as cracking or blistering to the PDMS or amine encapsulated PDMS samples
after several thermal desorption cycles (Section 2.2.4). It was an important test as any physical
damage to the surface of the polymer could affect extraction performance or contribute to

large background peaks on the chromatogram.
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The PDMS samples showed a smooth, flawless surface prior to any thermal desorption
exposure (Figure 3.10a). However, after being heated via thermal desorption the surface

showed significant cracking and blistering at the surface (Figure 3.10b).

Figure 3.10: (a) SEM image of PDMS surface prior to TD-GC-MS exposure. (b) After exposure

to TD-GC-MS in which there is a clear network of cracking and blistering.

SEM images recorded physical differences in the surfaces of 3-aminopropan-1-ol,
diethylenetriamine, N,N-Bis[3-methylamino)propyllmethylamine and 1-(3-
aminopropyl)imidazole encapsulated PDMS samples compared to PDMS after the
encapsulation process (Figure 3.11). This change in the physical appearance was particularly
present in N,N-Bis[3-methylamino)propyllmethylamine encapsulation where SEM images
showed a blistering effect at the surface (Figure 3.11c). Whereas the other materials showed
a mixture of blistering and amine droplets at the surface. However, over the several thermal
desorption cycles each material was exposed to, the blistering at the surface was removed
leaving a smooth surface (Figure 3.12). This contrasted with the cracked PDMS material that
did not undergo any encapsulation modification (Figure 3.10). An explanation as to why the
material surface physically changed after thermal desorption was degradation of the polymer
under the heat of the thermal desorption machine. During each cycle a small layer of PDMS

will be removed.
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Figure 3.11: Surface of each amine encapsulated PDMS material after the encapsulation
modification process prior to TD-GC-MS where (a) 3-aminopropan-1-ol
(b)diethylenetriamine (c) N,N-Bis[3-methylamino)propyllmethylamine (d) 1-(3-

aminopropyl)imidazole.

Figure 3.12: Encapsulated PDMS samples after TD-GC-MS (a) 3-aminopropan-1-ol
(b)diethylenetriamine (c) N,N-Bis[3-methylamino)propyllmethylamine (d) 1-(3-

aminopropyl)imidazole.
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3.3.4 Contact Angle Measurements

The contact angles of deionised water, ethylene glycol and octan-1-ol droplets at the surface
of each modified and non-modified PDMS material samples were measured as per the
methodology set out in Section 2.2.5. For PDMS, the water droplets generated the largest
average contact angles with an average angle of 110.2° recorded (Table 3.4). This repulsion
of water at the surface indicated that the surface energy is low and therefore hydrophobic.
In contrast to this, each of the modified PDMS samples had an average water contact angle
lower than that of PDMS with values that ranged between 42.2°to 98.2°. This indicated that
encapsulating amines in PDMS increased the surface energy of the material inducing a more
hydrophilic material compared to the unmodified PDMS. Octan-1-ol was the least polar
solvent used and the average contact angles supported the data from the water droplets. The
results for PDMS showed the lowest average contact angle with a value of 45.1° with each of
the modified materials having a larger average contact angle. Within this experiment there
was a larger standard deviation on the octan-1-ol measurements due to the liquid being
absorbed into the PDMS over time. Due to this adsorption, measuring the droplet was a lot

more difficult and therefore lead to greater deviation in the results.

Table 3.4: Average calculated contact angle measurements for water, ethylene glycol and

octan-1-ol droplets at the surface of both modified and unmodified PDMS samples.

Solvent PDMS | Amine 1* | Amine 2 | Amine 3° | Amine 4 | Amine 5¢ | Amine 6
110.2 76.3 46.9 42.2 43.1 98.2 61.7
Water
+0.6 +04 +0.2 +0.2 +0.4 +0.3 +0.3
Ethylene 105.1 65.3 62.5 45.4 57.2 93.1 68.9
Glycol +0.5 +04 +0.3 +0.2 +0.1 +0.7 +0.6
45.1 55.2 55.3 57.1 52.2 50.7 52.5
Octan-1-ol
+1.5 +2.0 +1.3 +1.5 +0.8 +0.9 +1.1

Note: a. 3-aminopropan-1-ol, b. Diethylenetriamine, c. N,N-Bis[3-(methylamino)propyl]methylamine, d. 4-(2-

aminoethyl)morpholine, e. N,N-dimethylbenzylamine, f. 1-(3-aminopropyl)imidazole.
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The method of encapsulating amines increased the surface energy of the material as
represented in the lower contact angle values for the water droplets. The increased surface
energy was due to the presence of the amines at the surface of the material with N,N-Bis[3-
(methylamino)propyllmethylamine demonstrating the greatest surface energy and N,N-
dimethylbenzylamine showing the lowest change in surface energy compared to the
unmodified PDMS. Results were not obtained for samples that had undergone to thermal
desorption or VOC extraction due to the tubular shape of the PDMS material. In-order to

accurately measure the surface contact angles of liquids at a surface, the surface must be flat.

3.3.5 Quantification of Encapsulated Amines

The quantity of amines retained by PDMS through encapsulation was investigated via mass
measurements. Furthermore, a control group of PDMS in the swelling agent (acetone) was
also recorded (Section 2.2.2). Results showed a decrease in the mass of PDMS when left in
acetone over time (Figure 3.14). This result was explained by the loss of impurities that could
have been picked up by the material during manufacturing or manual handling. Alternatively,
this mass loss could account for the removal of any unreacted PDMS monomer units
contained within the PDMS prior to the experiment. Swelling the PDMS in acetone, allowed
for the removal of these impurities into the solution. Assuming each 11 mm piece of PDMS
tubing contained the same quantity of impurities, the graph can be adjusted to take the
impurities into consideration (Figure 3.15). The amended graph demonstrated that each of
the PDMS samples that underwent amine encapsulation presented with an increase in mass.
When the PDMS samples were exposed to longer encapsulation times, the data showed an
increase in the uptake of amines. This increased uptake was continuous until 6 hours where
the maximum uptake of amines was recorded. This uptake then reduced between 6 and 24
hours before levelling out. Of the amines that were encapsulated in PDMS, N,N-Bis[3-
(methylamino)propyllmethylamine was the most readily encapsulated with an average of 4.1
mg of amine recorded after 6 hours. However, after 7 days of encapsulation all encapsulated

PDMS samples showed similar quantity of uptake with values ranging from 1.2 mg to 1.9 mg.
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Figure 3.14: A graphical representation of the uptake of each amine by PDMS via an
encapsulation technique.

The effect of encapsulation time on the uptake of amine molecules after
compensation of acetone cleaning
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Figure 3.15: A graphical representation of the uptake of each amine by PDMS via an
encapsulation technique after taking impurities into consideration.
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3.4 Discussion

The results within this chapter evaluated the effectiveness of an encapsulation modification
technique on the extraction of VOCs of varying polarity and chemical structure. The TD-GC-
MS data showed that encapsulating amines within the bulk of the PDMS did influence VOC
extraction. Prior to these results, it was known that PDMS sufficiently extracted VOCs with a
logP >3 [127]. Therefore, it was hypothesized that the modified PDMS samples would extract
larger quantities of VOCs with a logP < 3 due to the incorporation of the polar amine within
the bulk of the PDMS material. This was best demonstrated in the extraction of the most polar
VOC, pyridine. Within the TD-GC-MS results for the extraction of pyridine, significant (P value
< 0.05) quantities of the VOC were extracted by N,N-Bis[3-(methylamino)propyllmethylamine
encapsulated PDMS material compared to unmodified PDMS samples (Figure 3.1). With the
introduction of polar amines within the polymer it was expected that each modified material
would uptake greater amounts of pyridine compared to PDMS. The results however, showed
that the other 5 amine encapsulated PDMS samples exhibited no increased uptake of pyridine
compared to PDMS. In-fact, N,N-Bis[3-(methylamino)propyllmethylamine was ranked as the
fourth most polar amine and extracted more of the highly polar pyridine compared to the
PDMS encapsulated sorbents that contained amines which were more polar. This led to the
assumption that addition of polar amine compounds to PDMS did not always increase the
uptake of polar analytes. This was further demonstrated in the uptake of ethyl acetate, the
second most polar analyte in the extraction mixture. Where the extraction data verified that
five of the six encapsulated PDMS polymers did not extract any ethyl acetate with PDMS

extracting the most of any sample (Figure 3.4).

This evaluation of the TD-GC-MS data suggested that the polarity of the amine encapsulated
within the PDMS did not necessarily influence the uptake of polar analytes, as first
hypothesized. Therefore, understanding this left the scientific question to “what does

influence the extraction of VOCs when using encapsulated sorbent materials?”

There were very few variables to consider during the experimental. The only difference
between the encapsulated samples to that of PDMS would be the presence of amines. The
group of amines were selected on their relatively high boiling points, polarity and small
molecular size (Table 2.1). However, each amine differentiated in polarity and chemical

structure. One theory as to why each amine encapsulated PDMS sample extracted at various
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guantities was due to the unique chemical structure of each amine, as this was the main
differential between each sorbent. When understanding how extraction works there are two
types of interaction to consider, intermolecular and intramolecular bonding. Intramolecular
bonding is described as the forces that hold the atoms together such as covalent bonds [133].
While intermolecular bonding describes how different molecules interact with each other,
such as hydrogen bonding [134]. The outcome for this series of experiments was to extract
organic compounds from an aqueous solution into the PDMS-based sorbent via various
intermolecular bonds such as hydrogen bonding or electrostatic interactions [99]. It was
hypothesized that the individual chemical structure of each amine determined which
intermolecular bonds were formed through the extraction process and in-turn how well the
encapsulated material performed in extracting VOCs. The TD-GC-MS results best supported

this theory, particularly in the case of pyridine extraction.

N,N-Bis[3-(methylamino)propyl]methylamine encapsulated PDMS samples had the largest
average extraction of pyridine compared to PDMS or any other modified sample (Figure 3.1).
When looking at the structure of the encapsulated amine to that of the pyridine, it could be
assumed that the intermolecular bonding responsible for the uptake would be the formation
of a hydrogen bond between the lone pair of electrons on the nitrogen of pyridine and the
hydrogens of either the amine or methyl functional groups on the N,N-Bis[3-
(methylamino)propyllmethylamine (Figures 3.16a and 3.16b). Structurally, it was
hypothesized that the methyl groups play a larger part in the intermolecular bonding. As
when comparing to the diethylenetriamine structure which when encapsulated showed much
less uptake values for pyridine, N,N-Bis[3-(methylamino)propyllmethylamine contained an
extra CH; group at either end of the backbone as well as a methyl group replacing the
hydrogen at the nitrogen in the middle of the backbone (Figures 3.16b and 3.16c). Therefore,
concluding that an additional hydrogen on present on the N,N—Bis[3-
(methylamino)propyllmethylamine greatly influenced the uptake of the pyridine VOC.
Furthermore, the presence of methyl groups in replace of hydrogen may have provided more

shielding from the lone pair of electrons on each of the nitrogen within the structure.
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Figure 3.16: Structures of (a) Pyridine and (b) N,N-Bis[3-(methylamino)propyl]methylamine

(c) Diethylenetriamine

It was expected that hexanal would be readily extracted by the amine encapsulated PDMS
samples. However, the data showed that PDMS samples when encapsulated with amines
showed little uptake of hexanal. This could be explained by insufficient intermolecular
interactions between the amines and hexanal, but another possibility was that the amines
may have reacted with the aldehyde. Amines are a reactive species of molecule, and this could

be the cause of why few modified PDMS samples extracted the aldehyde, hexanal (Figure

N/
+ HaC——NH; — )|\
0 H H

Figure 3.17: Possible reaction of primary amine with aldehyde forming an imine [136].

3.17).

Further to the reactive nature of amines and this interference with VOCs in the extraction

media, there were several other limitations to the encapsulation process as a method for new
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sorbent materials. One such limitation within the encapsulation process was the drop in
extraction performance over several thermal desorption cycles. The thermal desorption
temperature was set at 160°C as this temperature was below that of any amine’s boiling point
and above that of the boiling point of all VOCs used in the extraction mixture (Tables 2.5 and
2.6). The set temperature intended to minimise the loss of amines during each thermal
desorption cycle. Unfortunately, as all amines used were liquid and possessed a degree of
volatility. Heating the encapsulated probes to 160°C led to some of the amines desorbing
from the PDMS, particularly at the surface, alongside the VOCs during each thermal
desorption cycle. This reduced concentration of amines within the PDMS encapsulated PDMS
samples after each thermal desorption cycle led to the change in extraction efficiency. Over
the 6 runs, the extraction performance of each modified sample shifted towards the
extraction efficiency of PDMS. The rate at which this change took place was dependent on
which VOC was being extracted. Some samples demonstrated similar extraction capabilities
to PDMS after very few desorption cycles, while others did not completely revert to that of
PDMS after 6 runs. It would however be expected that if more than 6 thermal desorption runs
were carried out on the same sample, that eventually the modified PDMS samples would have
the same extraction performance of PDMS. Simply explained, the thermal desorption process

would reverse the modification.

FTIR and SEM data which showed that amines were present at the surface of the material
before the first thermal desorption cycle. After this thermal desorption cycle the FTIR data
showed no amines present and SEM images showed no physical difference between that of
the modified samples and PDMS. This did not imply that all amines were lost during the first
thermal desorption step as the extraction data from Runs 2-6 show there was still a difference
in uptake between the encapsulated samples compared to PDMS. Therefore, it can be
assumed that for Runs 2-6, amines located within the bulk of the PDMS were not lost through
the first thermal desorption cycle and were responsible for any differentials within the

extraction data compared to PDMS.

This was well demonstrated through the FTIR data for of N,N-Bis[3-
(methylamino)propyllmethylamine and N,N-dimethylbenzylamine. Where after the
encapsulation process showed no chemical differences to that of PDMS, indicating no amines

present at the surface. The TD-GC-MS data concluded however that amines were
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encapsulated within the bulk to the polymer sorbent. Where the data showed that both
materials extract VOCs at differing quantities to PDMS due to the presence of amines within
the bulk. Much literature on sorbent materials in relation to extraction of VOCs focus on
surface chemistry modification [97], [99], [111], [130], [137]. This data however presents a
strong argument to that of the literature, in that modifying the bulk of PDMS does impact the

extraction capabilities of the polymer.

Another limitation of swelling PDMS in acetone to incorporate amines within the bulk of the
polymer is that the quantity of amine encapsulated will differ slightly from sample to sample.
This was carried out experimentally where the quantity of amine was measured through
mass. The results showed that there were slight mass differences between samples and this
difference may have had an impact on the VOC extraction. A possible solution for this would
be generate the polymer from raw materials. PDMS is a “honey-like” liquid prior to
polymerisation. To add discrete volumes of each amine to the PDMS liquid prior to

polymerisation would allow known and repeatable quantities from sample to sample.

Another key issue with encapsulation as a modification technique to improve the extraction
capabilities of PDMS towards VOCs was the background on the gas chromatogram. Due to
the thermal instability of the amines within the polymer, large quantities of amines were
passed through the GC column and detected on the mass spectrometer detector. This left
large peaks covering the whole chromatogram, making it difficult to see the peaks associated
with the extraction VOCs (Figure 3.18). Fortunately, the software allowed for the extraction
of peaks with particular M/Z values, allowing for the detection of VOCs behind the amine

peak.

1 3 3 4 5 3 7 [} § f© © 12 13 14 15 1 17 18 19 2 2 2 23 2 2 % 27 2 B
Counts vs. Acquisition Time (min)

Figure 3.18: Gas chromatogram that demonstrates the background peaks of amine

encapsulated PDMS samples.
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3.5

Conclusion

Method of encapsulating amines within PDMS was achieved.

Encapsulating amines did influence the type and quantity of organic compounds
extracted from the aqueous mixture.

Study found that modification to the bulk of PDMS influenced extraction performance.
The main issue with this modification technique was the thermal instability of the
modification.

Issues to address: reproducibility in extraction quantity over several runs and to
reduce the background given off by the modified samples on the chromatogram
Next Step: Covalently bond amines to PDMS monomer chains to improve the thermal
stability of the modification and compare to PDMS through TD-GC-MS and qualitative

techniques.
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Chapter 4: Epoxy-Terminated PDMS with

Amine Crosslinking
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4.1 Abstract

The results in this chapter explore whether covalently bonding amines to the PDMS monomer
units would demonstrate the same organic compound extraction as demonstrated in the
previous chapter but with improved thermal stability and repeatability. Two of the six amines
were successfully synthesized with PDMS and used for the extraction of organic compounds
as described in Table 2.5. Each of the amines when crosslinked with PDMS demonstrated
varying extraction capabilities when compared to each other and the currently used PDMS
material, as displayed through TD-GC-MS. Furthermore, the newly modified materials
showed improved thermal stability with excellent reproducibility from run to run and a

reduced background to that of the encapsulated modified samples.

4.2 Introduction

The results demonstrated in Chapter 3 showed how polydimethylsiloxane (PDMS) sorbent
tubing can be modified to extract more polar volatile organic compounds (VOCs) via an
encapsulation technique. 6 amines that varied in structure, volatility and polarity were
individually encapsulated into PDMS sorbent tubing (Table 2.1). From this, the results showed
that encapsulating amines within the matrix of the PDMS sorbent tubing increased the uptake
of polar VOCs while maintaining the uptake of non-polar VOCs. Furthermore, it was found
that the structure of the amine encapsulated within the PDMS sorbent’s polymer matrix
influenced the quantity of each VOC extracted from the extraction mixture. This was
described as a structure/extraction relationship, best described by the extraction of pyridine
with N,N-Bis[3-(methylamino)propyl]methylamine encapsulated PDMS (Section 3.4). The
main limitation of the encapsulation method as a modification technique was the material’s
thermal instability throughout the thermal desorption cycle. As the sorbent underwent
several extractions followed by thermal desorption cycles, the modification slowly reversed.
The decrease in amine concentration within the PDMS material from the thermal desorption

step led to a continual drop extraction of VOCs (Figures 3.1 — 3.6).

It has been reported in the literature that amines can covalently bond to PDMS at low curing
temperatures to generate gel-based networks [103]. The methodology demonstrated how

primary amines can be used to crosslink with epoxy-terminated PDMS monomers via covalent
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bonds to generate a new PDMS polymer network (Scheme 4.1). Amine compounds are vastly
researched for their epoxy curing capabilities due to the formation of resins with high thermal
and chemical resistant properties [139]. The mechanism behind the curing process occurs via
a nucleophilic attack. This involves the lone pair of electrons on the nitrogen of the amine
attacking the terminal carbon of the epoxy-terminated PDMS monomer, generating an
intermediate species with a delocalised area of electrons. This temporarily generates a
positive charge on the nitrogen group and a negative charge at the oxygen on the epoxy. As
such, the hydrogen of the amine relocates to form a new hydroxy group and stabilizing the
nitrogen functionality in a term called proton transfer. This Sn2 type reaction mechanism
demonstrates how a single primary amine can directly bond with two different epoxy-

terminated PDMS monomers while secondary amines can react just once (Scheme 4.1) [140].

R Rz\ Re
(@] H o / 3 _ . \
N 0 NH*—R, HO N—R
+ r” R S>----NH :
2 3 \
Rz
R1 R1 R1 R1

Scheme 4.1: Sn2 mechanism for a secondary amine/epoxy curing. Where the first step is
assumed to be the rate determining step (rds) as the rate of proton transfer is greater than

that of nucleophilic attack [140].

This chapter investigated whether covalently bonding amines to epoxy-terminated PDMS
monomers produced thermally stable sorbent materials (Section 2.1.3). Where each
material’s extraction capability towards organic compounds was analysed via thermal
desorption-gas chromatography-mass spectrometry (TD-GC-MS) (Section 2.2.1.3). These
results were compared to that of the currently used PDMS sorbent tubing as the control
group. Characterisation of the surface chemistry was performed via Fourier-transform
infrared Spectroscopy (FTIR) and Scanning Electron Microscopy (SEM) after each thermal
desorption cycle with Contact Angle Measurements taken to determine surface energies

(Sections 2.2.3 - 2.2.5).
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4.3 Results

4.3.1 Thermal Desorption-Gas Chromatography-Mass Spectrometry

The method of covalently bonding amines to epoxy-terminated PDMS as polymer crosslinkers
had previously been established within the literature [138]. However, there were no reports
of their sorptive extraction properties within the literature. It was therefore decided that the
best method of measuring the epoxy-terminated PDMS would be through thermal
desorption-gas chromatography-mass spectrometry (TD-GC-MS). The results of the TD-GC-
MS data showed that the epoxy-terminated PDMS materials had sorptive extraction
characteristics towards VOCs of various functionality and polarity when crosslinked with each
of the two types of amines, N,N-Bis[3-(methylamino)propyllmethylamine and
diethylenetriamine. With the amine crosslinkers within the PDMS mixture, it was
hypothesized that this would encourage the uptake of more polar (LogP <3) VOCs compared
to that of the platinum cured PDMS material. This was clearly demonstrated when looking at

the extraction of butanol (Figure 4.1)
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Figure 4.1: Graphical representation that measures the uptake of butanol in platinum-cured

PDMS compared to PDMS samples that underwent amine crosslinking.
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The result show that the PDMS monomers that were crosslinked with amines N,N-Bis[3-
(methylamino)propyllmethylamine and diethylenetriamine, respectively showed increase
uptake of butanol. Where diethylenetriamine extracted the largest quantity of butanol on

average over 6 extractions.

Butanol was the third most polar compound within the extraction mixture with a LogP value
of 0.88 (Table 2.2). The two most polar organic compounds in the extraction mixture were
ethyl acetate and pyridine, which has logP values of 0.73 and 0.71, respectively (Table 2.2).
The TD-GC-MS data from this showed that diethylenetriamine crosslinked PDMS did not
extract as much pyridine as platinum-cured PDMS or the PDMS crosslinked with N,N-Bis[3-
(methylamino)propyllmethylamine (Figure 4.2). Furthermore, diethylenetriamine crosslinked
PDMS showed no extraction capability towards ethyl acetate over any of the 6 extractions
(Figure 4.3). Within the same set of data, it was found that N,N-Bis[3-
(methylamino)propyllmethylamine extracted the most ethyl acetate on average over the 6

runs compared to the other two sorbent materials.
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Figure 4.2: Graphical representation that measures the uptake of pyridine in platinum-cured

PDMS compared to PDMS samples that underwent amine crosslinking.
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Figure 4.3: Graphical representation that measures the uptake of ethyl acetate in platinum-

cured PDMS compared to PDMS samples that underwent amine crosslinking.

It is reported in literature that PDMS efficiently extracts VOCs with a LogP of greater than
3[141]. Therefore, the other VOC in the extraction mixture which falls below this threshold
was hexanal, with a logP value of 1.78 (Table 2.2). Similarly to the extraction of ethyl acetate,
diethylenetriamine crosslinked PDMS did not show any extraction of the VOC across 6
extractions and thermal desorption cycles (Figure 4.4). However, platinum-cured PDMS
showed the greatest recovery of hexanal compared to the other materials. Across all the polar
compounds tested against in the extraction mixture, N,N-Bis[3-
(methylamino)propyllmethylamine was the most consistent with an average recovery
between 3 — 10ng for all polar VOCs. Whereas diethylenetriamine was less consistent with no

recovery of VOCs ethyl acetate and hexanal but the greatest recovery of butanol.

As for the extraction of the more non-polar compounds, it was expected that the platinum-
cured PDMS tubing would perform better than that PDMS polymers that were crosslinked
with amines. This was evident in the extraction of toluene-d8, cyclohexane and isobornyl
methacrylate which have LogP values of 2.73, 3.44 and 4.30, respectively (Table 2.2) (Figures
4.5-4.7).
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Figure 4.4: Graphical representation that measures the uptake of hexanal in platinum-cured

PDMS compared to PDMS samples that underwent amine crosslinking.
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Figure 4.5: Graphical representation that measures the uptake of toluene-d8 in platinum-

cured PDMS compared to PDMS samples that underwent amine crosslinking.
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Figure 4.6: Graphical representation that measures the uptake of cyclohexane in platinum-

cured PDMS compared to PDMS samples that underwent amine crosslinking.
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Figure 4.7: Graphical representation that measures the uptake of isobornyl methacrylate in

platinum-cured PDMS compared to PDMS samples that underwent amine crosslinking.

However, when extracting the most non-polar VOC in the extraction mixture, heptane. There
were very low recovery levels for PDMS with extraction quantities averaging less than 1 ng

over 6 runs. Furthermore, there PDMS-based sorbent which showed the greatest recovery
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over the 6 runs was N,N-Bis[3-(methylamino)propyllmethylamine crosslinked PDMS and the

diethylenetriamine crosslinked PDMS material showed zero recovery (Figure 4.8).
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Figure 4.8: Graphical representation that measures the uptake of heptane in platinum-cured

PDMS compared to PDMS samples that underwent amine crosslinking.

When assessing all the data, it was observed that the quantity extracted by all three types of
PDMS-based materials was consistent across 6 runs. This suggests that all materials were
thermally stable up to 160°C (thermal desorption temperature) and that the exposure to heat

did not influence extraction performance.

4.3.2 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy was carried out to assess whether any of the amines
added for crosslinking were present at the surface of the PDMS material (Section 2.2.3). The
presence of these amines at the material would polarise the surface, drawing in more polar

VOC species during extraction.

As previously demonstrated PDMS had 4 FTIR peaks associated with different bond
characteristics. These peaks were present at wavenumbers 758 cm™, 1004 cm™?, 1257 cm™

and 2962 cm™ (Figure 3.7 and Table 3.1). For the epoxy terminated PDMS samples crosslinked
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with amines diethylenetriamine and N,N-Bis[3-(methylamino)propyl]methylamine showed
similar FTIR characterisation to the platinum-cured PDMS (Figures 4.9 and 4.10). When
compared to that of the PDMS FTIR, there was similar results with 4 bond characteristic peaks.
PDMS samples that were crosslinked with diethylenetriamine showed FTIR spectra showed

peaks at 788 cm™, 1015 cm™, 1257 cm™ and 2961 cm™ (Table 4.1).

Table 4.1: PDMS crosslinked with diethylenetriamine FTIR peaks with corresponding bond

characterisations.

Wavenumber (cm™) Bond Characterisation
788 CHjs rocking and Si-C stretching in Si-CHs
1015 Si-O-Si stretching
1257 CHs deformation in Si-CHs
2961 Asymmetric CHs stretching in Si-CH;
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Figure 4.9: Graphical demonstration of FTIR data for PDMS crosslinked with

diethylenetriamine.
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The data showed a similar pattern for the PDMS samples which were crosslinked with N,N-
Bis[3-(methylamino)propyllmethylamine. The data showed 4 FTIR bond characterisation
peaks which were present at wavenumbers 789 cm™, 1013 cm™, 1257 cm™ and 2961 cm™,
similarly to that of both the platinum-cured PDMS and diethylenetriamine crosslinked PDMS
(Table 4.2).

Table 4.2 PDMS crosslinked with N,N-Bis[3-(methylamino)propyllmethylamine FTIR peaks

with corresponding bond characterisations.

Wavenumber (cm™) Bond Characterisation

789 CHjs rocking and Si-C stretching in Si-CHs
1013 Si-O-Si stretching
1257 CHs deformation in Si-CHs
2961 Asymmetric CHs stretching in Si-CH;

0.1

0
0 0Q 2000 00 4000 5000
-0.1

Transmittance
1
o
N

Wavenumber cm-1

Figure 4.10: Graphical demonstration of FTIR data for PDMS crosslinked with N,N-Bis[3-

(methylamino)propyllmethylamine.
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The FTIR data for the amine crosslinked PDMS samples showed no difference in chemical
structure at the surface of the material to that of the platinum-cured PDMS samples.
Therefore, it would be assumed that during the crosslinking reaction that all the amines were
reacted and bonded to the PDMS monomer chain. This would explain why no amine bond

characteristics were present at the surface, just that of the PDMS.

4.3.3 Scanning Electron Microscopy
Scanning electron microscopy (SEM) was utilised to deduce whether there were any physical
changes to the polymer material. Using the power of the microscope each material was

measured at 3 different magnifications 500x, 1000x and 2000x (Section 2.2.4).

The platinum cured PDMS demonstrated cracking across the surface after each thermal
desorption cycle (Figure 3.10a and 3.10b). This similar cracking was apparent in the samples
which had undergone crosslinking with amines diethylenetriamine and N,N-Bis[3-
(methylamino)propyllmethylamine. The samples which were crosslinked with
diethylenetriamine showed a vast, interconnected range of cracking across the whole surface
after just 1 thermal desorption cycle (Figures 4.11a and 4.11b). Over several thermal
desorption cycles, this cracking remained prevalent at the surface of the PDMS material that

was crosslinked with diethylenetriamine (Figures 4.11c and 4.11d).

There was a similar result in the SEM images taken of PDMS crosslinked with N,N-Bis[3-
(methylamino)propyllmethylamine. Where after the first thermal desorption, cracks
appeared to show at the surface (Figures 4.12a and 4.12b). However, the amount of cracking
at the surface was greater than that of the PDMS crosslinked with diethylenetriamine. As the
thermal desorption cycles continued the cracking became more prominent across the whole

surface of the material (Figures 4.12c and 4.12d).
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Figure 4.11: SEM images of PDMS material crosslinked with diethylenetriamine. After 1
thermal desorption cycle a) 500x magnification b) 2000x magnification. After 6 thermal

desorption cycles c) 500x magnification d) 2000x magnification.

Figure 4.12: SEM images of PDMS material crosslinked with N,N-Bis[3-
(methylamino)propyllmethylamine. After 1 thermal desorption cycle a) 500x magnification
b) 2000x magnification. After 6 thermal desorption cycles ¢) 500x magnification d) 2000x

magnification.
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4.3.4 Contact Angle Measurements

The contact angle measurements of the diethylenetriamine and N,N-Bis[3-
(methylamino)propyllmethylamine crosslinked PDMS samples were undertaken (Section
2.2.5). 3 different solvents were used of varying polarity and the angles between the surface
and droplets were taken. The 3 different solvents used deionised water, ethylene glycol and
octan-1-ol, in which the deionised water was the most polar and octan-1-ol being most non-
polar. The data in Table 3.4 showed that PDMS has an average contact angle of 110.2°, 105.1°
and 45.1° for deionised water, ethylene glycol and octan-1-ol, respectively. When comparing
these values to the contact angles of the PDMS-based sorbents crosslinked with the amines,
there was strong similarity. This suggested that at the surface energies of the three different
types of PDMS were approximately the same and that there were no amines at the surface of

the material, influencing surface polarity.

Table 4.3: Average calculated contact angle measurements for water, ethylene glycol and
octan-1-ol droplets at the surfaces of diethylenetriamine and N,N-Bis[3-
(methylamino)propyllmethylamine crosslinked PDMS samples compared to that of

platinum-cured PDMS.

N,N-Bis[3-
Solvent PDMS Diethylenetriamine
(methylamino)propyllmethylamine
108.4 109.1
Water 110.2+ 0.6

+0.6 +0.8
Ethylene 105.1 103.8 104.3
Glycol 0.5 +0.9 +0.5
45.1 44.6 46.4

Octan-1-ol
+1.5 +1.9 +1.8
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4.4 Discussion

This chapter explored whether covalently bonding amines to PDMS monomer chains
influenced the uptake of VOCs from aqueous mixtures. Of the 6 amines that were used in
Chapter 3, only 2 were successfully crosslinked with PDMS for the extraction and thermal
desorption process. These were diethylenetriamine and N,N-Bis[3-
(methylamino)propyllmethylamine, respectively. Such issues surrounding the other amines
for crosslinking were unsuccessful crosslinking and adhering to the side of the glass tubes
which was used for moulding and as such taring the polymer phase. The protocol of bonding
amines to epoxy-terminated PDMS chains was based on a previously documented report
[142]. However, there were notable differences between this published article and this

chapter’s results.

One such difference was the type of amines used. Of the 6 amines recorded for encapsulation
in Chapter 3, only one amine (diethylenetriamine) was used for crosslinking with epoxy-
terminated PDMS in the published article. Therefore, in the prior to the research there was
uncertainty as to which amines would successfully synthesize. Diethylenetriamine and N,N-
Bis[3-(methylamino)propyllmethylamine amines were independently crosslinked to epoxy-

terminated PDMS.

However, the resulting PDMS-based polymer materials thermal stability and extraction
capabilities were not reported in the literature. This was experimentally carried out using
thermal desorption-gas chromatography-mass spectrometry (TD-GC-MS) (Section 4.3.1). The
overall results showed that these two PDMS-based polymer materials had the characteristics
to extract VOCs from an aqueous matrix while showing variable extraction performance

towards each of the organic compounds used in the extraction mixture.

It was originally hypothesized that the when the amines were crosslinked to the PDMS
monomers, that these polar characteristics may induce polarity in the structure and improve
the extraction of polar VOC compounds compared to that of the platinum-cured PDMS. Upon
evaluation of the results there was no relationship between polarity of VOC and the PDMS
materials that were synthesized with amines. Interestingly, the results of the FTIR
demonstrated that in-fact there were no amines at the surface of the material with similar

peak profile to that of PDMS (Section 4.3.2). This therefore would hinder the adsorption of
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polar VOCs from the extraction mixture during extraction as the surface of the material
showed a PDMS chemical portfolio, which was hydrophobic due to the presence of the methyl

functional groups.

Furthermore, it was investigated as to the effect that covalently bonding the amines to the
PDMS chains had on VOC extraction compared to that of PDMS material that has undertaken
encapsulation. In Chapter 3 it was reported that encapsulating amines within the platinum-
cured PDMS matrix did influence the uptake of VOCs in the extraction mixture (Section 3.3.1).
Interestingly, the data showed that covalently bonding the amine to the PDMS to the polymer
chain induced different extraction results compared to when encapsulated, as tested via TD-
GC-MS. The best example of this was the difference in pyridine extraction between covalently
bonded or encapsulated N,N-Bis[3-(methylamino)propyllmethylamine with PDMS. The PDMS
material that was encapsulated with N,N-Bis[3-(methylamino)propyl]methylamine showed
an average extraction quantity of 39 ng in Run 1 (Figure 3.1), whereas when covalently
bonded an average extraction quantity of just 3.2 ng was observed (Figure 4.2). Overall, there
were no trends in the extraction data between PDMS sorbents when the same type of amine

was encapsulated compared to covalently bonded.

The main issue with the encapsulated amine sorbents was their thermal instability. This

caused two issues:

1. Overloading of amines into the column and detector led to large background peaks on
the spectra.

2. After each thermal desorption, the extraction performance of the encapsulated PDMS
would reduce from run to run as the concentration of amines dropped from the

thermal desorption process.

When looking at how thermal stability induced more repeatable results in the extraction of
the organic compounds. It is a fair assessment to say that towards each organic compound
extracted, over 6 runs there was very little difference in average mass extracted. That tells us
that these covalently bonded PDMS/amine materials were a lot more stable than the

encapsulated under the thermal desorption conditions.

When assessing the thermal stability of the material on chromatogram background,

covalently bonding the amines to PDMS improved the thermal stability of the PDMS materials
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during the thermal desorption process (Figure 4.13) compared to the encapsulated PDMS
materials (Figure 3.18). Notably, it was found that bonding the amines to the PDMS did reduce
the quantity of amine lost during thermal desorption. The largest peak heights in the
background peaks of the encapsulated PDMS samples were recorded at x10%, whereas the
largest peak within the background of the covalently bonded PDMS peak was at x107.
However, given the peak height of the target compounds was around x10° this was deemed

an unacceptable level.
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Figure 4.13: The background TD-GC-MS spectra of the diethylenetriamine crosslinked PDMS

material.

The other main disadvantage to this covalently bonded amine/PDMS material was its brittle
physicality. The polymer material was soft to touch and ripped when placed through the
custom septum (Figure 4.14). From a commercial perspective, the lack of strength around the
sorbent material was non-negotiable. It was an essentially quality for the HiSorb probe in-
order to align with the automated process of Centri (Section 1.8.1) and stand-alone HiSorb

(1.8.2) processes in-which the septum is used.

Q‘
)

Figure 4.14: Custom clamped brass caps with the purple septum which the HiSorb

penetrates prior to extraction.
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4.5

Conclusion

Covalently bonding amines to the PDMS monomer chains via epoxy-terminal groups
did influence the uptake of polar VOC compared to that of the commercially used
PDMS.

When compared to the encapsulation modification method, equivalent amines did
not show the same extraction proficiency as measured by TD-GC-MS.

FTIR, SEM and contact angle measurements showed no chemical or physical variance
to the PDMS.

The modified epoxy PDMS samples demonstrated improved thermal stability with
extraction reproducibility.

However, background showed that each of the modified polymer materials did not fall
within the specification of the product. Furthermore, physically they were in-
compatible with the HiSorb septum.

Future work will look to embed more thermally stable materials within the matrix of
the PDMS material, similarly to that of the encapsulation technique as this
modification technique showed the greatest extraction data as measured by TD-GC-
MS.

There is a range of commercially available sorbents (provided by Markes International)
that have established thermal stability and sorptive properties. The largest task would

be developing a method that embeds these sorbents into the PDMS material.
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Chapter 5: Commercially available Sorbent

Materials within PDMS
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5.1 Abstract

This chapter looked at how mixing two commercially available sorbents, Tenax GR and
Carboxen 1016, with PDMS into cylindrical moulds generated two novel sorbent materials.
These bi-phasic PDMS mixtures were then compared to a laboratory synthesized PDMS and
commercially available platinum-cured PDMS. Results looked at how each of the novel
sorbents performed in the extraction of a range of organic compounds from an aqueous
matrix and compared to both the laboratory synthesized and commercially available PDMS.
The results showed that PDMS/Tenax GR improved the uptake of most of the organic
compounds from the extraction mixture over several extractions whilst maintaining thermal

stability over several thermal desorption cycles.

5.2. Introduction

Sorbent materials are vastly used within analytical studies for the adsorption of both volatile
and semi-volatile organic compounds (VOCs & SVOCs) to the surface, with chemical inertness
being the most important physical characteristic of each type. Sorbent materials are primarily
classified under 3 main groups: graphitised carbon black, porous polymer and carbonised
molecular sieve[143] [144] [145]. The determination of whether or how strongly VOCs or
SVOCs adhere to the surface of a sorbent material varies from sorbent to sorbent, where for
example Tenax readily adsorbs molecules to its surface therefore being described as a strong
sorbent material. Within thermal desorption-gas chromatography-mass spectrometry (TD-
GC-MS) equipment, the sorbent materials are primarily found in thermal desorption (TD)
tubes or focusing traps. Where heat is applied to desorb organic compounds from their

surfaces.

Commercially available sorbent materials for the extraction of analytes from solid, liquid or
gaseous samples has been vastly employed within the solid-phase microextraction (SPME)
technique for many years [146], [147]. SPME does however suffer from the limited number
of commercially available phases as optimization has been achieved through various
combinations and thicknesses of the little number of phases available. At the centre of each
coating tends to be PDMS. PDMS provides the structure of each fibre while being easy to mix

and handle with other sorbents. This allows for the extraction of both more polar and volatile
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compounds, compared to a sorbent material consisting of just PDMS. For example, the
combination of PDMS with divinylbenzene (DVB) allows for the extraction of polar analytes

while carbon wide range (CWR) extracts more volatiles [148], [149].

This chapter showed how PDMS was synthesized with commercially available materials,
Tenax GR and Carboxen 1016 to improve the extraction of organic analytes from aqueous
matrices (Section 2.1.4). Each synthesized PDMS-based material was be tested against two
types of PDMS, currently used commercially available PDMS and the PDMS synthesized in the
laboratory. Each HiSorb probe extraction efficiency was analysed on TD-GC-MS equipment
and qualitatively analysed through fourier-transform infrared spectroscopy (FTIR), scanning

electron microscopy (SEM) and contact angle measurements.

5.3 Results

5.3.1 Thermal Desorption-Gas Chromatography-Mass Spectrometry

The ability of each PDMS-based polymer material at extracting organic compounds from
aqueous immersive sampling was tested and analysed through thermal desorption-gas
chromatography-mass spectrometry (TD-GC-MS). The control group in this study was the
currently used, commercially available, platinum-cured PDMS. The extraction results of this
material were then compared to that of the laboratory synthesized single-phase PDMS and
two biphasic PDMS-based materials that contained Tenax GR and Carboxen 1016,

respectively.

Overall, each of the material’'s showed sorptive capabilities towards each organic compound
with extraction of each maintained throughout the experiment. Of each of the organic
compounds extracted, the largest quantity extracted was by the PDMS/Tenax GR biphasic
polymer towards styrene (Figure 5.1). The PDMS/Tenax GR sorbent extracted an average of
approximately 50 ng per extraction over 6 independent extractions. This quantity of uptake
was much different to each of the other materials, who over each extraction showed little
differentiation. As such, it could be assumed that the addition of Tenax GR to the PDMS,

improved the uptake of styrene.
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PDMS/Tenax GR showed similar results in the extraction of toluene d8 and hexanal compared
to that of the other sorbent materials. For the extraction of toluene d8, PDMS/Tenax GR
extracted an average of approximately 36 ng over the 6 extractions. Whereas the other

sorbent materials extracted an average of 19 ng (Figure 5.2).
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Figure 5.1: Graphical representation of the uptake of styrene in commercially available
platinum-cured PDMS tubing compared to laboratory synthesized PDMS, PDMS/Tenax GR
and PDMS/Carboxen 1016 samples.
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Figure 5.2: Graphical representation of the uptake of toluene d8 in commercially available
platinum-cured PDMS tubing compared to laboratory synthesized PDMS, PDMS/Tenax GR
and PDMS/Carboxen 1016 samples.
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As previously mentioned, there was the same trend in the extraction of hexanal in which the
PDMS/Tenax GR extracted approximately 50% more hexanal to the other sorbents which
showed little differentiation in extracting around 30 ng of compound per probe on average

(Figure 5.3).

PDMS/Tenax GR showed the greatest uptake for ethyl acetate compared to the other 3
sorbent materials (Figure 5.4). However, for the extraction of this organic compound
PDMS/Carboxen 1016 extracted less than both the commercial and synthesized PDMS
materials. This was an example of how adding different commercially sorbents to PDMS can

induce contrasting effects of sorptive capabilities.

For the extraction of heptane, the commercially available PDMS and PDMS/Tenax GR
performed similarly on average over 6 extractions (Figure 5.5). Interestingly, the heptane
extraction data could be used to differentiate between the PDMS synthesized in the
laboratory and the commercially available PDMS. The data showed distinctive differences in
mass extracted of heptane, with the commercially bought PDMS extracting approximately
twice the amount of heptane compared to that of the laboratory synthesized PDMS.
Furthermore, the material which extracted the lowest quantity of heptane was the

PDMS/Carboxen 1016 material.
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Figure 5.3: Graphical representation of the uptake of hexanal in commercially available
platinum-cured PDMS tubing compared to laboratory synthesized PDMS, PDMS/Tenax GR
and PDMS/Carboxen 1016 samples.
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Figure 5.4: Graphical representation of the uptake of ethyl acetate in commercially available
platinum-cured PDMS tubing compared to laboratory synthesized PDMS, PDMS/Tenax GR
and PDMS/Carboxen 1016 samples.
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Figure 5.5: Graphical representation of the uptake of heptane in commercially available
platinum-cured PDMS tubing compared to laboratory synthesized PDMS, PDMS/Tenax GR
and PDMS/Carboxen 1016 samples.
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As for the extraction of acrylonitrile and cyclohexane, PDMS/Tenax GR showed the largest
uptake quantities (Figures 5.6 & 5.7). Whereas the commercially available PDMS tubing
showed the greatest uptake of pyridine (Figure 5.8). Although there are some differences in
the uptake of each of these organic compounds, the mass extracted was much lower than

that of the other organic compounds in the extraction mixture.

Of all the organic compounds in the extraction mixture, butanol was the only extraction
compound to show the least difference in uptake values across all 4 materials (Figure 5.9).
Similarly to the results for the extraction of acrylonitrile the quantity of butanol extracted was

very low implying neither sorbent were specifically effective at extracting this organic

compound.
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Figure 5.6: Graphical representation of the uptake of acrylonitrile in commercially available
platinum-cured PDMS tubing compared to laboratory synthesized PDMS, PDMS/Tenax GR
and PDMS/Carboxen 1016 samples.
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Figure 5.7: Graphical representation of the uptake of cyclohexane in commercially available

platinum-cured PDMS tubing compared to laboratory synthesized PDMS, PDMS/Tenax GR
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Figure 5.8: Graphical representation of the uptake of pyridine in commercially available

platinum-cured PDMS tubing compared to laboratory synthesized PDMS, PDMS/Tenax GR

and PDMS/Carboxen 1016 samples.
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Figure 5.9: Graphical representation of the uptake of butanol in commercially available
platinum-cured PDMS tubing compared to laboratory synthesized PDMS, PDMS/Tenax GR
and PDMS/Carboxen 1016 samples.

A further observation of the TD-GC-MS data showed great reproducibility between each
sample in the same batch in-terms of extraction efficiency. The consistent extraction volumes
of each material, towards each organic compounds would indicate that each material showed

impressive thermal resistance and little degradation over 6 thermal desorption cycles.

5.3.2 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was used to characterise the chemical bonds
at or near to the surface of each material. As previously shown in the earlier chapters PDMS
has 4 known characteristic FTIR bonds (Table 3.1 & Figure 3.7). When comparing the FTIR data
of the two types of PDMS used in the analysis, there is strong overlap in the 4 peaks that
characterise PDMS at wavelengths 701 cm™, 786 cm™, 1258 cm™ and 2961 cm* (Figure 5.10).
FTIR was also used to deduce any chemical changes at the surface of each material after
extraction and thermal desorption. For the commercially available PDMS there was no change
to the chemical profile after extraction and thermal desorption cycles, consistent with the

results recorded in previous chapters (Figure 3.10b).
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FTIR comparison of commercially available PDMS
vs laboratory synthesized PDMS
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Figure 5.10: FTIR spectra compares the surface bond characteristics of commercially

available platinum-cured PDMS (blue) and laboratory synthesized PDMS (orange).

The PDMS was synthesized in the laboratory was also tested for chemical inertness and
stability after extraction and thermal desorption cycles. Similarly to that of the commercially
available PDMS, it was also unaffected by the TD-GC-MS analysis. Where the spectra showed
similar overlap and to one another but most importantly the 4 bond characteristics associated

with PDMS (Figure 5.11).

The FTIR data for the bi-phasic sorbent materials PDMS/Tenax GR and PDMS/Carboxen 1016
surprisingly showed no additional bond characteristics to that of the PDMS FTIR data (Figure
5.12 & Figure 5.13).

Similarly to that of the PDMS FTIR data, FTIR was used to deduce any chemical changes at the
surface of each material after extraction and thermal desorption cycles. For two biphasic
material’s that were synthesized PDMS/Tenax GR and PDMS/Carboxen 1016, there appeared

to be no change to the surface chemistry after TD-GC-MS analysis (Figure 5.14 & 5.15).
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FTIR comparison of laboratory synthesized PDMS
before and after 6 thermal desorption cycles
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Figure 5.11: FTIR spectra compares the surface bond characteristics of the laboratory

synthesized PDMS before (orange) and after TD-GC-MS analysis (blue).
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Figure 5.12: FTIR spectra compares the surface bond characteristics of the laboratory

synthesized PDMS before (orange) and PDMS/Tenax GR (blue).
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FTIR comparison of laboratory synthesized PDMS
vs PDMS/Carboxen 1016
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Figure 5.13: FTIR spectra compares the surface bond characteristics of the laboratory

synthesized PDMS before (orange) and PDMS/Carboxen 1016 (blue).

FTIR comparison of PDMS/Tenax GR before vs
after TD-GC-MS analysis
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Figure 5.14: FTIR spectra compares the surface bond characteristics of the laboratory

synthesized PDMS/Tenax GR before (orange) and after TD-GC-MS analysis (blue).
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FTIR comparison of PDMS/Carboxen 1016 before
vs after TD-GC-MS analysis
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Figure 5.15: FTIR spectra compares the surface bond characteristics of the laboratory

synthesized PDMS/Carboxen 1016 before (orange) and after TD-GC-MS analysis (blue).

5.3.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to deduce any physical changes to the surface
of each material. Each material’s surface was analysed before and after each TD-GC-MS cycle.
The commercially available PDMS showed a smooth, undamaged surface prior to any
extraction or TD-GC-MS exposure (Figures 5.16a&b). However, after TD-GC-MS cycles the
surface started to show signs of blistering (Figures 5.16c&d). The likely cause of the blistering
was due thermal exposure when the organic compounds were desorbed from the material

prior to GC injection.

There were distinct differences when comparing the SEM images of the commercially
available PDMS to that of the laboratory synthesized PDMS. The laboratory synthesized PDMS
showed a range of interconnected cracks (Figures 5.17a&b) after synthesis. However, these
cracks smoothed out after the first TD-GC-MS cycle (Figures 5.17c&d). As you increased the
number of TD-GC-MS cycles, the laboratory synthesized material started to show signs of
blistering similarly to that of the commercially available PDMS (Figures 5.16e&f). However,

this was only apparent as you increased the magnification of the microscope.
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Figure 5.16: SEM images of commercially available PDMS material before TD-GC-MS a) 500x
magnification b) 2000x magnification. After 6 TD-GC-MS cycles c) 500x magnification d)
2000x magnification. Red circles highlight the areas of blistering from TD-GC-MS process.

PDMS/Tenax GR surface also showed a range of cracking similarly to that of the laboratory
synthesized PDMS indicating that the addition of Tenax GR did not provide any physical
strength to the material (5.18a&b). The similarity of the two different materials did not end
there as the PDMS/Tenax GR surface cracking was also lost after the first TD-GC-MS cycle
(Figures 5.18c&d). There was also noticeable roughness to the surface of PDMS/Tenax GR
before and after the primary TD-GC-MS cycle, which over several TD-GC-MS cycles appear to
be removed (Figures 5.18e&f).

The PDMS/Carboxen 1016 SEM images showed cracking at the surface prior to TD-GC-MS
analysis (Figures 5.19a&b). However, compared to that of the PDMS/Tenax GR there was very
little induced surface roughness after TD-GC-MS on the surface of the PDMS/Carboxen 1016
(Figures 5.19c-f).
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Figure 5.17: SEM images of the laboratory synthesized PDMS material before TD-GC-MS a)
500x magnification b) 2000x magnification. After the first TD-GC-MS cycle c) 500x
maghnification d) 2000x magnification. After 6 TD-GC-MS cycles e) 500x magnification f)
2000x magnification. Red circles highlight the areas of blistering from TD-GC-MS process.
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Figure 5.18: SEM images of the PDMS/Tenax GR material before TD-GC-MS a) 500x
magnification b) 2000x magnification. After the first TD-GC-MS cycle c) 500x magnification
d) 2000x magnification. After 6 TD-GC-MS cycles e) 500x magnification f) 2000x

magnification. Red circles highlight the areas of surface roughness.
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Figure 5.19: SEM images of the PDMS/Carboxen 1016 material before TD-GC-MS a) 500x
magnification b) 2000x magnification. After the first TD-GC-MS cycle ¢) 500x magnification
d) 2000x magnification. After 6 TD-GC-MS cycles e) 500x magnification f) 2000x

magnification.
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5.3.4 Contact Angle Measurements

Contact angle measurements were taken at the surface of each material prior to TD-GC-MS
analysis. It was earlier recorded the commercially available PDMS had average contact angle
measurements of 110.2, 105.1 and 45.1 degrees for water, ethylene glycol and octan-1-ol,
respectively (Table 3.4). Contact angle measurements were taken with each of these 3
solvents at the surface of each material and compared to that of the commercially available
PDMS. It was found that all 3 materials had similar surface contact angle measurements to

that of the commercial PDMS.

Table 5.1: Average calculated contact angle measurements for water, ethylene glycol and
octan-1-ol droplets at the surface of commercially available PDMS, laboratory synthesized

PDMS, PDMS/Tenax GR and PDMS/Carboxen 1016.

PDMS
Solvent PDMS (Lab) | PDMS/Tenax GR | PDMS/Carboxen 1016
(Commercial)
1104 108.9 1111
Water 110.2+0.6
+0.2 0.2 +0.6
Ethylene 105.1 105.7 103.3 106.1
Glycol +0.5 +0.3 +0.8 +0.3
45.1 45.3 44.1 46.1
Octan-1-ol
+15 +0.9 +1.1 +1.3

5.4 Discussion

Within this chapter PDMS was synthesized in the laboratory and compared to commercially
available PDMS. Furthermore, two novel PDMS-based sorbents were synthesized in tubular
form and applied to HiSorb technology. Each material underwent TD-GC-MS analysis to
deduce how each performed at extracting organic compounds from aqueous solutions that

varied in polarity, molecular weight and chemical functionality.

It was found that of the 9 organic compounds in the extraction mixture, PDMS/Tenax GR

extracted the most from each sample for 8/9 compounds (Table 5.2). Given that the PDMS
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aspect of the PDMS/Tenax GR was the same PDMS of the laboratory synthesized material.
The data clearly showed how adding the Tenax GR to the PDMS polymer material improved
uptake of organic compounds from aqueous samples. Tenax GR is a mixture of Tenax TA and
30% graphitised carbon. It falls under the group of porous polymers and is described as a
weak sorbent material. In-terms of the strength of sorbent, the stronger the sorbent the
better it is at retaining smaller, more volatile compounds. Therefore, a weak sorbent retains
heavier compounds from n-C; to n-Csp (BP 100 —450°C). The TD-GC-MS data however showed
that in combination with PDMS, Tenax GR improved the uptake of organic compounds with
carbon chains and boiling points outside of this range. The reasoning behind this would be
the addition of the graphitised carbon. Graphitised carbon is a slightly stronger sorbent
material and therefore better than the Tenax TA at extracting the more volatile organic
compounds. With a 30% concentration of graphitised carbon in the Tenax aspect of the
PDMS/Tenax GR sorbent, it was expected that the more volatile organic compounds within
the extraction mixture could be extracted. For the extraction of butanol there was little
difference between each of the PDMS-based materials (Figure 5.9). Therefore, the only
organic compound in which PDMS/Tenax GR did not extract the greatest mass of was pyridine
(Figure 5.8). Pyridine was one of the most polar compounds in the extraction mixture with a
value of 0.71 (Table 2.3). This lower extraction performance of the PDMS/Tenax GR therefore
would be explained by the hydrophobic nature of the Tenax TA within the sorbent phase. As
such, the Tenax TA would inhibit the extraction of the more polar compounds such as

pyridine.

The sorbent Carboxen 1016 falls under the category of carbonised molecular sieve [145].
Carbonised molecular sieve sorbent materials are relatively strong sorbent materials and are
used to extract more volatile compounds (n-C; to n-Cs). Therefore, the organic compounds in
the extraction mixture from this study would fall outside of this range. The TD-GC-MS data
from this chapter well supported this with the PDMS/Carboxen 1016 being the worst
performing sorbent in extracting 4/9 organic compounds within the mixture. Furthermore,
unlike the PDMS or Tenax GR, the carboxen 1016 slightly hydrophilic and therefore could
retain water and introduce this into your GC. The main surprise in the data was that the
PDMS/Carboxen 1016 did not extract the most pyridine or acrylonitrile, the two most polar

compounds in the mixture. With the carboxen 1016 being the most hydrophilic sorbent in the
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study, it was hypothesized that the PDMS/Carboxen 1016 would extract the greatest

guantities of these compounds.

Table 5.2: Ranking of how each material did at extracting each of the corresponding organic

compounds, with 1 = most and 4 = least.

Organic Commercial PDMS/Carboxen
Laboratory PDMS PDMS/Tenax GR
Compound PDMS 1016
Acrylonitrile 2 2 1 4
Butanol 1 1 1 1
Cyclohexane 2 2 1 2
Ethyl Acetate 2 2 1 4
Heptane 2 3 1 4
Hexanal 2 2 1 2
Pyridine 1 3 2 4
Styrene 2 2 1 2
Toluene d8 2 2 1 2

The other comparison to discuss from the TD-GC-MS data was how synthesizing PDMS in the
laboratory varied extraction compared to that of the commercially available PDMS. For most
of the organic compounds in the extraction mixture, there was very little to differentiate
between the two PDMS materials. The main compound which showed the greatest variance
was the extraction of pyridine in which the commercially available PDMS extracted the most
(Figure 5.8). Each of the PDMS materials consisted of the same chemical make-up in which
was supported by the FTIR data (Figure 5.11). Therefore, the extraction difference between
the two materials towards pyridine would most likely be due a physical characteristic such as
elasticity. However, to conclude this as the reason each material would have to undergo

further tests such as Atomic Force Microscopy (AFM).

Within the experiment 3 different PDMS-based sorbent materials were synthesized PDMS,
PDMS/Tenax GR and PDMS/Carboxen 1016, with 7 samples required per material (Section
2.1.4). Rather than synthesizing each material in one singular batch, the 7 samples were made

independent of each other. The TD-GC-MS data showed little variance in the average uptake
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of organic compounds from sample to sample as demonstrated by the small standard
deviation values. Therefore, it can be said that the novel method of producing each material
from batch to batch is reproducible for this application. Another piece of important
information that consistent average uptake tells us over several TD-GC-MS cycles is that the
synthesized materials were thermally stable throughout the experiment. This was best
demonstrated by looking at the chromatograms of all the materials compared to that of the
PDMS. When comparing the background of the commercially available PDMS to that of the
laboratory synthesized the data shows that the laboratory-based PDMS was showed slightly
more background than the commercially available PDMS, but this fell within the acceptable
range of Markes International as the two chromatograms were almost equivalent (Figure

5.20).
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Figure 5.20: Overlapped chromatogram of commercially available PDMS (green) compared

to the PDMS that was synthesized in the laboratory (blue).

As for the PDMS/Carboxen 1016 compared to the commercially available PDMS, the TD-GC-
MS data showed that the Carboxen 1016 did not increase the background on the
chromatogram (Figure 5.21). This told us that the Carboxen 1016 was thermally stable in the
PDMS mould and was not released during the thermal desorption cycle. However, the
PDMS/Tenax GR showed the largest background results on the TD-GC-MS data (Figure 5.22).
Overall, all the chromatograms fell within the acceptable specifications laid out by Markes
International. As you can see from Figures 5.20 —5.22, all the peaks that represent the organic
compounds from the extraction mixture are clearly visible with little overlap from the PDMS-

based sorbent materials.
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Figure 5.21: Overlapped chromatogram of commercially available PDMS (green) compared

to the PDMS/Carboxen 1016 (purple).
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Figure 5.22: Overlapped chromatogram of commercially available PDMS (green) compared

to the PDMS/Tenax GR (black).

As well as quantitatively measuring the uptakes of each organic compound in the extraction
mixture. FTIR, SEM and contact angle measurements were taken after each extraction and
TD-GC-MS cycle. This allowed for the measurement of any physical or chemical changes to
each material from the TD-GC-MS process. The FTIR and SEM data showed no change in the
surface chemistry of the materials throughout the experiment. However, this was not
surprising given no noticeable difference in extraction data between run 1 and 6 but
furthermore, the fact that all materials were inert. The most surprising discovery from the
SEM data was blistering at the surface of both types of PDMS after the TD-GC-MS process
(Figures 5.16 and 5.17). This physical change would explain the presence of PDMS peaks as
background on the chromatogram. Each time the material was heated to desorb the organic
compounds a fine layer of PDMS is converted to the gas phase and carried with the organic
compounds into the GC-MS. There were physical differences between the two types of PDMS
prior to TD-GC-MS in which the PDMS that was synthesized in the lab displayed cracking

across the surface (Figures 5.17a&b). This was also present in the PDMS/Tenax GR and
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PDMS/Carboxen 1016 samples at the same stage (Figures 5.18a&b and 5.19a&b). A possible
explanation for this would be stretching of the material when being removed from the glass
sleeves after crosslinking. Similarly to the PDMS, this surface cracking was removed after the
first TD-GC-MS cycle for each material and once again this would be apparent in the GC

chromatogram in the form of background.

5.5 Conclusion

To conclude, this chapter demonstrated how adding two different types of sorbents, Tenax
GR and Carboxen 1016 to PDMS influenced each material’s ability to organic compounds from
aqueous samples. Each of the materials were compared to two different PDMS materials, one
synthesized in the laboratory and the other the current PDMS material used in HiSorb
technology. Of all the materials used in this chapter, the TD-GC-MS results showed that the
PDMS/Tenax GR had the greatest success at extracting the organic compounds. However, all
the sorbents showed both chemical and physical robustness with excellent thermal stability
and inertness. The novel method used to synthesize these PDMS-based materials was
analysed to show inter-batch reproducibility and the foundations for developing a greater

range of sorbent materials.
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Chapter 6: Conclusion and Future Works
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6.1 Conclusion

This project looked at how different methods of PDMS modification influenced how each
polymer sorbent performed at extracting organic compounds with varying polarity, chemical
structure and volatility from an aqueous solution. The primary aim of the project was to
modify the currently used PDMS sorbent material to improve organic compound extraction
as measured by TD-GC-MS. This was achieved by swelling the material in an organic solvent
and spiking the mixture with various amines that differed in polarity. As such, the currently
used PDMS material was modified with amines encapsulated both within the matrix and at
the surface. This novel method of PDMS modification to improve organic compound
extraction was best demonstrated through the variable quantities of each organic compound
extracted from the extraction mixture compared to that of the original PDMS material.
Unfortunately, after the first thermal desorption cycle this modification dramatically dropped
as the amines were desorbed from the material and into the GC-MS as supported by the large
background peaks on each chromatogram. However, the most notable recording from this
data set was that the amine encapsulated PDMS materials differentiated from that of
unmodified PDMS when no amines were present at the surface. This indicated that when
amine molecules were embedded in the matrix of the PDMS material, rather than at the
surface, variable levels of organic compounds were extracted. In previous studies recorded in
the literature, the focus was how modifying the surface of a sorbent material with various
compounds or other sorbent materials influenced the extraction performance. Furthermore,
there were no found studies in the literature that showed how modification to the matrix of

a PDMS polymer material influenced extraction until this study.

With the thermal instability of the encapsulated PDMS materials not meeting the
requirements of the funding company. The next logical step was to investigate whether the
improved extraction characteristics governed by the amines in the PDMS material could be
sustained throughout the thermal desorption process by chemically bonding them to the
PDMS monomers. As such, it was at this point of the project that the intentions of modifying
the current PDMS material disintegrated and instead all PDMS-based samples were made
from their monomer components within the laboratory. To chemically bond the amines to
PDMS, epoxy-terminated PDMS was used. These new PDMS-based materials were then

compared to that of the currently used PDMS. It was found that chemically bonding the
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amines to PDMS did not yield the same extraction results as when encapsulated. However,
the amine bonded PDMS materials proved to be more thermally stable than the encapsulated
equivalents with greater reproducibility of each organic compound extracted by each material

over several thermal desorption cycles with lower background on each chromatogram.

The final chapter looked towards how known, well-established sorbent materials could be
embedded into the PDMS to improve organic compound extraction. The sorbent materials
used in this section were currently used in thermal desorption tubes with adsorption
capabilities along with chemical inertness, thermal stability and large surface area. Each of
these chemical and physical properties allowed for the extraction of various organic
compounds with sample integrity. However, there was no reported literature or
methodologies associated with incorporating these sorbents in PDMS. Two different types of
sorbents were successfully synthesized in PDMS and moulded to HiSorb specificity. Tenax GR
which was a hybrid of porous polymer and graphitised carbon black, and Carboxen 1016
which was a carbonised molecular sieve. Of the PDMS-based materials used in this study the
PDMS-Tenax GR had the greatest extraction ability, outperforming the currently used
platinum-cured PDMS and PDMS/Carboxen 1016. Furthermore, all the sorbents synthesized
in this chapter had acceptable levels of background on the chromatogram. A result which up
to this point, had not been achieved but was of great importance to the funding company and

any prospective customers.

Overall, each of the three methods used to develop alternative sorbent materials showed
extraction capabilities towards organic compounds in aqueous solutions with the
commercially embedded sorbent materials showing the most promise. As this was an
industrial-focused project, this TD-GC-MS data showed great potential for a new sorbent
product range within the sample extraction market. However, the method of making the
tubular shaped material using glass tubes as a vessel could not be replicated on a
manufacturing level. Alternatively, it would have to be extruded by a large-scale
manufacturer and bought in large quantities. Given that only 11 mm of material is used per
probe, buying many meters of this product would therefore include a large up-front cost

which could prove a long time to pay off.

There were many study limitations to overcome during this study, mainly being equipment

availability. All the analytical equipment used such as TD-GC-MS, SEM and FTIR had to be
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booked out when available from 3™ parties. This had huge bearings on the project as this did
not allow for the running of simple tests prior the main analysis which was extraction. As |
prepared each material in the laboratory for analysis, | only had one opportunity to get the
results from that material. If the material did not work in the equipment, | would have to go
make more and wait weeks or even months for the equipment to be available again. The
sample run time on the TD-GC-MS was approximately 45 minutes per sample. Therefore, to
run several samples meant the equipment was running for days and the company would need
the equipment back shortly after | finished to carry out their research on site. | believe with
more equipment at my disposal | would have been able to test a greater range of samples
and techniques as discussed in the future works section. Another time limiting factor was the
impact of COVID-19 on my research. Lockdown occurred exactly halfway through my studies.
Eventually, | was allowed to use the university facilities in my building however all the testing
equipment was operational external to this. This delay in accessing these facilities also meant

obtaining fewer types of samples as | planned.

However, to conclude | believe | have provided the funding company a solid basis for future
research and investment into various PDMS-based materials and phases for HiSorb
technology. Prior to this study, there was no data or ideas on how to develop these materials
and what impact the various sorbents have on organic compound extraction. Since finishing
the company have dedicated a specialist team to carry on the research based off my findings
and consultancy throughout the project and beyond. As such, in the last 12 months Markes
International have used the data demonstrated in Chapter 5 to release three new HiSorb
phases. Two bi-phasic sorbents, PDMS/Carbon Wide Range (PDMS/CWR) and
PDMS/Divinylbenzene (PDMS/DVB). As well as a triple phase PDMS/CWR/DVB. | was
fortunate enough to be offered the role as Product Manager at the sponsor company upon
completion of the practical aspect of my PhD, for which HiSorb was one of many products |
managed. As such, | was able to learn more about how these new phases were produced on
an industrial scale using specialist equipment as well as see how this met the needs of the
consumer whether through sales with various industries or working with university
departments on collaborations. Overall, | still believe that this area of material science can
offer further benefits to various academia and industrial applications, ranging from medical

devices to water purification analysis to name a few.
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6.2 Future Works

The results from this thesis have laid the foundation for a new range of HiSorb phases. The
results detailed different methods of modification and how each method has an impact on
properties such as extraction and thermal stability. The most successful result from the thesis
was the combination of PDMS and pre-existing sorbent materials, PDMS-Tenax GR due to the
improved extraction results compared to PDMS with an acceptable level of background
(Section 5.3). However, the results only showed how well this sorbent performed towards a
small range of semi-volatile organic compounds (SVOCs) in an aqueous solution. Furthermore,
the material was only made using one mesh size (particle size) and concentration. In-order to
optimise the material, future works should investigate varying ratios of PDMS to Tenax GR
and how this impacts extraction of the organic compounds as well as seeing if increasing or

decreasing the sorbent particle size influenced VOC extraction.

PDMS-Carboxen 1016 was also used in this study. However, did not extract the organic
compounds selected within this extraction mixture as well as PDMS or PDMS/Tenax GR. This
was later explained in the literature which showed that Carboxen 1016 is more effective
towards more volatile compounds. HiSorb technology can also be used in headspace analysis.
This is when the gases above a liquid or solid is analysed via adsorption to the HiSorb sorbent
phase, oppose to immersive as studied in this thesis. Typically, the lower weight (less than n-
C7), more volatile compounds would be located here and an experiment to see whether the
PDMS-Carboxen 1016 outperforms the PDMS and PDMS-Tenax GR would be of great interest
and value to the industry. The reason | say value to the industry is because PDMS is so good
extracting the heavier organic compounds, there is still scope for a HiSorb probe to extract
organic compounds that fall under the more volatile range. Unfortunately, due to limited

equipment time and facilities | was constrained to picking just one extraction mixture.

There are also many other sorbents within each of these categories that could be successfully
embedded into PDMS using this novel preparation method. As with Tenax-GR and Carboxen
1016, information as to which organic compounds adsorb to the surface of each sorbent is
already known but the key scientific question here would be how does each of these sorbents
perform towards these groups of compounds when embedded within a PDMS matrix? My
approach to answering this would be to perform a series of experiments with a range of

PDMS-based sorbent materials that have commercially available sorbents embedded,
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similarly to how | conducted the experiments in Chapter 5. However, with unlimited access
to the TD-GC-MS equipment, | would do independent, custom extraction mixtures based on

the literature that supports these commercially available sorbent materials.

This research only looked a bi-phasic samples (samples made of just 2 phases). A next step
would be to investigate the extraction of PDMS-based materials with more than 1 other
sorbent in the matrix. This has been well documented in SPME materials and increases the
range of molecules extracted in-terms of polarity and volatility compared to just PDMS

(Section 1.7).

When assessing the methods of bonding vs encapsulation of amines in PDMS, both had
advantages and disadvantages. The encapsulation of amines in PDMS increased the
extraction efficiency towards select organic molecules. The best example of this being the
encapsulation of N,N-Bis[3-(methylamino)propyl]methylamine in PDMS and how that
material improved on the extraction of pyridine compared to that of PDMS. However, these
amines encapsulated sorbent materials showed unacceptable levels of thermal stability and
reproducibility over several extractions. The opposite occurred for when the amines were
bonded to PDMS. All-be-it more thermally stable and demonstrating consistent extraction
capabilities, when bonded to the PDMS it did not demonstrate as significant increases in
organic compound uptake. If to continue this area of research, my suggested ideas would be
to encapsulate much more stable compounds such as nanoparticles or zeolites in the PDMS
matrix. This was discussed during this thesis however incurred a cost greater than what the
product was worth. As for bonding to PDMS, the next logical step would be to bond
compounds to the surface of the material. Much literature shows how you can functionalise
the surface of PDMS with various types of compounds but little, if not any, research into how

these materials perform as sorbents with TD-GC-MS application.

One area of data that was not obtained for this research was robustness testing. One such
advantage HiSorb has over competitive products is its robustness. Whether this is how many
uses you get per probe or how long the material physically lasts before ripping or dropping in
performance. Such tests should include elasticity and stress resistance and even open the
opportunity to deduce the effects of elasticity on analyte extraction and how this could be

optimised.

124




References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]
(10]

(11]

(12]

(13]

(14]

[15]

H. A. Laitinen, “Analytical Chemistry in inter-disciplinary environmental science,” Analyst, vol.
99, no. 1185, pp. 1011-1018, Jan. 1974, doi: 10.1039/AN9749901011.

D. Vieira, “Forensic Systems and Forensic Research: An International Perspective,” Forensic
Science: Current Issues, Future Directions, pp. 366—-373, Sep. 2012, doi:
10.1002/9781118373880.ch14.

S. K. Venkatesh, M. Yin, and R. L. Ehman, “Magnetic resonance elastography of liver:
Technique, analysis, and clinical applications,” Journal of Magnetic Resonance Imaging, vol.
37, no. 3, pp. 544-555, Mar. 2013, doi: 10.1002/JMRI.23731.

P. Avar et al., “HPLC-MS/MS analysis of steroid hormones in environmental water samples,”
Drug Test Anal, vol. 8, no. 1, pp. 123—-127, Jan. 2016, doi: 10.1002/DTA.1829.

K. Ng et al., “Wide-scope target screening characterization of legacy and emerging
contaminants in the Danube River Basin by liquid and gas chromatography coupled with high-
resolution mass spectrometry,” Water Res, vol. 230, p. 119539, Feb. 2023, doi:
10.1016/J.WATRES.2022.119539.

N. Kang, S. Zhang, F. Tang, J. Wang, and L. Li, “Silver-Hydrogel/PDMS film with high
mechanical strength for anti-interference strain sensor,” Colloids Surf A Physicochem Eng Asp,
vol. 654, p. 130071, Dec. 2022, doi: 10.1016/J.COLSURFA.2022.130071.

B. J. van Meer et al., “Small molecule absorption by PDMS in the context of drug response
bioassays,” Biochem Biophys Res Commun, vol. 482, no. 2, pp. 323—-328, Jan. 2017, doi:
10.1016/J.BBRC.2016.11.062.

lupac, “IUPAC Gold Book - chromatography,” 2014, doi: 10.1351/goldbook.C01075.
F. W. Karasek, Basic gas chromatography-mass spectrometry principles and techniques. 1988.

D. S. Hage, “Chromatography,” in Principles and Applications of Clinical Mass Spectrometry:
Small Molecules, Peptides, and Pathogens, Elsevier, 2018, pp. 1-32. doi: 10.1016/B978-0-12-
816063-3.00001-3.

M. Li, Z. Bao, H. Xing, Q. Yang, Y. Yang, and Q. Ren, “Simulated moving bed chromatography
for the separation of ethyl esters of eicosapentaenoic acid and docosahexaenoic acid under
nonlinear conditions,” J Chromatogr A, vol. 1425, pp. 189-197, Dec. 2015, doi:
10.1016/j.chroma.2015.11.041.

O. Coskun, “Separation Tecniques: CHROMATOGRAPHY,” North Clin Istanb, vol. 3, no. 2, p.
156, 2016, doi: 10.14744/nci.2016.32757.

J. G. Speight, “Sorption, Dilution, and Dissolution,” Reaction Mechanisms in Environmental
Engineering, pp. 165-201, Jan. 2018, doi: 10.1016/B978-0-12-804422-3.00005-5.

R. A. Shellie, “Gas Chromatography,” in Encyclopedia of Forensic Sciences: Second Edition,
Elsevier Inc., 2013, pp. 579-585. doi: 10.1016/B978-0-12-382165-2.00245-2.

Chhabil. Dass, Fundamentals of contemporary mass spectrometry. Wiley-Interscience, 2007.
Accessed: Nov. 15, 2018. [Online]. Available: https://www.wiley.com/en-
gb/Fundamentals+of+Contemporary+Mass+Spectrometry-p-9780471682295

125




[16]

(17]

(18]

(19]

(20]

[21]

[22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

(30]

“Mass Spectrometry and Mass Flow Control; A closer ion them | Bronkhorst.”
https://www.bronkhorst.com/en-us/blog-en/mass-spectrometry-and-mass-flow-control-a-
closer-ion-them/ (accessed Jun. 16, 2021).

S. Banerjee and S. Mazumdar, “Electrospray lonization Mass Spectrometry: A Technique to
Access the Information beyond the Molecular Weight of the Analyte,” Int J Anal Chem, vol.
2012, pp. 1-40, 2012, doi: 10.1155/2012/282574.

P. Donato, F. Cacciola, M. Beccaria, P. Dugo, and L. Mondello, “Lipidomics,” in Comprehensive
Analytical Chemistry, Elsevier B.V., 2015, pp. 395-439. doi: 10.1016/B978-0-444-63340-
8.00008-X.

P.S. Mayer et al., “Preparative separation of mixtures by mass spectrometry,” Anal Chem,
vol. 77, no. 14, pp. 4378-4384, Jul. 2005, doi: 10.1021/ac050444.

P. L. Urban, “Quantitative mass spectrometry: An overview,” Philosophical Transactions of
the Royal Society A: Mathematical, Physical and Engineering Sciences, vol. 374, no. 2079.
Royal Society of London, Oct. 28, 2016. doi: 10.1098/rsta.2015.0382.

H.-Joachim. Hiilbschmann, Handbook of GC-MS : Fundamentals and Applications. Wiley, 2015.
Accessed: Nov. 15, 2018. [Online]. Available: https://www.wiley.com/en-
gb/Handbook+of+GC+MS%3A+Fundamentals+and+Applications%2C+3rd+Edition-p-
9783527334742

G. Sagratini et al., “Determination of ink photoinitiators in packaged beverages by gas
chromatography-mass spectrometry and liquid chromatography-mass spectrometry,” J
Chromatogr A, vol. 1194, pp. 213-220, 2008, doi: 10.1016/j.chroma.2008.04.057.

F.J. Santos and M. T. Galceran, “Modern developments in gas chromatography-mass
spectrometry-based environmental analysis,” Journal of Chromatography A, vol. 1000, no. 1—
2. Elsevier, pp. 125-151, Jun. 06, 2003. doi: 10.1016/50021-9673(03)00305-4.

B. G. Wolthers and G. P. B. Kraan, “Clinical applications of gas chromatography and gas
chromatography-mass spectrometry of steroids,” Journal of Chromatography A, vol. 843, no.
1-2. Elsevier, pp. 247-274, May 28, 1999. doi: 10.1016/50021-9673(99)00153-3.

“Thermal Desorption Applications Guide: Automotive studies.” Accessed: May 03, 2019.
[Online]. Available: www.markes.com

“What is analytical thermal desorption?” https://www.markes.com/Resources/What-is-
analytical-thermal-desorption.aspx (accessed Dec. 06, 2018).

A. A. Asfaw, J. Aspromonte, K. Wolfs, A. van Schepdael, and E. Adams, “Overview of sample
introduction techniques prior to GC for the analysis of volatiles in solid materials,” Journal of
Separation Science, vol. 42, no. 1. Wiley-VCH Verlag, pp. 214-225, Jan. 01, 2019. doi:
10.1002/jssc.201800711.

S. Moldoveanu and V. David, “Solvent Extraction,” in Modern Sample Preparation for
Chromatography, Elsevier, 2015, pp. 131-189. doi: 10.1016/B978-0-444-54319-6.00006-2.

Z. Berk, Food process engineering and technology.

J. W. Kim et al., “Comparative study of thermal desorption and solvent extraction-gas
chromatography—mass spectrometric analysis for the quantification of phthalates in

126




polymers,” J Chromatogr A, vol. 1451, pp. 33-40, Jun. 2016, doi:
10.1016/J.CHROMA.2016.05.014.

[31] E.Woolfenden, “Monitoring VOCs in Air Using Sorbent Tubes Followed by Thermal
Desorption-Capillary GC Analysis: Summary of Data and Practical Guidelines,” J Air Waste
Manage Assoc, vol. 47, no. 1, pp. 20-36, Jan. 1997, doi: 10.1080/10473289.1997.10464411.

[32] Y.WuandV.W.C. Chang, “Comparison of solvent extraction and thermal desorption
methods for determination of volatile polyfluorinated alkyl substances in the urban
atmosphere,” Analytical Methods, vol. 5, no. 13, pp. 3410-3417, Jun. 2013, doi:
10.1039/C3AY40089A.

[33] C.Rawlinson, S. Martin, J. Frosina, and C. Wright, “Chemical characterisation of aerosols
emitted by electronic cigarettes using thermal desorption—gas chromatography—time of flight
mass spectrometry,” J Chromatogr A, vol. 1497, pp. 144-154, May 2017, doi:
10.1016/J.CHROMA.2017.02.050.

[34] O.USEPA, “The Love Canal Tragedy”.

[35] H.T.Badings, C. de Jong, and R. P. M. Dooper, “Automatic system for rapid analysis of volatile
compounds by purge-and-cold-trapping/capillary gas chromatography,” Journal of High
Resolution Chromatography, vol. 8, no. 11, pp. 755-763, Nov. 1985, doi:
10.1002/jhrc.1240081111.

[36] J. Kristensson, “THE USE OF ATD-50 SYSTEM W!ITH FUSED SILICA CAPILLARIES IN DYNAMIC
HEADSPACE ANALYSIS,” in Analysis of Volatiles, DE GRUYTER, 2011. doi:
10.1515/9783110855944.109.

[37] ). Kristensson, “THE USE OF ATD-50 SYSTEM WITH FUSED SILICA CAPILLARIES IN DYNAMIC
HEADSPACE ANALYSIS,” in Analysis of Volatiles, DE GRUYTER, 2011. doi:
10.1515/9783110855944.109.

[38] N.Ramirez, A. Cuadras, E. Rovira, F. Borrull, and R. M. Marcé, “Comparative study of solvent
extraction and thermal desorption methods for determining a wide range of volatile organic
compounds in ambient air,” Talanta, vol. 82, no. 2, pp. 719-727, Jul. 2010, doi:
10.1016/J.TALANTA.2010.05.038.

[39] J.W.Kim et al., “Comparative study of thermal desorption and solvent extraction-gas
chromatography—mass spectrometric analysis for the quantification of phthalates in
polymers,” J Chromatogr A, vol. 1451, pp. 33-40, Jun. 2016, doi:
10.1016/J.CHROMA.2016.05.014.

[40] E.Woolfenden, “Thermal desorption gas chromatography,” Gas Chromatography, pp. 267—
323, Jan. 2021, doi: 10.1016/B978-0-12-820675-1.00009-5.

[41] W. A. McClenny, J. D. Pleil, M. W. Holdren, and R. N. Smith, “Automated cryogenic
preconcentration and gas chromatographic determination of volatile organic compounds in
air,” undefined, vol. 57, no. 6, p. 1168, May 1985, doi: 10.1021/AC00283A601.

[42] D.T.Coker, N.van den Hoed, K. J. Saunders, and P. E. Tindle, “A monitoring method for
gasoline vapour giving detailed composition,” Annals of Occupational Hygiene, vol. 33, no. 1,
pp. 15-26, 1989, doi: 10.1093/ANNHYG/33.1.15.

127




[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

(55]

J. Liu et al., “Thermal desorption of PCB-contaminated soil with sodium hydroxide,” Environ
Sci Pollut Res Int, vol. 22, no. 24, pp. 19538-19545, Dec. 2015, doi: 10.1007/511356-015-
5136-9.

S.-0. Baek and R. A. Jenkins, “Performance Evaluation of Simultaneous Monitoring of
Personal Exposure to Environmental Tobacco Smoke and Volatile Organic Compounds,”
Indoor and Built Environment, vol. 10, no. 3—4, pp. 200—208, May 2001, doi:
10.1177/1420326X0101000313.

E. Woolfenden, “Review : Optimising Analytical Performance and Extending the Application
Range of Thermal Desorption for Indoor Air Monitoring:,”
http://dx.doi.org/10.1177/1420326X0101000316, vol. 10, no. 3—4, pp. 222-231, Jul. 2016,
doi: 10.1177/1420326X0101000316.

C. F. Poole, Gas chromatography. Accessed: Nov. 21, 2018. [Online]. Available:
https://books.google.co.uk/books?id=077061hwfd4C&pg=PA239&Ipg=PA239&dqg=coker+coo
ker+environmental+monitoring+system&source=bl&ots=j638ktzxiw&sig=KseMIle4Y4FFrBGhS
V89HLNCOHJE& hl=en&sa=X&ved=2ahUKEwie6ZGt1NHeAhUDyoUKHXHICCYQ6AEwWANOECAU
QAQ#v=onepage&qg=coker%20cooker%20environmental%20monitoring%20system&f=false

E. Woolfenden, “Sorbent-based sampling methods for volatile and semi-volatile organic
compounds in air,” J Chromatogr A, vol. 1217, no. 16, pp. 2674—2684, Apr. 2010, doi:
10.1016/j.chroma.2009.12.042.

W. Ziemer, M. Wortberg, C. Eichberger, J. Gerstel, and W. Kerl, “Direct aqueous injection with
backflush thermal desorption for wastewater monitoring by online GC-MS,” Anal Bioanal
Chem, vol. 397, no. 3, pp. 1315-1324, Jun. 2010, doi: 10.1007/s00216-010-3644-5.

H. Kataoka, H. L. Lord, and J. Pawliszyn, “SOLID-PHASE MICROEXTRACTION | Biomedical
Applications,” Encyclopedia of Separation Science, pp. 4153-4169, Jan. 2000, doi:
10.1016/B0-12-226770-2/00971-6.

“SPME Fiber Assemblies - SPME Fibers and Holders | Sigma-Aldrich.”
https://www.sigmaaldrich.com/analytical-chromatography/analytical-
products.html?TablePage=9645337 (accessed Dec. 03, 2018).

K. Stenerson, “Analysis of Bisphenol A in Food by Solid Phase Microextraction Using an
Overcoated Fiber”.

V. F. Pais, J. A. B. P. Oliveira, and M. T. S. R. Gomes, “An electronic nose based on coated
piezoelectric quartz crystals to certify ewes’ cheese and to discriminate between cheese
varieties.,” Sensors (Basel), vol. 12, no. 2, pp. 1422-36, 2012, doi: 10.3390/s120201422.

C. M. Contreras, A. G. Gutiérrez-Garcia, T. Molina-Jiménez, and R. Mendoza-Lépez, “2-
Heptanone increases the firing rate of the basal amygdala: role of anterior olfactory epithelial
organs.,” Neuropsychobiology, vol. 66, no. 3, pp. 167-73, 2012, doi: 10.1159/000339946.

C. Ross and K. L. van Alstyne, “INTRASPECIFIC VARIATION IN STRESS-INDUCED HYDROGEN
PEROXIDE SCAVENGING BY THE ULVOID MACROALGA ULVA LACTUCA,” J Phycol, vol. 43, no.
3, pp. 466—474, Jun. 2007, doi: 10.1111/j.1529-8817.2007.00346.x.

S. Onuki, J. A. Koziel, W. S. Jenks, L. Cai, S. Rice, and J. (Hans) van Leeuwen, “Optimization of
extraction parameters for quantification of fermentation volatile by-products in industrial

128




(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

[65]

(66]

ethanol with solid-phase microextraction and gas chromatography,” Journal of the Institute of
Brewing, vol. 122, no. 1, pp. 102-109, Feb. 2016, doi: 10.1002/J1B.297.

D. Lambropoulou, T. Sakellarides, and T. Albanis, “Determination of organophosphorus
insecticides in natural waters using SPE-disks and SPME followed by GC/FTD and GC/MS,”
Fresenius J Anal Chem, vol. 368, no. 6, pp. 616—623, Nov. 2000, doi: 10.1007/s002160000542.

A. Ribeiro, M. H. Neves, M. F. Almeida, A. Alves, and L. Santos, “Direct determination of
chlorophenols in landfill leachates by solid-phase micro-extraction—gas chromatography—
mass spectrometry,” J Chromatogr A, vol. 975, no. 2, pp. 267-274, Nov. 2002, doi:
10.1016/50021-9673(02)01280-3.

R. N. Pereira, R. C. Martins, and A. A. Vicente, “Goat Milk Free Fatty Acid Characterization
During Conventional and Ohmic Heating Pasteurization,” J Dairy Sci, vol. 91, no. 8, pp. 2925—
2937, Aug. 2008, doi: 10.3168/jds.2007-0873.

“GERSTEL Twister / Stir Bar Sorptive Extraction.” http://www.gerstel.co.uk/en/twister-stir-
bar-sorptive-extraction.htm (accessed Jan. 03, 2019).

E. A. Pfannkoch, J. R. Stuff, J. A. Whitecavage, and J. H. Moran, “AppNote 6/2010 part a
Alternative Procedure for Extraction and Analysis of PAHs in Seafood by QUEChERS-SBSE-GC-
MS.” Accessed: Jan. 03, 2019. [Online]. Available: http://www.gerstel.co.uk/pdf/p-gc-an-
2010-06-a.pdf

A. Assoumani, M. Coquery, L. Liger, N. Mazzella, and C. Margoum, “Field application of
passive SBSE for the monitoring of pesticides in surface waters,” Environmental Science and
Pollution Research, vol. 22, no. 6, pp. 3997-4008, Mar. 2015, doi: 10.1007/s11356-014-3590-
4,

A. Hoffmann, W. R. Sponholz, and P. Sandra, “AppNote 3/2000 Corkiness in Wine-Trace Ana
ly sis of 2,4,6-Trichloroanisole by Stir Bar Sorptive Extraction (SBSE) and Thermal Desorption
GC/MS.” Accessed: Jan. 03, 2019. [Online]. Available: http://www.gerstel.com/pdf/p-gc-an-
2000-03.pdf

t. Marcinkowski, A. Kloskowski, A. Spietelun, and J. Namiesnik, “Evaluation of
polycaprolactone as a new sorbent coating for determination of polar organic compounds in
water samples using membrane—SPME,” Analytical and Bioanalytical Chemistry 2014 407:4,
vol. 407, no. 4, pp. 1205-1215, Nov. 2014, doi: 10.1007/500216-014-8328-0.

Y. Nie and E. Kleine-Benne, “Using Three Types of Twister Phases for Stir Bar Sorptive
Extraction of Whisky, Wine and Fruit Juice.” Accessed: Jan. 03, 2019. [Online]. Available:
https://www.gerstel.de/pdf/p-gc-an-2011-03.pdf

S. Merkle, K. K. Kleeberg, and J. Fritsche, “Recent Developments and Applications of Solid
Phase Microextraction (SPME) in Food and Environmental Analysis—A Review,”
Chromatography 2015, Vol. 2, Pages 293-381, vol. 2, no. 3, pp. 293—381, Jun. 2015, doi:
10.3390/CHROMATOGRAPHY2030293.

A. Kremser, M. A. Jochmann, and T. C. Schmidt, “PAL SPME Arrow--evaluation of a novel
solid-phase microextraction device for freely dissolved PAHs in water.,” Anal Bioanal Chem,
vol. 408, no. 3, pp. 943-52, Jan. 2016, doi: 10.1007/s00216-015-9187-z.

129




[67]

(68]

(69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

R. L. Bristow, I. S. Young, A. Pemberton, J. Williams, and S. Maher, “An extensive review of the
extraction techniques and detection methods for the taste and odour compound geosmin
(trans-1, 10-dimethyl-trans-9-decalol) in water,” TrAC Trends in Analytical Chemistry, vol. 110,
pp. 233-248, Jan. 2019, doi: 10.1016/J.TRAC.2018.10.032.

A. Helin et al., “Solid phase microextraction Arrow for the sampling of volatile amines in
wastewater and atmosphere,” J Chromatogr A, vol. 1426, pp. 56-63, Dec. 2015, doi:
10.1016/J.CHROMA.2015.11.061.

V. Larroque, V. Desauzier, and P. Mocho, “Development of a solid phase microextraction
(SPME) method for the sampling of VOC traces in indoor air,” J Environ Monit, vol. 8, no. 1,
pp. 106-111, Jan. 2006, doi: 10.1039/B511201J.

A. Grafit, D. Muller, S. Kimchi, and Y. Y. Avissar, “Development of a Solid-phase
microextraction (SPME) Fiber protector and its application in flammable liquid residues
analysis,” Forensic Sci Int, vol. 292, pp. 138-147, Nov. 2018, doi:
10.1016/J.FORSCIINT.2018.09.004.

“Markes International - thermal desorption and TOF MS.” https://www.markes.com/
(accessed Jan. 07, 2019).

S. Graff et al., “Are Volatile Organic Compounds Able to Identify Airflow Decline in Asthma?,”
J Asthma Allergy, vol. 14, p. 67, 2021, doi: 10.2147/JAA.S289278.

Y. Feng, D. Ding, A. Xiao, B. Li, R. Jia, and Y. Guo, “Characteristics, influence factors, and
health risk assessment of volatile organic compounds through one year of high-resolution
measurement at a refinery,” Chemosphere, vol. 296, p. 134004, Jun. 2022, doi:
10.1016/J.CHEMOSPHERE.2022.134004.

E. D. Thoma et al., “Pyrolysis processing of PFAS-impacted biosolids, a pilot study,” J Air
Waste Manage Assoc, vol. 72, no. 4, pp. 309-318, 2022, doi:
10.1080/10962247.2021.2009935/SUPPL_FILE/UAWM_A_2009935_SM8576.PDF.

“Sample automation and concentration platform — Centri.”
https://www.markes.com/products/centri.aspx (accessed Jan. 07, 2019).

“A Look at Improved Aroma Profiling of Foods by High-Capacity Sorptive Extraction.”
https://www.chromatographyonline.com/view/a-look-at-improved-aroma-profiling-of-foods-
by-high-capacity-sorptive-extraction (accessed Aug. 30, 2022).

C. L. Arthur and J. Pawliszyn, “Solid Phase Microextraction with Thermal Desorption Using
Fused Silica Optical Fibers,” Anal Chem, vol. 62, no. 19, pp. 2145-2148, Oct. 1990, doi:
10.1021/AC00218A019/ASSET/AC00218A019.FP.PNG_V03.

“Centri Applications Compendium | Markes International.” https://markes.com/content-
hub/applications-guides/centri-applications-compendium (accessed Sep. 01, 2022).

“HiSorb sorptive extraction.” https://www.markes.com/Products/Sampling-
accessories/HiSorb-sorptive-extraction.aspx (accessed Jan. 08, 2019).

G. Roberts, “Flavor Profiling of Milk and Premium Teas by HiSorb Sorptive Extraction with
Thermal Desorption-GC-MS Analysis,” LC GC N Am, vol. 34, no. 12, pp. 66—67, Dec. 2016.

130




(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

“Automated screening for trace-level explosives in water and fabrics using HiSorb™ probes
and Centri® extraction and enrichment technology | Markes International.”
https://markes.com/content-hub/application-notes/application-note-276 (accessed Oct. 28,
2021).

“Flavour profiling of filter coffee using HiSorb sorptive extraction and TD—-GC—MS | Markes
International.” https://markes.com/content-hub/application-notes/application-note-122
(accessed Oct. 28, 2021).

L. Mcgregor, “Delivering quality data in biomarker discovery”.

“Water analysis — Odorants.”
https://www.markes.com/markets/Environmental/Water/Odorants.aspx (accessed Jan. 09,
2019).

W. Song and K. E. O’Shea, “Ultrasonically induced degradation of 2-methylisoborneol and
geosmin.,” Water Res, vol. 41, no. 12, pp. 26728, Jun. 2007, doi:
10.1016/j.watres.2007.02.041.

A. J. Ebele, M. Abou-Elwafa Abdallah, and S. Harrad, “Pharmaceuticals and personal care
products (PPCPs) in the freshwater aquatic environment,” Emerg Contam, vol. 3, no. 1, pp. 1-
16, Mar. 2017, doi: 10.1016/J.EMCON.2016.12.004.

“Semi-volatile chemicals in water.”
https://www.markes.com/markets/Environmental/Water/Semi-volatiles.aspx (accessed Jan.
09, 2019).

E. Diamanti-Kandarakis et al., “Endocrine-disrupting chemicals: an Endocrine Society scientific
statement.,” Endocr Rev, vol. 30, no. 4, pp. 293-342, Jun. 2009, doi: 10.1210/er.2009-0002.

M. Giulivo, M. Lopez de Alda, E. Capri, and D. Barceld, “Human exposure to endocrine
disrupting compounds: Their role in reproductive systems, metabolic syndrome and breast
cancer. A review,” Environ Res, vol. 151, pp. 251-264, Nov. 2016, doi:
10.1016/J.ENVRES.2016.07.011.

T. T. Schug, A. Janesick, B. Blumberg, and J. J. Heindel, “Endocrine Disrupting Chemicals and
Disease Susceptibility,” J Steroid Biochem Mol Biol, vol. 127, no. 3-5, p. 204, Nov. 2011, doi:
10.1016/J).JSBMB.2011.08.007.

“Volatiles from liquids.” https://www.markes.com/markets/Food-flavour-fragrance/Volatiles-
from-liquids.aspx (accessed Jan. 09, 2019).

“Evaluating High-Capacity Sorptive Extraction (HiSorb) to assess volatile organic compounds
(VOCs) as biomarkers related to respiratory disease and liver impairment in culture media —
Owlstone Support Website.” https://support.owlstonenanotech.com/hc/en-
us/community/posts/4407740169873-Evaluating-High-Capacity-Sorptive-Extraction-HiSorb-
to-assess-volatile-organic-compounds-VOCs-as-biomarkers-related-to-respiratory-disease-
and-liver-impairment-in-culture-media (accessed Oct. 29, 2021).

M.-C. Bélanger and Y. Marois, “Hemocompatibility, biocompatibility, inflammatory and in vivo
studies of primary reference materials low-density polyethylene and polydimethylsiloxane: A
review,” J Biomed Mater Res, vol. 58, no. 5, pp. 467—-477, Jan. 2001, doi: 10.1002/jbm.1043.

131




[94] ). C. Lotters, W. Olthuis, P. H. Veltink, P. Bergveld, and P. Bergveld, “The mechanical
properties of the rubber elastic polymer polydimethylsiloxane for sensor applications,”
Journal of Micromechanics and Microengineering, vol. 7, no. 3, pp. 145-147, Sep. 1997, doi:
10.1088/0960-1317/7/3/017.

[95] A. Mata, A. ). Fleischman, and S. Roy, “Characterization of Polydimethylsiloxane (PDMS)
Properties for Biomedical Micro/Nanosystems,” Springer Science + Business Media, Inc.
Manufactured in The Netherlands, 2005. Accessed: Jan. 09, 2019. [Online]. Available:
https://link.springer.com/content/pdf/10.1007%2Fs10544-005-6070-2.pdf

[96] J.Zhou, A. V. Ellis, and N. H. Voelcker, “Recent developments in PDMS surface modification
for microfluidic devices,” Electrophoresis, vol. 31, no. 1, pp. 2-16, Jan. 2010, doi:
10.1002/ELPS.200900475.

[97] J.Zhou, A. V. Ellis, and N. H. Voelcker, “Recent developments in PDMS surface modification
for microfluidic devices,” Electrophoresis, vol. 31, no. 1, pp. 2-16, Jan. 2010, doi:
10.1002/elps.200900475.

[98] Nicholas, F. M. Fajar, S. Ramadhanty, and T. Abuzairi, “Study of plasma treatment for PDMS
surface modification on the fabrication of microfluidic devices,” AIP Conf Proc, vol. 2092, Apr.
2019, doi: 10.1063/1.5096684.

[99] VY.lJ.Chuah et al., “Surface modifications to polydimethylsiloxane substrate for stabilizing
prolonged bone marrow stromal cell culture,” Colloids Surf B Biointerfaces, vol. 191, Jul.
2020, doi: 10.1016/J).COLSURFB.2020.110995.

[100] M. Gotda-Cepa, N. Aminlashgari, M. Hakkarainen, K. Engvall, and A. Kotarba, “LDI-MS
examination of oxygen plasma modified polymer for designing tailored implant
biointerfaces,” RSC Adv., vol. 4, no. 50, pp. 26240-26243, Jun. 2014, doi:
10.1039/C4RA02656).

[101] D. Bodas and C. Khan-Malek, “Hydrophilization and hydrophobic recovery of PDMS by oxygen
plasma and chemical treatment—An SEM investigation,” Sens Actuators B Chem, vol. 123, no.
1, pp. 368-373, Apr. 2007, doi: 10.1016/j.snb.2006.08.037.

[102] S.H.Tan, N.-T. Nguyen, Y. C. Chua, and T. G. Kang, “Oxygen plasma treatment for reducing
hydrophobicity of a sealed polydimethylsiloxane microchannel.,” Biomicrofluidics, vol. 4, no.
3, p. 32204, Sep. 2010, doi: 10.1063/1.3466882.

[103] C. Hoffmann, C. Berganza, and J. Zhang, “Cold Atmospheric Plasma: methods of production
and application in dentistry and oncology,” Med Gas Res, vol. 3, no. 1, p. 21, Oct. 2013, doi:
10.1186/2045-9912-3-21.

[104] B. Mészaros, G. Jarvas, L. Hajba, M. Szigeti, A. Dallos, and A. Guttman, “Quantitative
characterization of plasma treated PDMS microfluidic substrates by inverse gas
chromatography,” Sensors and Actuators B, vol. 258, pp. 1184-1190, 2018, doi:
10.1016/j.snb.2017.11.185.

[105] N. Gomathi, I. Mishra, S. Varma, and S. Neogi, “Surface modification of
poly(dimethylsiloxane) through oxygen and nitrogen plasma treatment to improve its
characteristics towards biomedical applications,” Surf Topogr, vol. 3, no. 3, p. 035005, Sep.
2015, doi: 10.1088/2051-672X/3/3/035005.

132




[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

I. Grabowska, W. Dehaen, H. Radecka, and J. Radecki, “Exploring of protein — protein
interactions at the solid — aqueous interface by means of contact angle measurements,”
Colloids Surf B Biointerfaces, vol. 141, pp. 558-564, May 2016, doi:
10.1016/J.COLSURFB.2016.02.005.

D. Polster and H. Graaf, “Advancing and receding angles-Dynamic contact angle
measurements on mixed alkyl monolayers,” Appl Surf Sci, vol. 265, pp. 88-93, 2013, doi:
10.1016/j.apsusc.2012.10.128.

Y. Berdichevsky, J. Khandurina, A. Guttman, and Y.-H. Lo, “UV/ozone modification of
poly(dimethylsiloxane) microfluidic channels,” Sens Actuators B Chem, vol. 97, no. 2-3, pp.
402-408, Feb. 2004, doi: 10.1016/j.snb.2003.09.022.

K. Efimenko, W. E. Wallace, and J. Genzer, “Surface Modification of Sylgard-184 Poly(dimethyl
siloxane) Networks by Ultraviolet and Ultraviolet/Ozone Treatment,” J Colloid Interface Sci,
vol. 254, pp. 306—315, 2002, doi: 10.1006/jcis.2002.8594.

D. Bodas and C. Khan-Malek, “Hydrophilization and hydrophobic recovery of PDMS by oxygen
plasma and chemical treatment-An SEM investigation,” Sensors and Actuators B, vol. 123, pp.
368-373, 2007, doi: 10.1016/j.snb.2006.08.037.

J. Zhang, Y. Chen, and M. A. Brook, “Facile Functionalization of PDMS Elastomer Surfaces
Using Thiol-Ene Click Chemistry,” Langmuir, vol. 29, no. 40, pp. 12432-12442, Oct. 2013, doi:
10.1021/1a403425d.

C. R. Crick et al., “Advanced analysis of nanoparticle composites —a means toward increasing
the efficiency of functional materials,” RSC Adyv, vol. 5, no. 66, pp. 53789-53795, Jun. 2015,
doi: 10.1039/C5RA08788K.

“3-Aminopropanol | C3HINO - PubChem.” https://pubchem.ncbi.nlm.nih.gov/compound/3-
Aminopropanol#tsection=Computed-Properties (accessed May 19, 2020).

“Diethylenetriamine | CAH13N3 - PubChem.”
https://pubchem.ncbi.nlm.nih.gov/compound/Diethylenetriaminetsection=Computed-
Properties (accessed May 19, 2020).

“N,N-Bis(3-aminopropyl)methylamine | CZH19N3 - PubChem.”
https://pubchem.ncbi.nlm.nih.gov/compound/N_N-Bis_3-
aminopropyl_methylamine#tsection=Chemical-and-Physical-Properties (accessed May 19,
2020).

“4-(2-Aminoethyl)morpholine | C6H14N20 - PubChem.”
https://pubchem.ncbi.nlm.nih.gov/compound/4-_2-
Aminoethyl_morpholine#tsection=Chemical-and-Physical-Properties (accessed May 19, 2020).

“N,N-Dimethylbenzylamine | C9H13N - PubChem.”
https://pubchem.ncbi.nlm.nih.gov/compound/7681#section=Chemical-and-Physical-
Properties (accessed May 19, 2020).

“1-(3-Aminopropyl)imidazole | C6H11N3 - PubChem.”
https://pubchem.nchi.nlm.nih.gov/compound/78736#section=Chemical-and-Physical-
Properties (accessed May 19, 2020).

133




[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

R. Jiang and J. Pawliszyn, “Preparation of a particle-loaded membrane for trace gas
sampling.,” Anal Chem, vol. 86, no. 1, pp. 403—410, Dec. 2013, doi: 10.1021/AC4035339.

S. Song, C. Wan, and Y. Zhang, “Non-covalent functionalization of graphene oxide by pyrene-
block copolymers for enhancing physical properties of poly(methyl methacrylate),” RSC Adv,
vol. 5, no. 97, pp. 79947-79955, Sep. 2015, doi: 10.1039/C5RA14967C.

M. Mecozzi and E. Sturchio, “Computer assisted examination of infrared and near infrared
spectra to assess structural and molecular changes in biological samples exposed to
pollutants: A case of study,” J Imaging, vol. 3, no. 1, Mar. 2017, doi:
10.3390/JIMAGING3010011.

H. T. Kim and O. C. Jeong, “PDMS surface modification using atmospheric pressure plasma,”
Microelectron Eng, vol. 88, no. 8, pp. 2281-2285, Aug. 2011, doi: 10.1016/J.MEE.2011.02.084.

P. Prokopovich and S. Perni, “An investigation of microbial adhesion to natural and synthetic
polysaccharide-based films and its relationship with the surface energy components,” J Mater
Sci Mater Med, vol. 20, no. 1, pp. 195-202, Jan. 2009, doi: 10.1007/s10856-008-3555-6.

N. Encinas, M. Pantoja, J. Abenojar, and M. Martinez, “Control of wettability of polymers by
surface roughness modification,” J Adhes Sci Technol, vol. 24, pp. 1869-1883, 2010, doi:
10.1163/016942410X511042.

P. Prokopovich and S. Perni, “An investigation of microbial adhesion to natural and synthetic
polysaccharide-based films and its relationship with the surface energy components,” J Mater
Sci Mater Med, vol. 20, no. 1, pp. 195-202, Jan. 2009, doi: 10.1007/510856-008-3555-6.

K. Futrega et al., “Polydimethylsiloxane (PDMS) modulates CD38 expression, absorbs retinoic
acid and may perturb retinoid signalling,” Lab Chip, vol. 16, no. 8, pp. 1473-1483, Apr. 2016,
doi: 10.1039/C6LC002698B.

I. Miranda et al., “Properties and Applications of PDMS for Biomedical Engineering: A
Review,” J Funct Biomater, vol. 13, no. 1, Mar. 2022, doi: 10.3390/JFB13010002.

J. D. Wang, N. J. Douville, S. Takayama, and M. ElSayed, “Quantitative Analysis of Molecular
Absorption into PDMS Microfluidic Channels,” Ann Biomed Eng, vol. 40, no. 9, pp. 1862—-1873,
Sep. 2012, doi: 10.1007/s10439-012-0562-z.

X. X. Zhang et al., “One-step sol-gel preparation of PDMS-silica ORMOSILs as environment-
resistant and crack-free thick antireflective coatings,” J Mater Chem, vol. 22, no. 26, pp.
13132-13140, Jul. 2012, doi: 10.1039/c2jm31005h.

M. Bracic et al., “Preparation of PDMS ultrathin films and patterned surface modification with
cellulose,” RSC Adv, vol. 4, no. 23, pp. 11955-11961, Feb. 2014, doi: 10.1039/c3ra47380e.

L. M. Johnson et al., “Elastomeric microparticles for acoustic mediated bioseparations,” J
Nanobiotechnology, vol. 11, no. 1, Jun. 2013, doi: 10.1186/1477-3155-11-22.

V. Chevali and E. Kandare, “Rigid biofoam composites as eco-efficient construction
materials,” Biopolymers and Biotech Admixtures for Eco-Efficient Construction Materials, pp.
275-304, Jan. 2016, doi: 10.1016/B978-0-08-100214-8.00013-0.

134




[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

K. Jozwiak et al., “Inter- vs. Intramolecular Hydrogen Bond Patterns and Proton Dynamics in
Nitrophthalic Acid Associates,” Molecules 2020, Vol. 25, Page 4720, vol. 25, no. 20, p. 4720,
Oct. 2020, doi: 10.3390/MOLECULES25204720.

P. I. Nagy, “Competing Intramolecular vs. Intermolecular Hydrogen Bonds in Solution,” Int J
Mol Sci, vol. 15, no. 11, p. 19562, Oct. 2014, doi: 10.3390/1JMS151119562.

J. J. McKinnon, D. Jayatilaka, and M. A. Spackman, “Towards quantitative analysis of
intermolecular interactions with Hirshfeld surfaces,” Chemical Communications, no. 37, pp.
38143816, Sep. 2007, doi: 10.1039/b704980c.

C. Godoy-Alcantar, A. K. Yatsimirsky, and J.-M. Lehn, “Structure-stability correlations for
imine formation in aqueous solution,” J Phys Org Chem, vol. 18, no. 10, pp. 979-985, Oct.
2005, doi: 10.1002/poc.941.

E. C. Preedy, E. Brousseau, S. L. Evans, S. Perni, and P. Prokopovich, “Adhesive forces and
surface properties of cold gas plasma treated UHMWPE,” Colloids Surf A Physicochem Eng
Asp, vol. 460, pp. 83-89, Oct. 2014, doi: 10.1016/J.COLSURFA.2014.03.052.

. Cetina, . Puci¢, V. M. Grogev, and A. Santi¢, “Amines used for low temperature curing of
PDMS-based gel-networks impact y-irradiation outcome,” Radiation Physics and Chemistry,
vol. 170, p. 108635, May 2020, doi: 10.1016/j.radphyschem.2019.108635.

H. Q. Pham and M. J. Marks, “Epoxy Resins,” in Encyclopedia of Polymer Science and
Technology, Hoboken, NJ, USA: John Wiley & Sons, Inc., 2004. doi:
10.1002/0471440264.pst119.

J. E. Ehlers, N. G. Rondan, L. K. Huynh, H. Pham, M. Marks, and T. N. Truong, “Theoretical
study on mechanisms of the epoxy-amine curing reaction,” Macromolecules, vol. 40, no. 12,
pp. 4370-4377, Jun. 2007, doi: 10.1021/ma070423m.

J. Grant, A. Ozkan, C. Oh, G. Mahajan, R. Prantil-Baun, and D. E. Ingber, “Simulating drug
concentrations in PDMS microfluidic organ chips,” Lab Chip, vol. 21, no. 18, p. 3509, Sep.
2021, doi: 10.1039/D1LC00348H.

J. Wang et al., “Synthesis and characterization of a novel rosin-based monomer: free-radical
polymerization and epoxy curing,” Green Mater, vol. 1, no. 2, pp. 105-113, Jun. 2013, doi:
10.1680/gmat.12.00013.

F. Bruner, G. Crescentini, and F. Mangani, “Graphitized carbon black: A unique adsorbent for
gas chromatography and related techniques,” Chromatographia 1990 30:9, vol. 30, no. 9, pp.
565-572, Nov. 1990, doi: 10.1007/BF02269805.

N. Nic Daeid and G. F. Gabriel, “Fire Investigation: Evidence Recovery,” Encyclopedia of
Forensic and Legal Medicine: Second Edition, pp. 515-519, Nov. 2015, doi: 10.1016/B978-0-
12-800034-2.00179-8.

K. Robards and D. Ryan, “Gas chromatography,” Principles and Practice of Modern
Chromatographic Methods, pp. 145-245, 2022, doi: 10.1016/B978-0-12-822096-2.00005-0.

H. Piri-Moghadam, F. Ahmadi, and J. Pawliszyn, “A critical review of solid phase
microextraction for analysis of water samples,” TrAC Trends in Analytical Chemistry, vol. 85,
pp. 133-143, Dec. 2016, doi: 10.1016/J.TRAC.2016.05.029.

135




[147] V. Jalili, A. Barkhordari, and A. Ghiasvand, “A comprehensive look at solid-phase
microextraction technique: A review of reviews,” Microchemical Journal, vol. 152, p. 104319,
Jan. 2020, doi: 10.1016/J.MICROC.2019.104319.

[148] L. Lenti, S. Scortichini, D. Pacetti, M. Cespi, and D. Fiorini,
“Polydimethylsiloxane/divinylbenzene overcoated fiber and its application to extract and
analyse wine volatile compounds by solid-phase microextraction and gas chromatography
coupled to mass spectrometry: direct immersion, headspace or both?,” Food Research
International, vol. 148, p. 110632, Oct. 2021, doi: 10.1016/J.FOODRES.2021.110632.

[149] W. Kaziur-Cegla, A. Salemi, M. A. Jochmann, and T. C. Schmidt, “Optimization and validation
of automated solid-phase microextraction arrow technique for determination of phosphorus
flame retardants in water,” J Chromatogr A, vol. 1626, Aug. 2020, doi:
10.1016/J.CHROMA.2020.461349.

136




