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1. Introduction

The objectives of a sample preparation technique in Analytical Chemistry are twofold;
transformation of a sample into a form that is suitable for instrumental analysis and to ensure
that the sample is at the detection level for the instrument of choice. Solid phase extraction
(SPE) is a popular sample preparation technique for liquid samples with subsequent chroma-
tographic analysis [1]. SPE is employed with the aim of either reducing interferences or
achieving analyte preconcentration in order to enhance instrumental detection. Although SPE
can be described as a physical extraction process involving a liquid phase and a solid phase
(that can be packed or free flowing sorbent), the increased use of packed sorbent formats seems
to have led to a bias towards packed sorbent SPE devices [2]. One of the first applications of
packed sorbent SPE was reported in 1951, when Braus and co-workers packed 1.2-1.5 kg of
granular activated carbon into an iron cylinder for the isolation of organic compounds [3].
Since then, there has been significant progress in SPE technology, as evidenced by reports on
new formats and sorbents covering a wide range of morphologies and chemistries [1].

SPE research and developments have progressed with a focus on SPE device fabrication or
SPE method development. In principle, the heart of the SPE technique is the sorbent material
as it has a direct influence on the selectivity, sorptive capacity and the format or the configu-
ration of the resultant SPE device (s).

To predict and optimize extraction, it is important to be aware of the nature of the sorbent used
with respect to physicochemical characteristics. The most important physicochemical charac-
teristics for optimal extraction are porosity, specific surface area and surface chemistry.

Given that there will always be a need for new sorbent materials, it is imperative to focus
research efforts on versatile sorbent fabrication techniques that could address current and
anticipated challenges. Electrospinning is seen as having great potential as a sorbent fabrica-
tion technique, given its versatility [4].
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2 Advancesin Nanofibers

The objective of the chapter is to equip the readers with sufficient knowledge that would enable
them to fabricate and employ electrospun nanofibers as sorbents not only for SPE but for a
wide range of applications. A discussion of the fundamental principles of SPE, the challenges
associated with further research efforts and the unlimited potential that lies in electrospinning
to address SPE will be presented. The use of electrospun nanofibers for SPE is an area that is
still at its infancy (Scifinder scholar search of the words “Electrospinning”and” Solid Phase
Extraction” showed 34 hits which consisted of 30 papers, 2 review articles, 2 patents and 0
books/book chapters) thus the chapter will be presented mostly in a postulative manner on
the basis of the experiments conducted in the authors’ research lab as well as literature reports.

2. Fundamental principles of sorbent extraction

Sorption can be defined as a process by which a substance (sorbate) is sorbed (adsorbed or
absorbed) on or into another substance (sorbent) [5]. In the sample preparation context, the term
sorbent refers to the solid extracting phase, including solid-supported liquid phases upon
which an analyte is retained. Schwarzenbach and co-workers [6] made a distinction between
absorption meaning into a three dimensional matrix, and adsorption as meaning onto two
dimensional surface. Figure.1. shows a schematic representation of analyte adsorption (analyte
accumulation onto the sorbent surface) and absorption (analyte accumulation into the bulk of
the sorbent) type extraction mechanisms.
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Figure 1. Schematic representation of (a) absorptive and (b) adsorptive extraction processes [7].

Although sorbent based extraction techniques could be classified on the basis of either
adsorption or absorption, the two processes are not completely separable as they occur
concurrently. In principle, what differs is the extent of contribution of the predominant
extraction mechanism as that is solely dependent on the nature of the extraction phase.
Consequently, it may be difficult to distinguish between the two processes experimentally [8].



Electrospun Nanofiber Based Solid Phase Extraction
http://dx.doi.org/10.5772/57100

thus the general term sorption is often used to refer to a combination of these processes. Despite
the uncertainty of the extent of contribution of adsorption or absorption mechanisms in
extraction, fundamentally, all sorbent based extraction techniques are guided by the thermo-
dynamic partition or distribution coefficient K, which is usually expressed as the ratio of

analyte concentration in the sorbent phase, C to that in the sample phase, C

sorbent sample;

C en
K i Csorhc t (1)

sample

For adsorption, surface structure (porosity and surface area governing the available sites for
analyte retention) is the more important sorbent characteristic compared to chemical compo-
sition. While the chemical composition (governing the diffusion coefficient of the analyte into
the sorbent) of the liquid phase is the more important for absorption.

Sorption from the sample phase is essentially a dynamic process in a heterogeneous system in
which transport of the analytes between the sorbent and the sample phase is achieved. The
process proceeds by a decrease in free energy until it reaches the minimum value (that is
equilibrium). The mechanism of analyte adsorption or absorption is governed by the charac-
teristics of interactions between the analyte and active sites of the sorbent. Therefore, sorbent
selection is based on the binding mechanisms between the sorbent and analyte of interest.
Table.1. shows different interaction mechanisms with their corresponding energies.

Interaction mechanism Energy (kJ/mol)
Van der Waals 1-5
Dipole-induced dipole 2-7
Dipole-dipole 5-10

Hydrogen bonding 5-10

lonic 50-200

Covalent 100-1000

Table 1. Energies of interaction mechanisms [9].

The process of analyte sorption can be assumed to consist of multiple steps. Any of the steps
may become rate limiting in controlling sorption of an analyte. The analyte may interact with
a sorbent in at least four ways:

1. Through absorption, the analyte may interact with the sorbent by penetrating its three
dimensional structure. Three dimensional penetration into the sorbent is a particularly
dominating process for solid supported liquid phases. In the absorption process, analytes
do not compete for sites; therefore, absorbents can have a high capacity for the analyte.

2. The analyte may interact two dimensionally with the sorbent surface through adsorption
due to intermolecular forces [10]. Surface interactions may result in displacement of water
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or other solvent molecules by the analyte. In the adsorption process, analytes may compete
for sites; therefore, adsorbents have limited capacity. Three steps occur during the
adsorption process on porous sorbents; (a) film diffusion (when the analyte passes through
asurface film to the solid phase surface), (b) pore diffusion (when the analyte passes through
the pores of the solid phase), and (c) adsorptive reaction (when the analyte binds, associates
or interacts with the sorbent surface) [11].

3. If the analyte is ionisable in aqueous solution, there may be an electrostatic attraction
between the analyte and the charged sites on the sorbent surface. Sorbents specifically
designed to exploit these types of ionic interactions are referred to as ion-exchange (either
anion or cation exchange).

4. It is possible that the analyte and the sorbent may be chemically reactive toward each
other such that the analyte becomes covalently bonded to the sorbent. This type of
sorption is generally detrimental to analytical recovery and may lead to slow or reduced
recovery [6, 11].

For porous sorbents, most of the surface area is inside the nanopores of the sorbent (see Fig.
2.). Nanopores of the sorbent are classified into three as; micropores (diameters smaller than 2
nm), mesopores (2 to 50 nm), and macropores (greater than 50 nm) [12]. Most of the surface area
is derived from the small diameter micropores and the medium diameter mesopores. Porous
sorbents vary in pore size, shape, tortuosity and are characterized by properties such as particle
diameter, pore diameter, pore volume, specific surface area and particle distribution.
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Figure 2. Schematic representation of porous regions of a sorbent [13].
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2.1. Solid phase extraction process

Classically, batch mode liquid solid extractions were used in which the liquid sample was
placed in contact with the bulk free flowing solid extracting phase. Equilibrium between the
two phases was allowed to occur, followed by physical separation (decanting or filtering).
Advancements of liquid solid extractions could be said to have taken two approaches; the first
being solid phase microextraction (SPME) which consists of a two-step process in which the
sorbent or solid supported sorbent is allowed to reach equilibrium before analyte desorption
[14-17]. Figure.3. shows the most widely used version of SPME which is based on an organic
polymer coated fused silica fiber operated in a syringe format. The syringe is designed to move
the fiber in and out of the needle, which allows exposure of the fiber during extraction and
desorption [18].

Figure 3. Schematic representation of the components of a commercially available SPME device [18].

While packed sorbent format SPE generally involves four steps;

Conditioning: functions to activate or “wet” the sorbent to prepare for its interaction with the
analyte. This is especially necessary for hydrophobic sorbents that would not be activated by
an aqueous sample. If the sorbent is not adequately conditioned, poor analyte retention may
be achieved. If pH is critical for retention, then the conditioning solvent has to be matched to
that of the sample to prepare for maximum analyte retention during the loading step.

Loading: when the liquid sample is added to the sorbent, sufficient residence time should be
allowed for maximum analyte-sorbent interaction. This is especially critical when employing
ion exchange to provide for adequate residence time of the sample solution in the sorbent since
the analyte has to achieve an appropriate orientation for electrostatic retention with the sorbent
functional groups.
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Washing: this serves to remove interferences retained on the sorbent leaving behind the
analytes of interest. In some cases, it could be used to wash-off the analyte of interest while
retaining the interferences. In mechanisms employing ion exchange, the pH of the wash solvent
should be sufficient enough to disrupt the charged sites of interferences but not affect the
analyte.

Elution: the elution solvent should be strong enough to disrupt all analyte-sorbent interactions
in order to obtain the highest recoveries. However, there is a limit to the strength as harsh
solvents would not only desorb analytes from the sorbent, but also strip strongly retained
interferences.

Figure.4. shows schematic representations of the four approaches typically taken in practical
SPE applications. Figure.4. (a) shows a three step SPE process in which; (1) the sorbent is
conditioned after which the sample is loaded and finally (2) the analyte is eluted with the
interferences being retained (clean up) or the analyte is simply eluted into a smaller sample
volume (preconcentration).

Figure.4. (b) shows a four step SPE process in which; (1) the sorbent is conditioned after which
the sample is loaded, (2) the interferences eluted and finally (3) the analyte is eluted (clean up)
or the analyte is simply eluted into a smaller sample volume (preconcentration).

Figure.4. (c) shows a five step SPE process in which; (1) the sorbent is conditioned after which
the sample is loaded, (2) the interferences eluted, (3) a fraction of analyte is selectively eluted
and finally (4) the second fraction of analytes is eluted.
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Figure 4. Schematic representation of practical SPE operations
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3. Nanofiber based sorbents

Sorbent selection for SPE is normally guided by the ability of a material to retain analytes
selectively as well as facilitate rapid and complete elution. The sorption process must be
reversible [19, 20]. In addition to reversible sorption, SPE sorbents should possess a large
specific surface area as well as exhibit stability in the sample matrix and elution solvents.
Lastly, a sorbent material with a good surface contact with the sample solution would be most
preferred.

Poole and co-workers [21] categorized SPE sorbents into three as; (i) general purpose, (ii) class
specific and (iii) analyte specific. The most common retention mechanisms in SPE are based
on van der Waals forces, T-1t interactions, hydrogen bonding, dipole-dipole interactions and
ion exchange interactions. As a result, sorbents can be classified on the basis of retention
mechanisms as; (i) reversed phase (ii) normal phase and (iii) ion exchange. From the materials
perspective, sorbents are classified into three as; (i) carbon based (ii) inorganic based and (iii)
polymer based.

The SPE sorbent fabrication technique of choice could be viewed as one that produces a
material that exhibits chemical and morphological properties that can be easily modified.
Similarly, an optimal SPE sorbent material combines the following benefits: (i) small diameter,
(ii) large specific surface area, (iii) simplified fabrication/synthesis, (iv) ability to be modified
in order to incorporate all sorbent chemistries/functionalities, (v) ability to be modified in order
to incorporate all sorbent morphologies (vi) a material that can be packed in the lower (less
than 10) mg range without presenting a backpressure limitation or low analyte recoveries.

The advent of nanotechnology has been a major leap forward in the research area of sorbent
based sample preparation techniques as it opened up possibilities for a new class of materials
that could be used in SPE applications. The main benefit of nanostructured materials is their
large specific surface area that facilitates the miniaturization of SPE allowing for the use of a
reduced sorbent bed mass that achieves high extraction efficiency.

Although nanoparticles offer improved performance as sorbent material [22], they inherently
exhibit some limitations. One of the main challenges is associated with their handling in packed
SPE formats.

Given the fact that nanoparticles have shown excellent properties as sorbent material, it would
seem prudent to focus developmental efforts on nanostructured material with the aim to
address the challenges of nanoparticles. This brings about a need for an alternative fabrication
approach that carries with it the benefits of nanoparticles at the same time addressing some
(if not all) of their limitations. From our research group’s perspective, the use of electrospun
nanofibers as sorbent material is seen as a possible way of carrying along the benefits of
nanoparticles, whilst addressing their limitations and increasing the possibilities for modifying
sorbent morphology and functionality. It is upon this background that the section has been
compiled to present and discuss relevant examples that demonstrate the potential of electro-
spinning as an alternative fabrication technique.
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3.1. Range of sorbent materials

For it to be a good alternative, it should be able to fabricate a wide range of materials on the
basis of type (inorganic, organic, inorganic/organic hybrid and biological), stability (mechan-
ical and chemical) and morphology (pore structure and surface area).

3.1.1. Carbon based

Commercial polyacrylonitrile (PAN) based carbon fibers account for nearly 90% of the total
carbon fiber output worldwide due to the high carbon yield and easy carbonization process.
Therefore, PAN is mostly chosen as the precursor polymer for the preparation of electrospun
carbon nanofibers (CNFs) [23].

Porous carbon nanofibers fabricated by thermal activation of electrospun PAN based CNFs
have improved sorptive properties due to their large specific surface area. In a report by Oh
and co-workers, a study was carried out to determine the toluene adsorption capacity for PAN-
based steam activated carbon nanofibers (ACNFs) [24]. The CNFs were activated between
800°C and 1000°C in order to evaluate the effect of activation temperature on fiber porosity.
A relatively large adsorption capacity (65 g toluene/100 g ACNFs) was achieved by ACNFs
(activated at 1000°C) with a specific surface area of 1403 m’g’ as compared to (40 g
toluene/100 g ACNFs) that was achieved for ACNFs (activated at 800°C) with a lower specific
surface area of 853 m?/g. The results obtained in the study clearly demonstrated the great
potential of steam activation as a post electrospinning modification approach for the fabrica-
tion of carbon nanofibers with a large sorptive capacity that could be used as sorbent material
for SPE.

Shim and co-workers, compared the adsorption properties of electrospun steam activated
carbon nanofibers and commercially available activated carbon fibers (CFs) [25]. Although
there was a significant attenuation in the average fiber diameter from 20 um (CFs) to 250 nm
(ACNFs), the change in specific surface area was not significant (1015 m?/g for CFs to 1193 m?/
g for ACNFs). Nevertheless, ACNFs exhibited a much larger adsorption capacity and faster
adsorption/desorption kinetics due to their large number of shallow micropores and a more
homogeneous surface, all these properties brought about by their nanoscale size. As demon-
strated by the results obtained in the study, it was interesting to note that, besides the specific
surface area, the pore structure and surface homogeneity also plays a significant role in
improving sorptive capacity.

Bui and co-workers explored an alternative approach for fabricating porous carbon nanofibers
in which PAN/pitch blends were electrospun with subsequent steam activation [26]. The
specific surface area of the fabricated ACNFs increased from 723 m*/g (activation temperature
700°C) to 1877 m?/g (activation temperature 900°C). This was attributed to an increase in the
mesopore fraction as the micropore fraction decreased. Given the fact that a specific surface
area of 1877 m?/gis among the highest ever reported for nanostructured materials, it is expected
that carbon nanofibers fabricated in the study would exhibit an excellent sorptive capacity.
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3.1.2. Silica based

Over the years, silica microparticles have been used widely as a sorbent for solid phase
extraction. Recently, the focus has shifted to the use of silica nanoparticles due to their large
specific surface area and intrinsic surface reactivity [27]. However, the use of silica nanopar-
ticles for packed sorbent SPE still remains a challenge chiefly because of high back pressure,
which explains why to date the smallest microparticle that has been used for packed sorbent
SPE has a diameter of 8 um [28]. Due to the fact that the simplest electrospinning set-up allows
the collection of nanofibers in the form of a porous nonwoven mesh, it follows that porous
electrospun nanofiber based SPE sorbent formats could be easily fabricated. Therefore, it is
anticipated that electrospun silica nanofibers would be used for packed sorbent SPE, thus
overcoming the high back pressure limitation associated with silica nanoparticles.

The fabrication of inorganic nanofibers typically involves the electrospinning of a polymer/sol
composite and subsequent calcination of the electrospun fibers. In 2002, Shao and co-workers
were the first to report the fabrication of silica nanofibers [29]. The experimental approach
involved first, the preparation of a silica sol from tetraethyl orthosilicate (TEOS), H,PO, H,O
followed by electrospinning of a PV A/silica sol. The PVA/silica fibers were calcined to remove
PVA resulting in amorphous silica fibers.

In 2003, Choi and co-workers reported a simplified approach in which silica nanofibers were
fabricated directly from a silica sol [30]. Their fabrication method involved the preparation of
a silica sol from TEQOS, distilled water, ethanol and HCL with subsequent electrospinning. An
interesting aspect of the fabrication approach was the fact that unlike in the first report by Shao
and co-workers [29], TEOS did not contain a polymer to help spinnability, thus there was no
need for the calcination step. Spectroscopic characterizationof the silica nanofibers confirmed
the extensive hydrolysis of the TEOS suggesting the availability of a substantial amount of
silanol groups for silylation [30].

A way of improving the adsorption capacity of silica nanofibers is to increase the specific
surface area as a function of the pore volume. Wei and co-workers fabricated porous silica
nanofibers containing catalytic silver nanoparticles [31]. TEOS, poly [3- (trimethoxysily)
propylmethacrylate] (PMCM) and AgNO; were used as precursors for the production of silica/
polymer hybrid nanofibers. On heat treatment of the electrospun fibers, degradation of the
PMCM polymer resulted in pores that led to the increase in specific surface area from 11 m?/g
to 600 m?/g. The porous fibers exhibited an improved catalytic activity due to the increased
surface area. Therefore it is expected that a similar approach could be used to improve the
adsorptive capacity of silica fibers in SPE applications.

3.1.3. Polymer based

Synthetic polymers are the most popular class of materials that have been electrospun for SPE
applications. Some of these polymers include polystyrene or polystyrene copolymers,[32-41]
Nylon 6,[42-44] and poly (ethylene terepthalate) [45]. Other reports have appeared in the
Chinese database, unfortunately the polymeric material was not described in English [46-48].
It is expected that synthetic polymers will continue to be the most popular class of electrospun

9
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materials for use as SPE sorbents. This is due to the fact that, of all the materials that have been
electrospun, polymers show the greatest potential for tuning of the sorptive chemistries.

Sorptive capacity of polymer nanofibers could be improved by increasing the pore volume.
There are several methods that have been reported for introducing porous structures in
nanofibers which include electrospinning of polymer blends, [49] controlled humidity, [50]
the salt induced process [51] and silica nanotemplating [52]. Silica nanotemplating is a
relatively simple process compared to the other methods as they require handling of compli-
cated interactions between the polymer matrix and pore generator. In addition, porosity and
pore size of the resultant porous nanofibers may be controlled easily by adjusting the content
and size of silica nanoparticles.

Shi and co-workers fabricated porous nylon 6 nanofibers using silica nanoparticles as the
nanotemplate [52]. The experimental approach involved the fabrication of nylon 6/silica
nanofiber composites, followed by removal of the silica nanoparticles through treatment with
hydrofluoric acid. After the removal of the silica nanoparticles, the specific surface area and
pore volume increased from 4.68 m?/g to 8.31 m?/g and 0.0133 cm?®/g to 0.0250 cm?/g respec-
tively. The increase in specific surface area demonstrated that the approach could be used to
improve the sorptive capacity of nylon nanofibers for SPE applications.

3.2. Control of selectivity

Selectivity of sorbent material is a parameter of great concern in current SPE applications. Over
the years, various sorbent modification strategies have been employed to impart selectivity
based on basicity, acidity, polarity, size and more recently molecular recognition [53-55]. For
it to be a good alternative, electrospinning should be able to allow the incorporation of an
unlimited range of functionalities in order to target a broad spectrum of analytes.

3.2.1. Polarity based

Besides the conventional small functional groups like sulphonates and carboxylic acids,
macromolecules can be incorporated into polymer nanofibers to improve their selectivity as
SPE sorbents. Wan and co-workers reported the fabrication of porphyrinated nanofibers by
copolymerization and electrospinning [56]. The fabrication approach involved solution
copolymerization of acrylonitrile with vinyl porphyrins (see Scheme.l) and subsequent
electrospinning of the resulting porphyrin copolymers.

3.2.2. Ion exchange based

At the beginning of 2008, Kang and co-workers reported a comparative study of the perform-
ances of poly (styrene-co-methacrylic), poly (styrene-co-p-sodium styrene sulphonate) and
polystyrene nanofibers for the extraction of steroidal compounds [35]. Of the three kinds of
nanofibers, those of poly (styrene-co-p-sodium styrene) exhibited the highest extraction
efficiencies, while those of polystyrene were the least efficient. The trend was attributed to the
fact that the polar model analytes favored the polar sorbent. With respect to applications, the
study provided a platform for different chemistries that may introduce selectivity based on
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Scheme 1. Schematic representation of synthesis and molecular structure of the porphyrin copolymers [56].

hydrophobicity (polystyrene nanofibers) for non polar analytes, strong cation exchange
properties (poly (styrene-co-p-sodium styrene sulphonate) nanofibers) for basic and neutral
analytes and weak cation exchange properties (poly (styrene-co-methacrylic) nanofibers for
strongly basic analytes. Due to the ease of spinnability of polystyrene copolymers and the
demonstrated performance of the resultant fibers as SPE sorbents, a wide range of function-
alities can be introduced on the polystyrene backbone by an experimental approach that
involves copolymerization and electrospinning. It is expected that in the near future, SPE
sorbents based on electrospun polystyrene copolymers will increase as there is a wide range
of vinylic monomers that can be copolymerized with styrene.

3.2.3. Molecular imprinting based

Of all SPE sorbent materials that have been reported to date, those fabricated via the molecular
imprinting technology have shown the best selectivity after immunosorbents [57].

Through electrospinning it is possible to incorporate the selectivity of MIPs either by encap-
sulating MIP nanoparticles into electrospun nanofibers or by imprinting the electrospun fibers.

Yoshimatsu and co-workers encapsulated molecularly imprinted nanoparticles into poly
(ethylene terephthalate) (PET) nanofibers through electrospinning [45]. The composite
nanofibers (Fig.5.) were used as a sorbent material for batch solid phase extraction of propa-
nolol. As confirmed by radio ligand binding analysis, the specific binding sites in the composite
nanofibers remained easily accessible and were chiral-selective. Furthermore, it was demon-
strated that without the electrospun nanofiber based solid phase extraction step, the existence
of propranolol residues in water could not be confirmed even with the sensitivity of HPLC-
MS/MS analysis [45].

11
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Figure 5. SEM image of electrospun nanofiber composite membrane containing molecular imprinted nanoparticles
[45].
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Figure 6. Schematic representation of molecularly imprinted nanofibers with binding sites specific for 2,4-D template
molecules [58].

Chronakis and co-workers reported a simplified approach that allowed the generation of
template defined sites directly during electrospinning [58]. The electrospun nanofibers were
prepared from a solution mixture of PET and polyallylamine in the presence of a template
molecule, 2,4-dichlorophenoxyacetic acid (2,4-D). Polyallylamine was used to provide
functional groups that interacted with the template during the electrospinning process, and
PET was used as the supporting matrix to ensure easy fiber formation and to minimize the
conformational change of the polymers when the nanofibers were subjected to different



Electrospun Nanofiber Based Solid Phase Extraction
http://dx.doi.org/10.5772/57100

solvent treatments. Figure.6. shows a schematic representation of a possible binding site model
for the reported 2,4-D imprinted nanofibers.

4. Nanofiber based SPE method development

What is the starting point in electrospun nanofiber based SPE method development? The
questions can be classified into four as;

i Nature of the analyte: What are the functional groups on the analyte? What is the logP
of the analyte? What is the pKa of the analyte? What is the solubility of the analyte?

ii. Nature of the electrospun fibers: How does one introduce a functionality of the target
analyte onto the surface of electrospun fibers? Which polymer (s) or spinnable
precursor (s) material should be employed? Which electrospinning protocol should
be adopted (electrospinning conditions and electrospinning set-up)? Is there a need
to modify the morphology of the fibers, if there is, how could it be done? What
diameter of the fibers should be fabricated?

iii. Nature of the SPE device: What is the best way of handling the fibers (that is what sort
of SPE device (s) should be fabricated)? What is the best way of packing the nanofibers
(that is what shape or format)? How much sorbent should be packed?

iv. SPE operation: What sample volume, analyte concentration, volume of SPE solvents
and at what flow rate?

Of all these, the most important aspect is to come up with a feasible electrospun nanofiber
based SPE device as that serves as a platform for a optimal SPE method development.

To date, fabricated SPE devices that employ electrospun nanofibers as a sorbent bed have
been based on polystyrene or nylon polymers. This has resulted in a classification of
electrospun nanofiber based SPE devices into two as: polystyrene type (polymer fibers of
a relatively low mechanical strength); and, nylon type (polymer fibers of a relatively high
mechanical strength) [59].

4.1. Polystyrene type SPE devices

In 2007, Kang and co-workers were the first to report the use of electrospun polymer nanofibers
for packed sorbent SPE [60]. They manually packed 1 mg of polystyrene nanofibers into a 200
pl micro pipette tip to form a micro column as shown in Fig.7. (a) and (b) as published in their
2009 article. Solvents were pushed through the electrospun nanofiber based SPE device
manually by the pressure of air forced by a gas tight plastic syringe (2 mL) (Fig.7 (c)). The
device demonstrated aleap forward regarding the use electrospun nanofibers for miniaturized
SPE devices. Although the packing process involved the use of simple homemade tools, it
seems the packing operation is not that simple as reproducibility relies very much on operator
experience. Nevertheless, the study created a platform for further research as it clearly
demonstrated that nanofibers allowed the miniaturization of SPE devices without compro-

13
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mising the extraction efficiency. The packing procedure took advantage of the ease of rolling
polystyrene nanofibers into nanofiber clews. Several reports followed where either polystyr-
ene or polystyrene copolymer nanofibers were employed as the sorbent bed packed in micro
column format [61-66].

Fitted to a gas tight syringe

Figure 7. Micro column packed with polystyrene nanofibers and designed setup: (a) Schematic representation of
packed fiber solid phase extraction device: (1) Pipette tip, (2) nanofibers packed, (3) eppendorf certrifuge tube, (4) de-
sorption solution; and (b) Photograph of the micro-column; and (c) Photograph of a manual device [63].

All reports seem to have focused mainly on demonstrating the feasibility of using electrospun
nanofibers as a SPE sorbent material since the experiments were biased towards obtaining
maximum recovery.

For a better understanding of the use of electrospun nanofibers as a sorbent bed, it would be
necessary to determine the mechanical strength, packing density and retention characteristics
of the sorbent bed. In an effort to determine the mechanical strength of electrospun polystyrene
fibers as a function of the effect of the force applied in the manual packing process, in our
research group we viewed the top side of the micro column sorbent bed under scanning
electron microscopy (SEM) (see Fig.8. (b-c)). The SEM morphology confirmed that the force
applied did not induce any breakup or significant flattening of the electrospun polystyrene
fibers.

One of the main drawbacks of the micro column packing procedure is consistency as it relies
very much on the experience of the researcher. The main challenge is the rolling up of a uniform
size of fiber clews. Without precise control of the size of fiber clews as well as the force applied,
it would be difficult to maintain a uniform packing density and sorbent bed height, thus
inconsistency of flow characteristics. Since electrospun nanofibers are applicable as a HPLC
stationary phase, adopting this packing method for HPLC columns would be a challenge. This
is in light of the fact that, without precise control of the packing procedure, band broadening
could result due to multiple flow paths as a function of non uniform fiber orientation. Despite
all these challenges, the development of the micro column packing procedure was invaluable
to electrospun nanofiber based SPE sorbent research as it was used as a platform for evaluating
the feasibility of using electrospun nanofibers as a sorbent bed.

Two important aspects in the development of SPE technology are simplicity of sorbent
fabrication and miniaturization of devices. It is a fact that electrospun fibers could be packed
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Figure 8. (a) Photograph of micro column SPE device, SEM images of (b) sorbent bed (c) magnification of top edge (d)
zoomed in top surface.

in all existing formats and configurations for both SPE and SPME [4]. Furthermore, the use of
electrospun fibers introduces an aspect of simplicity and miniaturization to the fabrication of
SPE devices.

To date, methods of SPE disk fabrication involve a complicated multi step process in which
microparticles are tightly held together within an inert fiber matrix, such as polytetrafluoro-
ethylene [67]. This has limited the range of disk sorbent chemistries that are available. Two
possible ways of simplifying the disk sorbent fabrication process would be; (i) to incorporate
nanoparticles into nanofibers and pack the fibers in disk format or (ii) to fabricate nanofibers
of the material with the chemistry of interest and pack them in disk format.

In 2010, our group reported an alternative polystyrene fiber based SPE device fabrication
procedure [68]. The experimental approach consisted of copolymerization with subsequent
electrospinning of the resultant polymer. 10 mg of electrospun polystyrene fibers were packed
in a disk format (5 mm x 1 mm) (Fig.9.). The study clearly demonstrated how the use of
electrospun fibers can simplify SPE disk fabrication as the sorbent material was packed using
simple homemade tools. It is expected that in the near future, a wide range of chemistries will
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be introduced on disk SPE devices fabricated using a similar approach that will ultimately lead
to a routine disk fabrication technology.

Although the procedure involved a manual compression stage, it was presumably simplified
as it did not involve the rolling up of fiber clews. Unlike the micro column SPE device where
some degree of flattening was observed, for this device, flattening was not observed as viewed
under SEM (see Fig.9. b-c). This suggested that the force applied in the packing process was
lower compared to that applied for the micro column SPE device. A possible explanation could
be that the wire (0.5 mm diameter) employed in the micro column SPE device fabrication
procedure by virtue of having a smaller contact surface compared to the glass rod (5 mm
diameter) employed in the disk SPE device fabrication procedure resulted in increased
pressure.

Figure 9. (a) Photograph of disk (I) SPE device, images of (b) sorbent bed (c) zoomed in top surface [68].

Despite the observed slight flattening of the electrospun polystyrene fibers in the micro column
packing format, percolation of the solvents was not hindered which suggested that the packing
procedure was adequate for fundamental experiments. To date, it seems, the only way of
fabricating SPE devices that use electrospun nanofibers of a relatively low mechanical strength
(as represented by polystyrene) would be via a mechanical compression stage. A possible way
of improving on consistency could be to automate the mechanical compression stage.

4.3. Nylon type SPE devices

In 2009, Xu and co-workers were the first to report the fabrication of SPE devices that rely on
relatively mechanically strong electrospun nanofibers as the sorbent bed [69]. Nylon 6
nanofiber sorbent beds were “packed” by cutting out circular portions (1.5 cm x 120-150 pm
x 1.5 mg) of the nanofiber sheet (see Fig.10.).

There have been several other reports on the use of nylon 6 nanofibers packed in the same
format [70-74]. Similar to the first report by Xu and co-workers [69], all these reports seem to
have focussed on demonstrating the feasibility of using electrospun nylon 6 nanofibers as a
SPE sorbent material.
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Figure 10. The fiber-filter solid phase extraction (SPE) device: gas tight syringe (1); sample solution (2); filter (3); elec-
trospun mat using nylon 6 nanofibers (4); and, collecting tube (5) [70].

In 2011, Bagheri and co-workers reported an alternative fabrication procedure for a nylon type
SPE device in which a polypyrrole-nylon 6 blend was employed as a sorbent bed [75]. Similar
to the nylon 6 disk sorbent fabrication procedure, a nanofiber sheet (1x 1 cm) was cut out
directly from the aluminium foil (see Fig.11.). However, the extraction procedure was not a
flow through process as the sorbent bed was held by a wire and dipped into a sample solution.
Although they referred to their device as micro SPE, it could be regarded as a SPME device as
it was equilibrium based. Nevertheless, it is presented in this context as the fabrication
procedure takes advantage of the mechanical strength of nylon nanofibers to illustrate the
dependence of electrospun nanofiber evice fabrication on nanofiber mechanical stability.

A D
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Figure 11. (a) Image of the polypyrrole-polyamide nanofiber sheet used for micro-solid phase extraction (u-SPE). (b)
Sample extraction: (A) magnetic bar; (B) nanofiber sheet; (C) thin holding wire; (D) vial; and, (E) vial cap [75].

The only report of electrospun nanofiber based micro extraction in a packed syringe (MEPS)
was by Bagheri and co-workers [76]. Their packing procedure involved the manual compres-
sion of 8.1 mg of polyrrole/nylon 6 nanofiber blend into a 1 mL insulin injection syringe. The
electrospun nanofiber sorbent bed was laid flat at the bottom of the syringe barrel between
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two SPE frits. It is quite unfortunate that the authors did not publish the resultant SPE device
otherwise it would have contributed towards a better understanding of the behaviour of the
sorbent bed under compression. Similar to conventional MEPS [77] (see Fig.12.) procedure that
proceeds via a draw eject cycle, a variable speed stirring motor was employed to drive solvents
through the electrospun nanofiber MEPS device. Despite the fact that the authors did not
publish their fabricated device, their contribution was invaluable as they were the first to
demonstrate an electrospun nanofiber based MEPS device.
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Figure 12. Representation of a MEPS syringe from SGE Analytical Science [77]

In our group, we fabricated a miniaturised version of an electrospun nylon 6 nanofiber based
disk SPE device (Fig.13.a). The device was fabricated by cutting out circular portions of 5 mm
diameter from the nanofiber sheet (Figure.13.b) and stacking them up to an optimal sorbent
mass of 4.6 mg (5% 350 um disks).

B SEM MAG. 7.00 b HY. 2000 KV
WAL HiVar GET BEDatector 1
DATE 0711310 Device: V317604814 Rhodes Universiy SEM

Figure 13. (a) Photograph of disk (II) SPE device, (b) photograph of an electrospun nylon 6 nanofiber mat showing
regions from which disks were cut and (c) SEM image of sorbent bed zoomed in top surface [59].

Operationally, solvents have been driven through the SPE sorbent bed manually by a micro-
pipette, syringe or by a vacuum manifold. All these approaches seem to be tedious particularly
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at the stage of determining the breakthrough volume. Simplification of the electrospun
nanofiber based SPE process has been achieved in our group by employing a syringe pump
for semi automation.

Figure 14. Syringe pump driven semi automated systems (a) micro column SPE device (b) modified disk (I) and disk (I1)
SPE device (s) (c) syringe pump (d) polypropylene syringe (e) PVC tubing (f) polypropylene adaptor (g) glass adaptor.

It is expected that in future, further simplification of electrospun nanofiber based SPE opera-
tion may be achieved employing robotic solid phase extraction systems. Despite the fact that
robotic SPE systems like the Hamilton Micro Lab 2200 [20] and the Zymark Py Technology II®
[21] achieved minimal success contrary to expectation, the knowledge gained could be useful
as a step towards a new direction in automated electrospun nanofiber based SPE.

u -

Figure 15. Most common robots for automated SPE (a)Zymark Rapid Trace System (b) Tomtec Quadra System (c) Gil-
son SPE 215 System.

5. Theoretical aspects

An optimal sorbent could provide a platform for fast analyte mass-transfer kinetics, which
depends on the physicochemical properties of the sorbent (surface area, pore structure and
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surface chemistry). Although the physicochemical properties of the sorbent may be used to
predict SPE performance, bias towards sorbent characterization in SPE-method development
is more effective, as the contribution of physicochemical properties and flow rate of solution
to analyze mass transfer kinetics is significant. Initial evaluation of new sorbent materials for
SPE application can be achieved without complete characterization of the physicochemical
properties of the sorbent. Progress could be made towards a better understanding of new
sorbent materials by relying on the theoretical prediction of the physicochemical properties of
the sorbent.

For sorbent screening, does one start off with batch experiments and then transfer to packed
sorbent formats? Batch experiments are important as they give information about sorbent
adsorption characteristics, in particular adsorption kinetics derived from the equilibrium
isotherms (Freundlich and Langmuir) [78]. Although batch and flow through SPE rely on the
distribution or partition coefficient, thus directly linked, a flow through based screening
experimental approach that relies on breakthrough profiles could be employed.

Given that the major sorption parameters characterizing a sorbent are analyte recovery
efficiency and breakthrough volume [21], the experimental design for fabrication and evalu-
ation of SPE devices could proceed in two steps:

i The first involves establishing an optimal sorbent mass, packing format and SPE
method at which quantitative recoveries (preferably above 80%) are achieved; and

ii. The second involves determining breakthrough curves from which sorbent retention
characteristics are derived.

One of the most important characteristic parameters in establishing the suitability of a SPE
sorbent bed for extracting target analytes is the breakthrough volume (V) as it gives an

indication of the sorbent’s loading capacity. Assuming that there is a measurable analyte
retention, the breakthrough curve forms a sigmoid shape (see Fig.17.) that gives an indication
of the analyte mass transfer kinetics as a function of the sorbent retention characteristics [21].
In addition to the breakthrough volume, two important parameters that are obtained from the
breakthrough curve are holdup volume (V,,) and retention volume (V).

These three parameters: (V ), (V). (V) can be defined as points corresponding (on the

breakthrough curve) to 1%, 99% and 50% of the maximum concentration of analyte in the
eluate. From these parameters, two important chromatographic characteristics of a sorbent
bed; theoretical plates (N) and retention factor (k) are calculated.

The number of theoretical plates corresponds to the extraction efficiency and it depends on
the physicochemical properties of the sorbent, particularly the available surface area for
analyte retention. While the retention factor gives an indication of the quantity of sorbed
analyte and it is directly related to the sorbent recovery efficiency.

Two methods have been employed for the calculation of theoretical plates for conventional
SPE sorbents, the first was proposed by Werkhoheve-Goéwie and co-workers [79] Eq.2.
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While the second method was proposed by Lovkvist and Jonsson [80] who adopted a differ-
ential numerical solution to the breakthrough curve for analytes on a sorbent bed with a low
number of theoretical plates Eq.3.

2
VBzvR[a +a—1+a—2j 3)

Where a,=(1-b)? a, and a4, are complex functions of b evaluated from the tabular data [80]

and b is the breakthorugh level (the fraction of the total mass of analyte which has passed
through the sorbent bed).

The retention factor (k) is calculated from the fundamental equation of chromatography
expressed as;

Vg = VM(1+k) (4)

Given that the equations for calculating (N) and (k) have been applied to microparticle based
sorbents (commercially available sorbents), a question raised would be whether they would
be suitable for nanofibrous sorbent bed material. Moreso, bearing in mind that the research
work on electrospun nanofiber based SPE sorbents is a step towards the development of
electrospun nanofiber based HPLC stationary phases, it is necessary to have a fundamental
understanding of their kinetic and thermodynamic properties in relation to retention charac-
teristics.

Theoretical and experimental methods have been proposed for determining breakthrough
curves [81, 82]. Although experimental breakthrough curve determination by frontal chroma-
tography (continuously added sample to sorbent bed see Fig.16.) is more tedious, it is more
useful for SPE device fabrication. This is due to the fact that it serves as a guide for under-
standing the effect of sorbent packing format, packing density and sorbent morphology on the
flow characteristics of the sample phase.

Under ideal conditions, the breakthrough curve forms a smooth sigmoid shape (see Fig.17.)
with the specific shape depending on the sorbent retention characteristics

However, experimentally the breakthrough curve is plotted by using a line of best fit as the
data points do not always follow a smooth pattern.

The correct determination of breakthrough parameters is subject to debate as several methods
have been proposed [83, 84]. Nevertheless, a mathematical modeling approach may be said to
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Figure 16. Representation of a (a) online (b) offline frontal chromatography set-up
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Figure 17. Mathematical simulations of breakthrough curves that can be obtained

be more preferable as it takes into consideration the actual shape of the breakthrough curve.
In addition, interpreting observed experimental phenomena from the mathematical modeling
perspective is invaluable as it provides a platform for linking up the various parameters
influencing any system [85-89].

Our research group [68] and that of Susan Olesik were the first to report chromatographic
parameters of electrospun nanofiber sorbent beds and chromatographic parameters of thin
layer chromatography (TLC) plates [90], respectively. Therefore, an approach adopted in our
group and results obtained will be discussed. Due to the importance of the accurate determi-
nation of breakthrough parameters, it was imperative for us to compare different mathematical
models for each set of data points obtained in the experimental procedure.

A breakthrough curve typically follows a form of an “S” shape (Fig.18.). Therefore, it may be
considered to be a form of a logistic function. A simple logistic function may be defined by the
formula;
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Where the variable Y might be considered to denote analyte concentration, e is Euler’s number
and the variable x might be thought of as volume. For values of x in a defined range of real
numbers from -e to +eo, exponential growth which slows to linear growth and progresses to
exponential decay is observed.

The logistic function is the solution of the simple first order non-linear differential equation

%Y(x) =Y (x)(1-Y(x)) (6)

The qualitative behavior may be understood as follows; the derivative is 0 at Y=0or 1 and the
derivative is positive for Y between 0 and 1, and negative for Y above 1 or less than 0. Thus
for any value of Y greater than 0 and less than 1, Y grows to 1.

Alternatively, the logistic function may be expressed symbolically as;

(0] a— )

Where 1 is chosen as the constant of integration (e=1)

Besides the logistic function, sigmoid functions include the ordinary arctangent, the hyperbolic
tangent and the error function. However, for this book contribution, the logistic function was
employed as the fundamental equation upon which curve fitting models were developed. The
curve fitting mathematical model depends on the “S” shape of the data points and the selection
is guided by by the resulting regression constants.

The Boltzmann model has been used to fit experimental data for conventional SPE sorbents as
it has generally been accepted as an accurate method [84]. Thus it was the first model that was
explored (see equation 8).

Al — Az
Y=A,+ B ®)
1+e &

C
Where Y represents the ratio of the eluted (C,) to the inlet (C,) analyte concentration (%), x

is the volume of sample flowing through the sorbent, A, and A, are two regression parameters.

Cf . . . . . . .
The maximum value of (?) is (Az) and it is obtained when x — o, while the minimum value
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Ce . . . . .
of (?) is approximately A,, obtained for x — 0. The retention volume which corresponds to

the point of inflexion on the breakthrough curve was obtained from the model and it corre-

C, A+ A
sponds to the { &= )=—

VR T xo (9)

The hold-up volume (V) and the breakthrough volume (V ;) were calculated as the x values

obtained from equating the following;

99 A- 4
(W)*AfAz + (10)

1+e *

1 A- 4
(W)*AzzAz + (11)

And by solving these equations, the formulae below were derived;
A
Vg=x,+(dx)*In (%(1 - 71) - 1) (12)

Al
Vy=x,+(dx)*In (99 - 1OO*E) (13)

The second mathematical model employed is the sigmoid three parameter model (see equation
14)

Y=y (14)

Similar to the Boltzmann model, Y represents the ratio of the eluted (C,) to the inlet (C,)

e

analyte concentration (?), x is the volume of sample flowing through the sorbent, a and b are
CE . .
two regression parameters. The maximum value of (?) is (a). Calculation of V,; and V ; was

C
achieved by expressing (%) as a fraction of a as follows;

(&)-F (15)
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Where F =—1(_T and solving for x (corresponding to either V,, or V) resulted in the

1+e” *

expression below
F
x=xo+bln 1-F (16)

V), and V ; were obtained from equation 16 at F values of 0.99 and 0.01 respectively.

The third model that was explored is the Weibull five parameter model (see equation 17)

x-x,+bIn 2 ¢

Y=Yo+a{1-e'#)c} (17)

Y, and a correspond to the maximum and minimum points on the breakthrough curve, x,

corresponds to the point of inflexion while b and c are regression parameters.

C C,
As x — e, Y approaches the maximum value of (€)=YO +a thus, (F) at any point of the

C
breakthrough curve can be expressed as a fraction (F) of the maximum value of (%)

CL’ .
If the maximum value of (?) is expressed as

( vastin2® H (18)

1-e b

F*(Y,+a)=Y, +a

Solving for x results in the expression below;

1

x=x,-bln 27 +b[1n[(% a1 a-en) (19)

. 99 1
Therefore, V,, and V can be calculated at F values corresponding to {55 and 455 respec-

tively.

An example in which we compared the Boltzmann model and the sigmoid Weibull five
parameter model for the evaluation of a microcolumn SPE device. The experimental approach
to determine the breakthrough curves involved the use of a syringe pump (see Fig.14) to drive
a sample of 500 ngml™! corticosteroids through a 10 mg electrospun polystyrene fiber sorbent
bed at 0.1 mlmin™ with subsequent HPLC-DAD detection.
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V g(ul) V g(ul)
Analyte g g V() Vel Ney  Nops k
Observed Calculated
Betamethasone 1400 848.18 5185.39 3044.89 7.69 13.71 -0.41
Dexamethasone 1400 924.53 5189.44 3100.98 8.12 13.29 -0.40

Table 2. Chromatographic parameters of the electrospun polystyrene fiber based micro colum sorbent bed format
derived from the sigmoid Boltzmann model
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Figure 18. Breakthrough curves determined for two steroids on electrospun polystyrene fibers packed in micro col-
umn sorbent bed format presented as lines of best fit using the sigmoid Boltzmann model.

The breakthrough volumes, equilibrium volumes, retention volumes, theoretical plates and
retention factor values for betamethasone and dexamethasone were very close which was
consistent with the closeness of their logP values. This consistency was observed for the
breakthrough curves fitted using both the Boltzmann and the Weibull five parameter model.
On that basis, it may be concluded that these mathematical models would be suitable for
characterisation of any electrospun fiber sorbent-analyte system that follows a similar profile.

Comparison of the calculated theoretical plates for the disk (1.39-2.82) and the micro column
(7.98-9.1) SPE devices revealed that the shape of the breakthrough curve could be related to
the theoretical plates [80, 91]. In addition, the observed breakthrough volumes for the disk
(400-500 pl) and micro column (1400 ul) respectively were consistent with the theoretical
plates. This may mean that theoretical plates could be important for the retention character-
istics of a SPE sorbent bed.

Given the fact that theoretical plates are a function of the available surface area for analyte
interaction, it could be concluded that a sorbent material with a larger surface area may exhibit
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a larger number of theoretical plates and consequently a large retention capacity as mass
transfer kinetics would be enhanced. Therefore, a larger number of theoretical plates would
correspond to a steeper slope of the breakthrough curve as a result of fast mass transfer kinetics.

Figure 19. Breakthrough curves determined for two steroids on electrospun polystyrene fibers packed in microcol-
umn sorbent bed format presented as lines of best fit using the Weibull five parameter model.

Coefficient R?
Analyte a b C Xo Yo
Betamethasone 1.0396 (0.01) 545252504.47 879140.39(7.94) 3088.50(40.73) -0.0143(0.0094) 0.9953
(0.30)
Dexamethasone 1.0528 15042770.75  23676.51(7.37) 3032.19(34.33) -0.0159(0.0110) 0.9943
(0.02) (8.91)
Table 3. Regression parameters for the Weibull five parameter model
Analyte Vg(ul) Vg(ul) Vi (uh) Ve(pl) N o N ops k
Observed Calculated
Betamethasone 1400 901 4250 3088.5 7.98 1338  -0.27
Dexamethasone 1400 1020 4240 3032.2 9.1 13.80 -0.28

Table 4. Chromatographic parameters of the electrospun polystyrene fiber based micro column sorbent bed format
derived from the Weibull five parameter model.

6. Conclusions

Given the fact that the feasibility of electrospun nanofiber based SPE has been successfully
demonstrated, it is proposed that future research efforts should be channelled towards
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simplifying SPE device fabrication and SPE procedures. In addition, more research efforts
should be channelled towards physicochemical characterisation of electrospun nanofibers and
relating to retention characteristics of the electrospun nanofiber based sorbent beds. Therefore,
it is expected that with a better control of nanofiber orientation, packing procedures and pore
structure, analytically useful electrospun nanofiber based chromatographic sorbent beds for
HPLC could be fabricated.

By describing the wide nanofiber sorbent range of chemistries, functionalities and morpholo-
gies, itis hoped that this book chapter has provided enough evidence to support the hypothesis
that electrospun nanofibers will be an effective class of SPE sorbents.

However several questions relating to the role of electrospinning, surface area to volume ratio,
sorptive capacity and the miniaturisation route (should it be SPE or SPME variations?) still
need to be answered. Looking into the future one wonders if nanostructured materials will
mark the end of the sorbent technology development chain. In conclusion one can say with
some degree of confidence that through electrospinning, a new class of sorbent based techni-
ques/devices will eventually find their way into the analytical process either as a low or high
resolution separation step.
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