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[TepiAnyn

H mapovca didaxtopikny dwatpiPn) emkevipmverar otny mapackevn (ue ™ péBodo g niektpoxiworg), To
YOPOKTNPIGHO KOl TG EQPAPUOYEG KOWOTOU®V TOAVUEPIKDY  VOIDV  HEUPPAVOV. ZVYKEKPUEVA
TOPACKEVAGTNKAY JOPOPETIKE €101 TOAVUEPIKOV PEUPpavAdY vavocLVOET®Y Kat un, 6mov 10 Kabe choTa
OTOYELE KOl OE CUYKEKPLUEVT] EQAPLLOYY, PACEL TV EEY®PIOTAV 1310TT®V TOv. H TpdTn opdido ToAvpepikdv
peuppavov Ntov Paciopévn oto vdpoOPlo kKot ProcvpPatd opomolvpepés molvaBuievoteido, Kol oto
VOpOPoPfo Kot PloamowodoUNCILO  TOALAOKTIKO 0ED KOBMG €mioNG Kol O TPOTUPUCKELUCUEVE
vavocopatidl payvntitn emikolvppéva pe oieikd o&v. O pepPpdveg avtég perethnkav tdco o€
Blotatpikéc 660 Kot oe TEPPAALOVTIKEG EQAPLOYEG. ZVYKEKPLUEVD, PHEAETHONKE 1 IKOVOTNTO YPNCILOTOINGNG
TOVG GOV CUGTNUATO EAEYYOUEVNG OMEAELOEPMONG TG PAPUAKEVTIKNG OVOING TOPAKETAUOANG GE VIAUTIKA
Sdvpota, 1060 GtV TPoLcio 660 KoL GTNY OIoVCio [LayVNTIKOV vavocouatidiov. Exmiéov 1 vmapén
LAYV TIKOV VOVOSOUATIOIOV 08 auTéG TIG HEUPPAVES EMETPEYE TN LEAETN TOVG OE SlEPYUCIES LLOYVNTIKNG
vrepBeppiog VO TV emidpaon evarracoopevov poayvntikov mediov. Oco apopd TG mEPPOAAOVTIKEG
€QapUOYEG ol TpoavapepBivieg pepPpives pedetinkav ®¢ vrooTpdpoTo Yoo T décpevon emPAafov
petaAroioviav (Bopiov, ovpaviov, vp@TIOL) Kot TOL OPYOVIKOD PHTOL TPAGIVOL TOV HaAayitn and vdatTiKd
Swdvpota. H devtepn opddo molvpepikdv pepfpavav ftav Poaciopévr ce Aettovpyikd pebakpuiikd
GUUTOADLEPT] TTOV TTEPLEYAY OUAOES P-KETOEGTEPA KO OPMUOTIKOVG SOKTUAMOVE GTIG OOUEG TOVG TO. OToin
cuvtédnkav pe ypnon tov moAvpepopol ehevbépov pilmv. Aettovpyikég pepPpdves owtod TOL THTOL
TOPACKEVAGTNKAY TOGO GTIV GOVGio OGO KOl GTNV TOPOVGIN LAYVNTIKOV VOVOCOUOTISI®V [LE TNV TEXVIKN
g NAeKTPOKA®ONG oToYEVOVTAG 0T déopevon emPAOPOV HETOAAOIOVTOV KAODG ETIONG KOL GTN OEGUEVOT|
TOV opyavikev pOmev  petpovidaloing kot 1,2 dylwpofevidoiov amd vdatikd OSwAvpata. Télog
TOPOUCKEVACTNKAY  TOAVUEPIKEG  WWADOELS UHEUPpaveg PooioUéve ©TO  VOATOSIOAVTO  OLOTOAVUEPES
moALPvvAoTLPPOAdOVY. Avdpeca o GAA0 M TOALPLVLAOTVPPOABOV] GLVOLACTNKE WE UETOAMKE
vavooouatidlo maAladiov kot o&ediov tov yaikov (1) odnydvtag o kavotouee pepPpaveg pe tkavoTnTa,
YPNONG MG ETEPOYEVH KATOAVTIKG VTOCTPAOUOTO GE EMAEYUEVEG OPYOVIKEG avTIdpdoels. T v eEedpeon
TOV BEATIGTOV CLUVONKOV KOl TNV EMITUYN TOPACKELT] OAOV TV HepPpavav deénydnke cuotnpatikny peAét
Kot PETAPOAT] SLOQOPOV TEIPUUATIKMV TOPAUETPOV TOV APOPOVSOV TN dladikacio TG nAekTpdKAmong. Ot
TOPAYOUEVEG HUEUPPAVES YAUPAKTNPIOTNKAY MG TPOG TN CVOGTUCT] TOVG, TO HOPPOAOYIKA Kot BEPUIKA TOVG
YOPOUKTNPIOTIKE KAODG Kol G TPOG TIG HOYVNTIKEG TOVG OOTNTEG OTNV TEPIMTOON TV VAVOSLVOET®V

HEUPPAVAOV TOV TEPLELYOV LLOYVITIKA VOVOSMLOTIONW.



Abstract

The present Ph.D. thesis focuses on the fabrication (by means of the electrospinning technique),
characterization and applications of novel polymer fibrous membranes. More precisely, different types of
pristine polymer and polymer-based organic-inorganic nanocomposite membranes were prepared, aiming
toward their evaluation in different applications depending on their properties. The first type of polymer
membranes was based on the hydrophilic and biocompatible polyethylene oxide (PEO) and the hydrophobic
and biodegradable poly(L-lactic acid) ((PLLA) combined with pre-formed oleic acid-coated magnetite
nanoparticles (OA.Fe;0,4). These membranes - containing or not OA.Fe;O, - were evaluated in biomedical
and environmental applications. More precisely, their applicability in controlled drug delivery was
investigated by employing paracetamol as a proof-of-concept pharmaceutical. In the case of the magnetite-
containing membranes, the presence of the OA.Fe;O, allowed for their investigation in magnetic
hyperthermia processes when placed under an alternating magnetic field. As far as environmental
applications is concerned, the aforementioned membranes were evaluated as adsorbents for harmful metal
ions (thorium, uranium, europium) and for the organic dye malachite green (MG) from aqueous media. The
second membrane type was based on functional methacrylic copolymers possessing p-ketoester and aromatic
side-chain moieties, prepared by free radical polymerization. Functional electrospun membranes were
fabricated in the absence and presence of OA.Fes0,, aiming toward their evaluation as adsorbents for the
removal of harmful metal ions and organic pollutants namely metronidazole and 1,2-dichlorobenzene from
aqueous media. The third type of electrospun fibrous polymer membranes was based on the hydrophilic
homopolymer polyvinyl pyrrolidone (PVP). Among others, PVP was combined with metal (Pd) and metal
oxide (Cu,O) nanoparticles resulting to the generation of polymer-based nanocomposite electrospun
membranes that were further evaluated as heterogeneous catalytic substrates in selective organic reactions.
The successful generation of fibrous membranes required the determination of the optimal experimental
parameters involved in the electrospinning process. The obtained membranes were characterized in regards to

their composition, morphology, thermal and magnetic properties (where applicable).
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Preface

This Ph.D. Thesis entitled “Fabrication, Characterization and Applications of Electrospun
Polymer-based Nanocomposite Membranes” has been carried out in partial fulfillment of the
requirements for the degree of Doctor of Philosophy at the Department of Mechanical and

Manufacturing Engineering, University of Cyprus. The Thesis is divided in 7 chapters.

The 1% Chapter “Introduction to Polymers” provides a brief introduction to polymers and to
the polymerization method used in this study. The 2"¢ Chapter “Electrospinning” describes
the process which was used for the fiber generation, namely electrospinning and the
influencing process and solution parameters. In the 3™ Chapter “Polymer-based
Nanocomposite Electrospun Membranes” a literature review on the fabrication and
applicability of electrospun nanocomposite membranes in the biomedical, environmental and
catalysis fields is carried out. In the 4™ Chapter, an outline of the “Characterization
Methods” used in the present study is provided. The 5" Chapter “Experimental Section”
describes the experiments and methods employed for the fabrication and characterization of
three different families of electrospun (nanocomposite) fibrous membranes as well as the
experimental protocols followed for their evaluation in the aforementioned (biomedical,
environmental and catalysis) fields. The 6" Chapter “Results and Discussion” presents and
analyses the obtained results related to (i) polymer synthesis and molecular characterization,
(i) membrane fabrication and characterization in regards to their morphology, thermal,
compositional and magnetic (where applicable) properties and (iii) their evaluation in
biomedical (drug delivery, hyperthermia), environmental (water remediation processes for the
removal of metal ions and organic pollutants including aromatic hydrocarbons, antibiotics and
organic dyes) and in catalysis (as heterogeneous catalytic supports employed in organic
synthesis) applications. Finally, the 7" Chapter “Conclusions” provides some concluding

remarks.
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Introduction to Polymers

1.1. Definition of Polymers

Polymers or macromolecules are materials which we meet daily in our life, in the form of
plastics, fibers, rubbers and so on. The definition of “polymers” or “macromolecules”
refers to high-molecular weight substances, the structure of which depends on the
repeating monomer units. A monomer is a small molecule, with low molecular weight,
compared to a polymer, which is joined together to form a long polymer chain. For
example ethylene is a monomer that can be polymerized to polyethylene or polythene, one
of the ssimplest polymersin regards to chemical structure (scheme 1.1). In this polymer, the

repesting units are —CH, — groups (one carbon atom with two attached hydrogen atoms),

and all carbons are connected by single covalent bonds (1).

CH,=CH, —— —--CH,-CH,——— —»
—CH,—CH,—CH,—CH,—rrevvvrrr..... ~CH,-CH,—CH,—CH,—

Scheme 1.1: Polyethylene obtained via polymerization of ethylene.
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Polymers that contain only a single type of repeating unit are known as homopolymers;
they can be provided in different shapes as linear, branched, crosslinked/network and star
polymers depending on the way the monomer units are connected to each other as a
consequence of the synthetic methodology followed, as illustrated in figure 1.1. A linear
polymer consists of a long chain of skeletal atoms which are attached to the substituent
groups. A branched polymer can be visualized as a linear polymer with branches of the
same basic structure as the main chain. In crosslinked polymers chemical bonds exist

between the chains, and star polymer s have arms radiating from a common core.

=

Linear Branched

Crosslinked

Figure 1.1: Sructures which are generated in homopolymers (consisting of a single type of monomer) from

the different placement of monomer units along the chain.

Polymers containing two or more different monomeric units, are known as copolymers.
The different copolymer structures are generated from the way of placement of the
repeating units along the chain. Those are classified to random, aternating, block

copolymers, and graft copolymers.

Random copolymers consist of different monomer units which have no definite order or
arrangement along the chain. Alternating copolymers, as the name implies, contain a
regular aternating sequence of two or more monomer units. Block copolymers have a
long segment or block of one monomer followed by a block of a second monomer joined
together covaently in a head-to-tail configuration, in a linear arrangement. Finally, graft
copolymers are atype of copolymers in which the chains of one monomer is grafted onto
the main chain of the other monomer. All of the above-mentioned structures are illustrated
infigure 1.2 (2).



Chapter 1 Introduction to Polymers

W Random copolymer
M Alternating copolymer

Block copolymer

Graft copolymer

Figure 1.2: Sructures which are generated in copolymers (consisting of two different monomers) fromthe

different placement of monomer units along the chain.

Polymers might be categorized in physical (natural) for example natural rubber, starch and
cellulose, biopolymers for example DNA and proteins and synthetic for example plastics.
It is aso worth mentioning that polymers provide many benefits such as light weight, low
cost, and easy industrial production. However, polymers are usually hardly biodegradable

resulting to environmental pollution.

Many properties of polymers depend on the microscopic arrangement of the polymeric
chains and on the temperature. Polymers may be found in the amorphous or in a
semicrystalline (partially crystalline) state. The terms amorphous designate a lack of order
and chains are arranged in a random manner, while in semicrystalline morphology there
are domains in which the polymer chains are packed in an order array. These “crystalline”
domains are embedded in an amorphous polymer matrix. Generally the presence of
crystallinity within a polymer aters its properties including thermal, mechanical, optical
etc. compared to the pure amorphous analogue. Regarding the mechanical properties, at
low temperatures amorphous polymers deform elastically, like glass, at small elongation.
At high temperatures the behavior is viscous, like liquids. At intermediate temperatures

they behave like arubbery solid, which is termed as viscoelastic (3).

Figure 1.3 shows the phase transitions of amorphous and semicrystalline polymers
occurring upon temperature increase. While both amorphous and semicrystalline
thermoplastics, are hard, rigid solids and behave like glass at low temperature, by
increasing the temperature the polymers lose their glasslike properties, and change into a
rubbery elastomeric or aflexible plastic morphology. This transition point is known as the

glass transition temperature, Tg4, and for many polymers it is the most important feature.
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The chemical composition of the polymer chains, the molecular weight, the degree of
crystallinity, and the presence of additive (e.g. plastisizers) affect Tg. The viscoelastic
properties of the polymers are eventually lost as the temperature continues to increase
above the Tg, since the thermal energy provided enables the chains to move. When finally
the chains are capable of moving freely, the polymer behaves like a viscous liquid. Those
phenomena apply in both amorphous and semicrystalline polymers, nevertheless, above Ty,
amorphous polymers behave in a different manner to semicrystaline (4; 2). As the
temperature increases in an amorphous polymer, the hard rubbery phase gradually moves
to a soft state, extensible elastomeric phase, then to a gum, and finally to a liquid, and only
a gradual change in properties is perceptible. Crystalline polymers, on the other hand,
retain their rubbery elastomeric or flexible properties above the Tg, until the temperature
reaches the melting point, Tm. This point is the highest temperature at which polymer
crystallites can exist, and above this point, the material may be liquid, viscoelastic or

rubber depending on its molar mass.

Amorphous Semicrystalline
Liquid Liquid
Tm
X f7 Gum
Flexible thermoplastic
Rubber
T
N\ T g
g Crystalline and
Glass glassy domains

Figure 1.3: Phase transitions occurring in amorphous and semicrystalline polymers upon temperature

increase.

1.2. Polymerization M ethods

Radical polymerization is one of the most widely used processes for the commercial
production of high molecular weight polymers and generally, for the preparation of alarge
number of polymeric materials. A wide range of monomers can be polymerized by free
radical polymerization under less demanding reaction conditions compared to other

polymerization methods such asionic polymerizations.
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Free radical polymerization is of high importance in technology, since it is simple to
implement and inexpensive in relation to competitive technologies, polymers are produced
in large quantities and the process is less sensitive to impurities and atmospheric
conditions. Moreover, it may occur in the bulk liquid phase (absence of solvent), or in
solution (presence of solvent), and it is also tolerant to protic and aqueous solvent media
and to certain reactive functional groups, for example OH, NR»>, COOH, CONR:.
Moreover, it can be used with a large variety of monomers including meth(acrylates),
styrene, (meth)acrylamides, butadiene, and vinyl acetate. However, the major drawbacks
of conventional radical polymerizations are related to the lack of control over the polymer
structure. Polymers with high molecular weights and high polydispersities are generaly
produced, due to the slow initiation, fast propagation and subsequent transfer or

termination processes (5).

Polymerizations by a free-radical mechanism, include three steps: The initiation step, at
which the radicals are formed, the propagation step (chain propagation/transfer), at which
the addition of monomer molecules to the active chain end takes place, accompanied by
the regeneration of the terminal active site and the transfer of the active site to another
molecule resulting to the polymer growth, and finaly the termination, where radical
termination reactions occur, and the active chain centers are destroyed. The molecule that
has lost the active site is known as “dead” and cannot be further used in chain propagation.
The molecule that has accepted the active site may initiate the formation of a new chain.

These three steps are presented in figure 1.4 (6; 7; 2; 5).

Initiation process takes place in two steps. At first, decomposition of the initiator yields
initiator radicals R". This is followed by the addition of R* to monomer M, to give a new
radical M1" (rate constants kg and ki). In the initial propagation step (rate constant kp), M1"
adds to another monomer molecule to form anew radical, M2", which, in turn adds to M to
form M3’, and so on. Finaly, termination occurs principally by radical coupling or
disproportionation (rate constants kic and kig). Organic peroxides or hydroperoxides (e.g.
benzoyl peroxide), azo comounds (e.g. azobisisobutylnitrile (AIBN) or organometallic
reagents (e.g. silver akyls) are some types of reagents acting as free radical polymerization

initiators.

Recent advances in free radical polymerization have let to the development of synthetic
methods that enable the preparation of well-defined polymers. These methods are the
controlled radical polymerization (CRP) techniques which have been extensively



Chapter 1 Introduction to Polymers

investigated, due to their high versatility and potential commercial applications. Atom
transfer radical polymerization (ATRP), nitroxide-mediated polymerization (NMP), and
reversible addition-fragmentation chain transfer (RAFT) polymerization, are the three
major controlled radical polymerization techniques (8; 9).

1. Initiation

k
| d

R*+M

2. Propagation

RM" + M —P . RMy

« k «
RM,” + M — P>, RM,

* k3 *
RM, + M . RM,

. k x
RM, + M — ™ . RM,y

3. Termination

N * k
RM, + RM, ' . RM,-RM,, (polymer) Coupling
* ktd

RMn* + RMq, RM, + RM, Disproportionation

Where, | = Initiator, R = Initiator Radical, M = Monomer

Figure 1.4: Reaction mechanism of free radical polymerization.

The control character in radical polymerizations is based on two requirements. Firstly,
initiation should be fast, providing a constant concentration of growing polymers chains.
Secondly, because of the persistent radical effect, the maority of these growing polymer
chains are dormant species. However, these dormant species have the ability to grow
because of the establishment of a dynamic equilibrium between dormant species and
growing radicals. By keeping the concentration of active species or propagating radicals

sufficiently low during the polymerization, termination is prevented (10; 8).



Electrospinning

Electrospinning, aso known as electrostatic spinning technique, was first observed by L.
Rayleigh in 1897 and was first patented in the United States in 1902, by J. F. Cooley and
W. J. Morton who were the first who patented devices to spray liquids through the
application of an eectrical charge. In 1914 J. Neleny reported that a liquid jet could be
emitted from a charged liquid droplet in the presence of an electrical field (11). In 1934,
electrospinning became a valid technique to produce small-sized fibers, when A. Formhals
patented a process and apparatus to spin synthetic fibers using electric charges and
designed a movable device that allowed the fiber collection in a stretched state (12; 13). In
1939 an improved process was developed in order to overcome the problem of incomplete
solvent evaporation, associated with his earlier apparatus (14). Researchers after A.
Formhals focused on better understanding of the electrospinning process. In 1969, D. G.
Taylor published on the jet formation process in which the droplet behavior of the polymer
solution at the edge of a capillary under an electric field was examined. Significantly, he
obtained the characteristic value of the cone referred as the “Taylor Cone” (15). Since the
early 1990s, D. H. Reneker and co-workers employed the electrospinning process for the
generation of one-dimensiona (1D) polymer nanostructures provoking the attention of

many researchers (16; 17; 18).
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Although currently there are several methods that can be used to prepare one dimensional
(1D) nanomaterials namely drawing (19), self-assembly (20; 21), melt-blow (22), phase-
separation (21) and template synthesis (23), the most popular and versatile fiber fabrication
method used for the production of synthetically or naturally-derived fibrous materials is
electrospinning (24). Electrospinning can be used to produce continuous polymer
(nano)fibers (25; 26; 17) with diameters ranging from micrometers (10-100 um) down to a
few nanometers (10-100 nm) (25) and lengths up to meters (26). Its simplicity, cost-
effectiveness and applicability not only to pristine synthetic and natural polymers (27; 25)
but also to composites, enables the development of polymer-based fibrous nanocomposites

via the combination of polymers with inorganic nanofillers (28).

Degspite the simplicity of the elctrospinning set-up, the electrospinning mechanisms are
rather complicated including the Taylor Cone theory (29), the Bending Instability theory
(30), the Electrically Forced Jet-Stability theory (31), and so on.

2.1. Overview of the electr ospinning process

A simple electrospinning set-up consists of four major components. A high-voltage power
supply, a syringe with a metallic needle, known as spinneret (containing the polymer
solution or melt), a syringe pump used for delivering the solution through the spinneret at a
constant and controllable rate and a grounded conductive collector, on which the produced
fibers are collected (figure 2.1).

Direct current (DC) power supplies are usually used for electrospinning, although the use
of aternating current (AC) potential is also feasible (32). A high-voltage power supply is
connected with both the needle and the collector. The positive electrode (anode) of the
power supply is connected to the needle and the negative (cathode) is grounded to the
collector (33). In a typical fiber-generating process, a syringe is filled with a polymer
solution and a high voltage (up to 30 kV) (34; 32) is applied between the syringe nozzle
and the collector. The syringe may be placed perpendicularly, letting the polymer fluid
drop with the help of gravity, or horizontally in respect to the grounded collector (35; 19;
24).

By applying the high voltage, the pendent drop of the polymer solution at the needle tip of
the spinneret is highly electrified and the induced charges are evenly distributed over the
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droplet surface. The electrostatic repulsion forces developed between the surface charges
and the columbic force (electrostatic force) exerted by the external electric field are the
major electrostatic forces on the droplet. Under these electrostatic interactions the
hemispherical surface of the fluid at the tip of the needle’s syringe elongates forming a
conical fluid structure, called the Taylor cone (25). The charged droplet is subjected to the
electrostatic forces obtaining a conical shape, where under a critical voltage value a thin
polymer jet is gected from the tip of the Taylor cone. Specifically, at a critical voltage
(e.g. once the strength of the electric field has surpassed a threshold value) the electrostatic
repulsive forces overcome the surface tension of the solution and force a jet to erupt from
the tip of the Taylor cone. The jet follows a direct path towards the grounded collector for
avery short distance from its origin and reaches a bending instability point. After this point
the jet begins to whip asillustrated in figure 2.1 (36).

If the voltage is sufficiently high, a stable jet will form near the tip of the Taylor cone. The
electrified jet is only stable near the tip of the spinneret, after which the unstable state of
the jet is observed in the space between the capillary tip and the collector, during which the
jet undergoes a stretching and a rapid whipping process (37). In solution electrospinning,
as the charged jet accelerates toward lower-potential regions, the solvent evaporates
whereas the resulting increase in the electrostatic repulsion of the charged polymer causes
the fibers to elongate and reduce their diameters. With the combination of jet-bending
instability and solvent evaporation, the jet eventually becomes solidified on the collector in
the form of randomly oriented (nano)fibers (38; 39; 40; 41; 27).

2.2. Influencing parameters

In general, the process parameters affect fiber sizes and morphologies but the exact
relationship is unique to each polymer-solvent system. However, after vital research on the
basics of the electrospinning process, researchers investigated the relationship between
processing and solution parameters and the obtained structural fiber morphology. The
major challenge of the electrospinning process lies in the optimization of all the above-

mentioned parameters, to achieve desirable nanofibers’ morphology and properties (13).
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Figure 2.1: Schematic presentation of a basic electrospinning set-up.

In polymer nanofibers derived from electrospinning, it is desirable that the fiber diameters
are consistent and controllable, the fiber surface is defect-free, and continuous single
nanofibers are collectable. However, research carried out throughout the years has shown
that the above-mentioned targets are by no means easily achievable (42; 25), and the
success of the whole process is governed by different parameters which are classified in
terms of the solution properties (43; 44; 45; 42), process parameters (26; 42), and ambient
parameters (26; 27; 43; 45).

Based on those parameters, dissimilar results may be obtained using the same polymer and
electrospinning set-up. Thus, it is difficult to give quantitative relationships that can be
applied across a broad range of polymer/solvent systems. However, there are generd

trends which are useful when determining the optimum conditions for a certain system.
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2.2.1. Solution parameters

Viscosity/Concentration/Molecular weight: Solution viscosity which is governed by the
polymer solution concentration, and polymer molecular weight, strongly influences the
dimensions and morphologies of electrospun polymeric fibers (46). The solution
concentration must be high enough for allowing chain entanglement effects to take place.
If the solution is too dilute then the formation of polymer droplets instead of fibers before
reaching the collector will occur, due to surface tension effects (47). Consequently, at low
polymer concentrations, the generation of beads and droplets has been observed. On the
other hand, in too concentrated solutions, of high viscosity, the solution flow rate through
the capillary is hindered. The jet will be less likely to break up into droplets because the
high viscoelastic forces would dampen the Rayleigh breaking mechanism based on the fact

that the viscoel astic forces never act against the surface tension (39; 25).

Some researchers support that the fiber diameter is not related to the polymer solution
concentration/viscosity, whereas others indicate that concentration has a major influence
on the fiber diameter (48; 49; 50; 51). H. L. Simons showed that the fibers derived from
low viscosity solutions tend to be shorter and finer, compared to the fibers obtained from

more viscous solutions which appear to be relatively continuous and thicker (52; 45; 53).

The polymer molecular weight (MW) influences considerably the rheologica and
electrical properties of a solution such as viscosity, surface tension, conductivity and
dielectric strength (54). Researchers have been examining the relationship between MW
and the morphological and dimensional characteristics of electrospun fibers (55). From
such studies it has been concluded that an increase in MW leads to the reduction in the
number of beads and droplets generated during electrospinning. Additionaly, polymers
characterized by a narrow molecular weight distribution (MWD) led to the formation of
uniform fibers at a lower concentration compared to solutions prepared using a broad
MWD polymer of the same chemical composition. Moreover, it was found that the
diameters of the electrospun fibers depended strongly on the MW of the polymer (43; 54),
i.e. when using a low MW polymer, there is a tendency toward the formation of beaded
structures, whereas upon increasing the MW continuous fibers are generated. In the latter
case, the fiber diameter increases upon increasing the polymer MW (37; 54). Finaly,
polymers of extra high molecular weight are generally more difficult to spin. This may be
attributed to the rapid rise in viscosity when the solvent evaporates off during the spinning

operation (52).
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Conductivity/Solution charge density: Solution conductivity aso influences the
morphology and diameters of the resulting fibers (56). An increased conductivity enhances
the charge density at the surface of the solution jet, resulting in more electric charges in the
jet. As the charges carried by the jet increase, higher elongation forces are imposed to the
jet under the electrical field, resulting in thinner fiber diameters as well as reduced
tendency of droplet formation during the process (57; 58; 59). The increase of the net
charge density could be redlized by adding salts (27; 35; 50). However, the increase of
charge density is not in line with the applied electrica field, since higher eectrica field
does not result in fewer beads and smoother fibers (25; 45). Furthermore, it has been
shown that the radius of the electrospun nanofiber jet is inversely related to the cube root
of the electrical conductivity of the solution (57; 39).

Surface tension: The impact of surface tension on the morphology and dimensions of
electrospun fibers has also been investigated (43). Surface tension plays a critica role in
the electrospinning process since —based on different studies- it has been demonstrated
that solutions with lower surface tension lead to the effective elimination of beads and the
generation of fibers with larger diameters (27). Researchers pointed that by reducing the
surface tension of a polymer solution, which seems more likely to be a function of solvent
composition, and negligibly dependent on the polymer concentration, fibers could be
obtained without beads (16; 25; 47; 60). Different solvents may lead to different values of
surface tension (25; 45). Generally, solutions characterized by a high surface tension lead
to the generation of sprayed droplets owing to jet instability (31). However, the use of a
low surface tension solvent does not aways lead to beaded-free electrospun fibers.
Basically, surface tension determines the upper and lower boundaries of the
electrospinning window if all other variables are held constant (37).

Dipole moment/Dielectric constant: Very few studies so far have carried out an in-depth
investigation of the effect of the dipole moment and the dielectric constant on the
morphology of the fibers derived from electrospinning. In one example, polystyrene (PS)
was electrospun into fibers starting from polymer solutions in eighteen different solvents
(61). The solvents with high dipole moment values were those resulting to the successful
fabrication of PS electrospun fibers. Moreover, the number of PS fibers produced per unit

time was found to correlate to the dipole moment and the dielectric constant (37; 38; 22).
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2.2.2. Processing parameters

Applied voltage: The strength of the applied electric field considerably influences the
electrospinning process. J. M. Deitzel et al. (2001) have reported that the change in the
spinning current is related to the change in the instability mode. Specifically, they showed
that an increase in applied field causes a change in the shape of the jet initiating point, and
hence the structure and morphology of the fibers (18; 45). P. K. Baumgarten et al. (1971)
showed that by increasing the applied voltage an increase on fiber length with small
changesin fibers’ diameter were obtained (58), while S. Megelksi et al. (2002) reported on
the decreasing of fiber diameters with voltage increase (62). In contract with S. Megelksi,
M. M. Demir et al. (2002), K. Garg et al. (2011) etc. reported that the jet diameters seem to
increase with increasing voltage due to the gection of more fluid in ajet (51; 34). Many
studies show that by increasing the electric field strength the bead density is decreased
(27), while a further increase leads to the decrease in the stability of the initiating jet
resulting to the formation of more bead defects along the electrospun fibers (63; 45).
Moreover, under high voltage the jet velocity increases and the solution is removed from
the tip more quickly. The Taylor cone shape oscillates and becomes asymmetrical, when
the volume of the droplet on the tip becomes smaller (34). Concluding, researchers evident
that there is an optimal electric field strength range for a certain polymer/solvent system, as
either too weak or too strong fields will lead to the formation of beaded fibers (45; 63)

Polymer flow rate: The polymer flow rate has aso an impact on the dimension and
geometry of the produced electrospun fibers as well as on the porosity of the fibrous
material. Both, the fiber diameter and the pore size increase with increasing flow rate.
Additionally, at high flow rates a significant amount of beaded defects can be observed,
due to the incapacity of fibers to dry completely “in flight” before reaching the collector.
Incomplete fiber drying also leads to the formation of ribbon-like fibers as compared to
fibers with a circular cross section (64). In general, it was found that lower flow rates yield
continuous fibers with smaller diameters (43), while an increase in fiber and pore
diameters is observed with an increase in the polymer flow rate (18; 62).

Needle tip-to-collector distance: Although the distance between the needle-tip and the
collector is not a parameter that is influencing primarily the electrospinning process, it can
still influence the fiber morphology and size, because of their dependence on the
deposition time, evaporation rate, and whipping or instability interval (18). By increasing
the distance from the Taylor cone, the fiber diameter decreases, whereas the formation of
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wet fibers and beaded structures is usually obtained by shortening the distance between the
needle-tip and the collector. The latter may be attributed to inadequate drying of the
polymer fiber prior to reaching the collector; consequently, a minimum distance is required
to allow the fibers sufficient time to dry before reaching the collector (65; 26; 62; 64).
Finally, a decrease in the needle-to-collector distance may result to the formation of shorter
fibers (66).

Collector composition/Geometry: The modification of collectors for fiber direction
control has been widely investigated. Different geometries of the conductive collectors
have been successfully developed including a cylindrical collector with high rotating
speed, a cylindrical collector based on a pair of a split electrodes, a thin wheel collector
with sharp edge, and a frame collector (38; 42; 27; 24). It is noteworthy to mention that the
more conductive collectors dissipated the charge of the fibers, whereas when this charge
was not dissipated (i.e. in the cases where non-conductive collectors are used), the fibers
repelled one another, resulting to the generation of a more porous structure (60; 43).
Furthermore, porous collectors, such as paper and copper mesh, led to the production of

less-packed structures compared to fibers collected on aluminum foil (43).

2.2.3. Ambient parameters

Temperature: To date, a limited number of studies examining the effects of ambient
parameters around the spinneret, like the surrounding air, humidity, vacuum conditions,
surrounding gas, etc. exist (58; 18). As far as the temperature effect is concerned, it has
been demonstrated that by increasing the temperature, fibers with smaller diameters are
obtained due to the decrease of the polymer solution viscosity (43).

Humidity: An increase in the humidity level results to the appearance of small circular
pores on the surface of the fibers while a further increase leads to pore coalescing, and the
drying of the fibers is prevented (18; 43; 58). All the above-mentioned electrospinning
parameters and their effect on the fiber morphology are summarized in table 2.1.
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Table 2.1: Effects of the el ectrospinning parameters on fiber morphology.

Influencing parameter Effect on fiber mor phology References
Solution properties
Low concentration/viscosity results to beaded fibers and
droplets, while by increasing the concentration/viscosity fewer
beads and dropl et-free fibers are obtained. (25; 39; 46;
47)
. Low polymer molecular weight/viscosity (regardless of
ﬁ?)?gceat;atxgliﬂangogt concentration) also generates beaded fibers, whereas polymers | (37; 43; 52;
g y of extra high molecular weight are more difficult to spin. 54; 55)
Fibers obtained from low viscosity solution tend to be shorter | (45; 52; 53)
and finer, compared to the fibers generated from more viscous
solutions which appear to be relatively continuous and thicker.
An increased conductivity results in fewer beads and thinner 57 58 59
fiber diameters as well as reduces the tendency of droplet (57; 58 59)
Conductivity/Solution charge | formation during the process.
density
The increase of the net charge density could be realized via the o,
- . : (27; 35; 50)
addition of saltsin the polymer solution.
By reducing the surface tension of the polymer solution, fibers 16: 25 47
can be obtained without beads. ( ’60), '
Solutions with lower surface tension lead to the effective o7
Surface tension elimination of beads and the generation of fibers with larger @7
diameters. (25: 45)
Different solvents may contribute differently on the surface
tension.
Dipole moment and dielectric | Solvents with high dipole moment values result to the (61)
constant successful fabrication of electrospun fibers.
Process parameters
The increase of the spinning current (related to the change in | (18; 45; 58)
the instability mode) causes an increase on fiber length.
The increase of the voltage leads to the decrease of the beads,
Applied voltage while further increase results to the formation of beaded fibers (45; 63)
PP X due to the decrease in the stability of theinitiating jet.
The jet diameters, initially, seem to decrease with increasing
voltage whereas further increase results to thicker diameters, | (18; 34; 51,
due to a higher mass flow from the needle tip. 64)
Polymer flow rate At too high flow rates beaded defects can be observed. (18; 43; 62).
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Upon increasing the flow rates both diameters and pore size
increase,

By increasing the distance, the fiber diameter decreases,

Needle tip-to-col lector distance whereas the formation of wet fibers and beaded structures is | (26; 62; 64;
P usually obtained by shortening the distance between the 65)

needle-tip and the collector.
The more conductive collectors dissipate the charge of the

Collector composition and fibers, whereas when this charge is not dissipated the fibers (43; 60)

geometry repel one another, resulting to the generation of a more porous '
structure.

Ambient parameters
By increasing the temperature, fibers with smaller diameters

Temperature are obtained due to the decrease of the polymer solution | (18; 43; 58)
viscosity.
An increase in the humidity level results to the appearance of

Humidity small circular pores on the surface of the fibers while a further (18; 43: 58)

increase leads to pore coalescing, and the dry of the fibers is
prevented.
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Electrospun Membranes

Fibrous polymeric materials have received considerable attention exhibiting highly
promising applications since they have significant advantages in comparison to other
conventional polymer forms including films (39; 27) and gels (67). Various polymers have
been successfully electrospun into ultrafine fibers in recent years (27; 25). This process
exhibits promising results in diverse fields producing nonwoven mats which have been
investigated for their use as materias in lithium ion batteries, in electronic micro- and
nanodevices, as catalytic substrates, and as air filtration membranes. Moreover,
electrospun mats have been also investigated for their superior adsorption potential of

pollutants, as gas sensors, and drug carriers (57).

In addition of being a simple processing technique for fabricating (nano)fibers,
electrospinning alows the co-processing of polymer mixtures as well as chemical cross-
linking to take place, providing a variety of pathways for manipulating the chemical

composition of the fibers. The above-mentioned processes provide useful properties to the
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resulting fibrous materials including mechanica strength, elasticity, porosity and charged

surface areas (68).

3.1. Polymer-based electrospun fibrous membranes

As previously noted, electrospinning is one of the most popular and versatile fiber
fabrication techniques used for the production of synthetically or naturally-derived fibrous
materials, enabling the expansion of their properties through blending and surface
functionalization (63). Fibers exhibit a range of unique features and properties such as
extremely long length, much thinner diameter resulting in high surface-to-volume ratio, a
high density of pores as a result of the entanglement of nanofibers, good mechanical
properties especialy in the case of fibrous nanocomposites, high flexibility, light weight

properties, and low cost (27; 68).

These outstanding properties render electrospun polymeric fibrous materials good
candidates for many application including biomedical (tissue engineering, drug delivery)
(68), environmental (filtration, water remediation) (69), and catal ytic applications (70).

3.1.1. Electrospun polymer-based membranes for biomedical applications

The electrospinning technology has been widely used in the biomedica field. Many
researchers have utilized the recent advances of this technology for producing awide range
of materials in the form of fibers, that have been used as scallfolds in tissue engineering

and drug delivery systems (33).

In particular researchers have been mostly focusing on the use of polymers for the
fabrication of nanofibrous tissue-engineering scaffolds (26; 71; 33), and drug-delivery
vehicles (72; 73; 33), employing either biopolymers such as collagen (74; 75), alginate (76;
77), hyaluronic acid (78), chitosan (79) and starch (80) or synthetic polymers such as
polyurethanes, polymethacrylates, aliphatic polyesters (poly(lactic acid) (PLLA) (81; 82),
polycaprolactone (PCL) (83; 64) poly(glycolic-acid) (PGA) (84)) polyvinypyrrolidone
(PVP) polyacrylonitrile (PAN), polyvinyl acohol (PVA), polyethylene oxide (PEO) (72),
and poly(ethylene terephthalate) (PET) (85).
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Tissue engineering: Tissue engineering or regenerative medicine is the application of
therapeutic products that utilize the combination of matrix scaffolds from natura or
synthetic polymers. These sources need to be viable to human cell systems for the repair,
restoration, or regeneration of damaged or failed cells or tissues provoked by injury,
diseases, or congenital defects (86). Significant considerations include the nanoscae
dimensions and the three dimensional (3D) structure of these scaffolds, since many
biologically functiona molecules, extracellular matrix (ECM) components, and cells

interact in the same size range operating in 3 dimensions (42; 43).

Due to the controllable porosity and permeability of the electrospun membranes which are
thought to be able to enhance cell adhesion, migration, proliferation and differentiated
function, as well as their good mechanical properties (87; 18) they are suitable for
replacing/mimicking the structures of natural tissues. Moreover, polymeric fibers
characterized by biocompatibility, biodegrability, and high drug loading capability, can be
easi|y fabricated by electrospinning in the required architecture/form (88; 89).

Basic requirements for an effective polymer nanofibrous scaffold in the regeneration of a
tissue include a 3D structure of high surface area, high porosity and proper pore size.
Additionally, the biodegradability profile is an essential parameter in materials destined for
use in tissue engineering applications. The material should not evoke a sustained
inflammatory or toxic response upon implantation in the body, and should have an
acceptable shelf life. The degradation time of the material should match the time required
for the healing or regeneration process and the degradation products should be non-toxic,
and able to get metabolized and cleared from the body. Moreover, the material should have
appropriate permeability and mechanical properties for the indicated application (90; 91;
84, 43; 25).

X. Zong et al. (2005) fabricated poly(glycolide)-based (PLGA) electrospun nanofibers,
with different composition. The synthesized scaffolds were further examined with regard
to their chemical compositions, degradation rate and surface properties for the attachment
and growth of cardiac moycytes (CMs) to form a well-connected tissue (92). Additionally,
N. Bhattarai et al. (2005) reported potential materials for bone tissue engineering, based on
chitosan-containing nanofibers that promoted the adhesion of chondrocyte (HTB-94) and
osteoblast (MG-63) cells (93).
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Membranes are generaly prepared using flat collecting plates resulting in a randomly
oriented fibrous structure. However, native ECMs in different tissues or organs have
specifically defined architectures which play an important role in determining tissue
functions. Therefore, considerable attention has been given on the development of aligned-
oriented nanofibers with specific topological architectures favoring specific biological

responses.

C. Y. Xu et al. (2004) suggested that a polymer scaffold composed of aligned nanofibers
of synthetic polymers poly(L-lactide-co-¢-caprolactone) (P(LLA-CL)) mimics the native
extracellular matrix and demonstrated an improved favorable interaction of the smooth
muscle cells (SMCs) and the endothelial cells (EC) with the scaffold, compared to the
corresponding solvent cast polymer film (83; 64). Z. X. et al. (2010) successfully produced
electrospun randomly-oriented and aligned poly(lactic-co-glycolic acid) (PLGA)
nanofibers for bone tissue engineering application. Aligned nanofibers exhibited higher
adhesion and proliferation of the cell, as well as guided cells growth along the longitudinal
axis of generation (94).

Drug delivery: Polymer-based materials including macromolecular aggregates such as
micelles (95; 96; 97), vesicles (98; 99; 100), capsules (101; 102; 103), networks (104; 105;
106) and fibrous membranes (107; 108) combined with pharmaceutical compounds have
been extensively investigated in the biomedical area as drug delivery systems. The ability
of such materials to act as controlled drug carriers with optimal pharmacokinetic properties
is a key requirement in order to avoid the so call “burst release” (109), as well as the

generation of undesirable side-effects, due to the uncontrolled drug rel ease process.

In order to design a proper drug delivery release system, loading of the drug into
electrospun nanofibrous matrices could be achieved using different methods. In the case
where the drug and the polymer are soluble in the same solvent or solvent mixture and the
homogeneous solution is electrospun the drug is embedded in the fabricated nanofiber
scaffold. In another approach, the drug and the polymer are dissolved in a different solvent
and the two solutions are loaded in separate capillaries in order to be electrospun coaxially,
resulting in core-shell fibers where the drug is encapsulated selectively in the inner (core)
or outer (shell) of the fiber. Another technique for drug loading is via adsorption of the
drug onto the pre-generated electrospun nanofibrous mats upon immersing the nanofiber in
adrug solution (110; 111; 112; 113; 87; 39).
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Electrospun fiber mats composed of either poly(lactic acid) (PLA), poly(ethylene-co-vinyl
acetate) (PEVA), or from a 50:50 blend of the two, have been evaluated as drug delivery
vehicles for tetracycline hydrochloride (TH) as showed by Kenawy and co-workers (2002).
TH release profiles from the electrospun mats were compared to the release of a
commercialy available drug delivery system, Actisite (Alza Corporation, Palo Alto, CA),
as well as the drug release from corresponding cast films (114). Z. M. Huang and co-
workers used co-axial electrospinning nanofibers, for controlled release of multi drugs,
where the shell consisted of polycaprolactone (PCL) and the core consisted of two drugs,
namely Resveratrol and Gentamycin Sulfate. The drugs were released in a controlled way
without any initial burst release (110; 68).

The popularity of polymeric nanofibers in the biomedical field is demonstrated by the
number of existing reviews focusing on the unique properties and applications of these
materialsin the biomedical area (71; 115; 116).

3.1.2. Electrospun polymer-based membranesfor environmental applications

Protecting the water means protecting the planet means protecting the mankind.
Unfortunately, the rapid development of the industrial activities leads to environmental
pollution as a consequence of the industrialization process (117; 118). Heavy metal ions,
aromatic compounds (including phenolic derivatives, and polycyclic aromatic compounds)
pharmaceutics and dyes are often found in the environment as a result of their wide
industrial uses. They are common contaminants in wastewater and many of them are
known to be toxic or carcinogenic (119). This is one of the major problems that has to be
solved or at least minimized.

Several methods are utilized to remove contaminants from agueous environments, such as
advanced oxidation (120), photocatalysis (121; 122), adsorption (123) precipitation (124),
coagulation (125), chemica and electrochemical methodologies (126). However, most of
these technologies are both costly and ineffective, particularly when the concentration of
waste is very low. The adsorption technique is especially attractive because of its high
efficiency, environmental friendliness, simplicity of design, and ease of operation.
Activated carbon (127; 128), polymers in the form of hydrogels (123), fibers (129), and
films (130), or naturally occurring materials such as sawdust, silica, peel, hen feathers etc.
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(131; 132; 133) have been evaluated as adsorbents for the removal of different pollutants
found at very low concentrations in aqueous solutions (134).

The term adsorption refers to a process that involves the transfer of solutes from the liquid
phase to the surface of a solid matrix. More precisely, adsorption occurs whenever a solid
surface is exposed to liquid or gaseous surroundings wherein the material is concentrated
a the solid surface. Usually, the attraction between the solid surface and the adsorbed
molecules is physical in nature; hence the adsorption is referred to as physical adsorption.
In this case the attractive forces might be Van der Waals, electrostatic or hydrophobic
interactions, or hydrogen bonding. The adsorption process based on physical interactions
can be reversible due to the presence of weak attractive forces that can be destructed under
certain conditions (126).

A promising adsorbent should generally possess a porous structure, resulting to a high
surface area, which is directly correlated to the adsorbents efficiency. Among others,
fibrous materials with diameters in the micro- and nanometer range have attracted
considerable attention as potential adsorbents for harmful substances from agueous media
due to their high surface area and the ease of regeneration and recycling. In filtration
applications the sizes of the channels and pores of the membranes can be adjusted to the

sizes of the particlesto be filtered/adsorbed thus obtaining high efficiency (42).

Organic pollutants include pesticides, fertilizers, phenols, plasticizers, oils,
pharmaceuticals and other (135). One of the important classes of the pollutants is dye
molecules, such as malachite green, acid blue, reactive yellow etc. (126; 135). Due to their
complex molecular structure, synthetic organic dyes are chemically stable hence they are
not easily subjected to biodegadation, they exhibit high resistance to light, temperature and
oxidizers (118; 126).

X. Zhu et al. (2010) showed the effectiveness of polyvinyl chloride (PVC) ultrafine fibrous
membranes, prepared by electrospinning, to adsorb a cationic dye from agueous media
with sorption capacity reaching up to 29.86 mg-g™* (136). X. Fang et al. (2010) have
reported on the fabrication of crossinked  water-stable  electrospun
polyethyleneimine/polyvinyl acohol (PEI/PVA) nanofibers with an excellent dye sorption
capability. Those membranes were immersed in a methyl blue (MB) solution and the

adsorption kinetic profile was monitored using UV-vis spectrometry as seen in figure 3.1.
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The adsorbed amount of MB onto the nanofibrous mats was calcul ated to be 209.63 mg-g*
(137).
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Figure 3.1: (a) Photographs and (b) UV-vis spectra of methyl blue solution treated with the crosslinked
PEI/PVA nanofibrous mats at different time intervals (137).

As previously mentioned polycyclic aromatic hydrocarbons (PAHS) are toxic and stable
pollutants which can be widely distributed in aquatic ecosystems and transported over long
distances in water. Y. Dai et al. (2011) employed different electrospun non-woven fibrous
membranes based on poly(e-caprolactone) (PCL), poly(D,L-lactide) (PDLLA),
poly(lactide-co-caprolactone) (P(LA/CL)), poly(D,L-lactide-co-glycolide) (PDLGA) and
methoxy polyethylene glycol-poly(lactide-co-glycolide) (MPEG-PLGA) in order to obtain
their sorption ability. Through their study, they showed that electrospun fibers exhibited
high sorption effectiveness for PAHs with the highest sorption capacity 4112 ug-g™* being
observed in the case of the PCL membranes (138).

Furthermore, with the rapid development of the industrial sector, heavy metal ions are
directly or indirectly discharged into the environment increasingly, especialy in
developing countries (139). Heavy metal ion pollution also constitutes a serious
environmental and human problem due to their harmful effects, including toxicity or

carcinogenicity, nonbiodegrability, and accumulation in living organisms (140; 141).

The adsorbability of chitosan electrospun nanofibrous mats (diameter 235 nm) for copper
(Cu(I) and lead (Pb(l1)) metal ions was examined in aqueous solutions by S. Haider and
co-workers (2009). The neutralized chitosan nanofibrous matrices were found to be very
effective in metal ion removal with adsorption capacity reaching 485.44 mg-g* and 263.15
mg-g for Cu(ll) and lead Ph(l1) respectively (142).

Y. Tian et al. (2011) reported on the fabrication of polymethyl methacrylate (PMMA)-
graft-modified cellulose acetate (CA) nonwoven electrospun membranes and evaluated
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their ability to act as adsorbents for copper (Cu(ll)), mercury (Hg(ll)), and cadmium
(Cd(11)) heavy metal ions. Through their experimental results the authors demonstrated
that the membranes have high adsorption selectivity for Hg(I1) (69).

In conclusion, the superior properties characterizing electrospun nano- and micro- fibrous
membranes including among others structural flexibility, high surface area and porosity,
resulting to a high adsorption capacity, eco-friendliness, and recycling make them
excellent candidates for environmental applications especidly in water remediation

processes (143).

3.2. Polymer-based magnetoactive electrospun fibrous membranes

Nanocomposite materials belong to one of the most exciting and emerging classes of
advanced materials receiving considerable interest due to their potential applications in
many scientific and technological fields (144). These materials compris two or more
phases of different chemical constituents or structures, with at least one of the phases
having nanometric dimensions (145). A combination of functiona inorganic/organic fillers
at the nanometer scale with polymer-based fibers accomplished by electrospinning leads to
novel and highly attractive nanocomposite systems exhibiting exceptional features for
many applications in the biomedical field (146; 33; 147), in catalysis (148), environmental
(149), and in energy-related applications (57; 145). This improved performance compared
to the pristine polymer fibers arises from the combination of the properties of the
individual organic and inorganic components, as well as the generation of new properties
and consequently enhanced materials’ performance via the development of organic-
inorganic interfacial interaction phenomena (35; 145; 39; 150).

To date numerous examples appear in the literature dealing with the fabrication of
el ectrospun magnetoactive polymer-based fibrous nanocomposites that mainly focus on the
synthetic and characterization aspects. In such materials different types of polymers
including natural polymers, biopolymers and synthetic polymers, have been combined with
magnetic nanoparticles (NPs) including iron oxide (magnetite) (Fes04) (151; 152; 153;
154), maghemite (y-FexOs) (155; 156; 157), cobalt (Co) (158), nickel (Ni) (159), iron-
platinum (FePt) (160; 161) NPs etc. Iron oxide magnetic NPs are superior to other metal
oxide NPs due to their biocompatibility, non-toxicity, and stability and are, by far, the most
commonly employed magnetic NPs for biomedical applications (162).
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3.2.1. Synthesisand surface modification of magnetic nanoparticles

Magnetic NPs offer attractive possibilities in biomedicine due to their controllable size
ranging from a few nanometers up to tens of nanometers, and dimensions smaller than or
comparable to those of cells (10-100 um), viruses (20-450 nm), proteins (5-50 nm) or
genes (2 nm wide and 10-100 nm long) (163). Moreover, modification of their surfaces
provide them with additional functions and render them ideal candidates as contrast agents
in magnetic resonance imaging (MRI), in biomolecular detection, cell tracking, and for
targeted drug delivery in tumour therapy (164; 165).

Magnetic NPs of different compositions and phases have been synthesized, including iron
oxides, such as Fe304 and y-FexO3, pure metals such as Fe and Co, as well as spinel-type
ferromagnets, such as MgFe:Oz and CoFexO4 (166; 167; 168). Several procedures have
been developed for the preparation of magnetic NPs, including chemical co-precipitation,
thermal decomposition in organic media, and microemulsion processes (168). Co-
precipitation is a facile and convenient way to synthesize iron oxides (either FesO4 or y-
FexOs3) from agueous sol utions containing Fe?*/Fe** salt mixtures in the presence of a base
(typicaly NaOH or NH4OH) under inert atmosphere at room or at elevated temperatures.
The type of the salts used (e.g. chlorides, sulfates, nitrates), the Fe?*/Fe** molar ratio, the
reaction temperature, the pH value and ionic strength of the media influence strongly the
size, shape, and composition of magnetic NPs (169; 168).

In therma decomposition process the decomposition of iron organic precursors (e.g.
carboxylates) takes place at high temperatures, after their injection to a hot solution of
organic solvents (e.g. phenyl ether) in the presence of surfactants (e.g. oleic acid). During
this process, parameters such as temperature, solvents, and reaction time normally play a
key role in the formation of the final products. For example when the water content in the
reaction set-up is increased, larger FesOs-particles are produced. The microemulsion
method is composed of three phases: oil, water and surfactant, where dispersion of two
immiscible liquids, such as oil and water, in the presence of surfactant occurs. The
surfactant provides confinement effects that limit the particle nucleation, growth and
agglomeration (170; 169).

Nevertheless, in the absence of any surface coating, magnetic iron oxide NPs have
hydrophobic surfaces with a large surface-to-volume ratio. In order to reduce their large

surface area, and due to the development of strong magnetic interactions, the magnetic NPs
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exhibit a high tendency for agglomeration, and form large clusters, resulting in increased
particle size (figure 3.2 (a)). These clusters show ferromagnetic or ferrimagnetic behavior
due to the exhibition of strong magnetic dipole-dipole attractions between them. Moreover,
the uncoated iron oxide magnetic NPs have high chemical activity, and are easily oxidized
in air (especialy magnetite) which results in decreasing magnetism and dispersibility
(171).

When the size of the NPs is below a critical value, which depends on the material, but is
typically around 10-20 nm, the particles exhibits unique magnetic properties (168). In
order to obtain such small magnetic NPs, stabilizers are usually added at the time of
preparation to prevent NPs aggregation (figure 3.2 (b)) (172). More precisely, this
agglomeration might be avoided if the surface of the MNPs is modified or coated with
appropriate stabilizing agents such as organic surfactants (electrostatic repulsion) (e.g.
sodium oleate, dodecylamine) or organic polymers (steric repulsion) (e.g. chitosan,
polyethylene glycol, polyaniline), as well as bioactive molecules and structures (e.g.
liposomes, peptides). Practically, in many cases the protecting shells could aso be used not
only for the stabilization of the iron oxide magnetic NPs, but aso for further
functionalization (173; 174, 175; 176; 151; 177; 162; 178).
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Figure 3.2: (a) Agglomerated magnetic NPs. (b) Coated magnetic NPs stabilized in aqueous solution.

Electrostatic interactions are important in the stabilization of many colloidal systems
including clays and sols. Stabilization is based on the development of repulsion forces on
the surface of the colloidal particles, in order to overcome the attraction forces (figure 3.3).
In liquid dispersion media, ionic groups can adsorb onto the surface of the colloidal
particle resulting in the generation of an electrica double layer. To maintain

electroneutrality, an equal number of counterions with the opposite charge will surround
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the colloidal particles and give rise to overall charge-neutral double layers. In electrostatic
stabilization, it is the mutual repulsion of these double layers surrounding the particles that

provides stability.

ELECTROSTATIC STABILIZATION
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Figure 3.3: Schematic illustration of the two basic stabilization mechanisms to stabiliz the NPs: Electrostatic

and steric stabilization.

Steric stabilization occurs when long-chain molecules cover the particle surface (figure
3.3). When the colloidal particles approach one other, an effective repulsion occurs due to
the limited interpenetration of the polymer chains, leading to the stabilization of the
dispersion against flocculation (179). In the case of sterically stabilized NPs in various
carrier liquids, the particle surface covering efficiency and consequently the balance
between attractive and repulsive interactions between particles are closely related to the
type and quality of the stabilizing agents used, as well as the temperature of the medium
(180). Electrosteric stabilization is referred as a combination of the two above-mentioned
mechanisms and can be aso employed for minimizing particle aggregation based on the

enhancement of the repulsive interaction forces.

Steric stabilization is advantageous compared to electrostatic stabilization. Firstly, steric
stabilization is effective in both non-agueous and agueous media, whereas electrostatic
stabilization commonly takes place in aqueous solutions. Additionaly, in steric

stabilization electrolyte concentration does not influence the interparticle repulsion, in
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contrast to charge-stabilized colloids where the electric double-layer thickness is very
senditive to ionic strength. Finaly, electrostatic stabilization is mostly effective at low
colloidal concentrations, whereas steric stabilization may operate in a broader

concentration range (179).

When the magnetic NPs are stabilized entirely by electrostatic repulsion mechanismsin the
presence of surfactant bilayers their stability is strongly affected by external conditions
such as pH and ionic strength, offering little flexibility for altering the surface properties of
the particles. This is especially important especially when such colloidal systems are
destined for use in biomedical applications because they are administered in a human
body, and hence they have to be highly stable at both neutral pH and high ionic strength.
By coating the particle surface with organic polymeric materials/surfactants that provide
steric repulsion between the particles, the stabilization of magnetic NPs under such

biological conditions can be significantly improved (181).

Surface modification of superparamagnetic iron oxide magnetic nanoparticles (SPIONS)
can be carried out either during their synthesis or in a post-synthesis process. The ideal
molecules for the stabilization of SPIONs should be biocompatible and biodegradable. One
of the most widely used categories of stabilizers for SPIONS, are surfactants such as oleic
acid, lauric acid, alkane sulphonic acids, and alkene phosphonic acids. These molecules
consist of a hydrophobic tail and a hydrophilic head and are amphiphilic in nature.
Surfactants can bind effectively onto the SPIONs surfaces and stabilize them in organic
solvents. However, SPIONS in organic suspensions cannot be used for biological purposes
(182; 164). This hydrophobic surface could be inverted to a hydrophilic surface, by using

an amphiphilic polymeric shell, or upon introducing a surfactant bilayer.

Oleic acid (OA) is a surfactant that has been extensively used to stabilize the magnetic NPs
synthesized by the traditional co-precipitation method (183; 184). J. N. K. Shimoiizaka et
al. (1980) were the first to introduce OA as stabilizer for magnetic NPs. They employed a
bilayer stabilization process by first precipitating oleic-acid-coated particles and then
redispersing them in agueous solutions of sodium dodecylbenzene sulfonate,
poly(oxyethylene) nonylphenyl ethers, and di(2-ethylhexyl)-adipate, which adsorb as a
second layer on top of the oleic acid (185; 186; 181). Additionally, in order to transform
the SPIONSs dispersion from organic to aqueous solution Y. Wang et al. (2003) used a pha-
cyclodextrin as a host molecule, capable of forming an incluson complex with the
hydrophobic OA-coated SPIONSs (187).
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One of the most common ways to stabilize magnetic NP, providing colloidal stability in
water through steric stabilization is the use of polymer stabilizers. In this case the repulsive
forces are reinforced in order to balance the magnetic and Van der Waals attractive forces
acting on the NPs (171). Additionally, the use of a polymer surface coating may provide
further functions and exclusive physical and chemical characteristics thus allowing the use
of MNP in various fields. However, a main drawback accompanying the anchoring of a
non-magnetic polymer coating onto the MNP surface is the reduction in the saturation
magnetization (Ms) (170). The polymer is bonded onto the surface of the dispersed NPs via
adsorption or by grafting (188). Regarding the latter, polymer anchoring can be achieved
via two aternative approaches. In the first way an initiator is immobilized onto the iron
oxide magnetic NPs surface followed by polymerization. In the second way, the grafting of
the polymer chain can be performed by the in-situ grafting of functional, pre-formed

polymer chains on the NP surfaces (189).

Various polymers either synthetic or natural were successfully used as coating materials
for MNP. Poly (ethylene-co-vinyl acetate), polyvinylpyrrolidone (PVP), polylactic-co-
glycolic acid (PLGA), polyethylene glycol (PEG) or polyvinyl acohol (PVA) gelatin,
dextran, polylactic acids, starch, abumin, liposomes, chitosan, ethyl cellulose etc. have
been used for the dispersion of SPIONs in aqueous media for the purpose of drug delivery
(172). Biological molecules such as proteins, polypeptides, antibodies etc., may aso bind
to the surface of iron oxide magnetic NPs by chemical coupling using appropriate end-
group functionalities, so as to make the NPs both stable and target specific (171; 190).

N. Jan et al. (2009) synthesized stable, water-based y-FexOs ferrofluids via co-
precipitation followed by stabilization using a short chain, water-soluble diblock
copolymer of acrylic acid and acrylamide prepared by reversible addition-fragmentation
chain transfer (RAFT) controlled radical polymerization. This polymeric steric stabilizing
layer remained strongly attached to the NPs surface even under extreme solution
conditions (181).

L. L. Zhou et al. (2009) prepared polymer-coated magnetic NPs using poly((2-
dimethylamino) ethyl methacrylate) (PDMAEMA), in order to develop novel potential
carriers for targeted drug delivery and controllable release. The core/shell
FesO4/PDMAEMA hybrid NPs were loaded with a drug and the drug release was
effectively controlled by alternating the pH-value (191). The same research group reported
also on the synthesis of magnetic NPs using poly(e-caprolactone)-carbazole as a stabilizing
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agent. The resulting core/shell structure was evaluated in targeted drug delivery under an
externally applied magnetic field (192).

Finally, metallic NPs could be combined with magnetic NPs leading to new applicationsin
biomedicine. Metallic core-shell types of iron oxide magnetic NPs have been extensively
investigated, having an inner iron oxide core and an outer inorganic metallic shell (172).
One of the simplest and efficient methods to prepare such core-shell nanostructures is the
sequential growth of metallic components onto a “colloidosome” of magnetic NPs, where
the metallic compounds is attached on the exposed surface of the magnetic NPs (figure
3.4) (193). These coatings provide NPs stability, and assist the binding of various
biological ligands on the NP surfaces (172).

Figure 3.4: (a) TEM and (b) HRTEM images of Fe;O4-Ag heterodimers generated at a liquid-liquid
interface (193).

3.2.2. Magnetic properties of magnetic- and iron oxide-based nanoparticles

Iron oxide based crystalline structures have the general formula Fe**OsM?*O, where M?* is
a divalent metal ion such as iron (Fe), manganese (Mn), nickel (Ni), cobalt (Co), or
magnesium (Mg). In magnetite the M?* is the ferrous iron Fe**. Magnetite, FesOs
(Fe**OsFe?*0), has a cubic inverse spinel structure with oxygen forming face cubic center
(FCC) (figure 3.5 (a)), with lattice parameters at 8.396 A, closed packing and Fe cations
occupying interstitial tetrahedral sites and octahedra sites (figure 3.5 (b)). Due to electron
hopping occurring between Fe** and Fe** ions in the octahedral sites at room temperature,
magnetite behaves like a haf-metallic material. With proper surface coating, these
magnetic NPs can be dispersed into suitable solvents, forming homogeneous suspensions,
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called ferrofluids that retain their solution stability and homogeneity even in the most
intense magnetic fields (172; 165).
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Figure 3.5: (a) Face-centred cubic spinel structure of magnetite and (b) magnification of one tetrahedron

and one adjacent octahedron sharing an oxygen atom (194).

Iron is a versatile element forming several phases with different oxidation states and
structures, such as magnetite (FesOs—Fe?'Fe,04) exhibiting ferrimagnetic, or
superparamagnetic behavior when the particle diameter size is less than 15 nm, hematite
(0-Fex0s) that demonstrates weakly ferromagnetic or antiferromagnetic behavior,
maghemite (y-FexOs) which exhibits ferrimagnetic behavior and wistite (FeO) that is
characterized by an antiferromagnetic behavior. All these iron oxide phases have unique
physicochemical properties which can be used for different applications (195; 171). For all
the above-mentioned iron oxides magnetite and maghemite are the most promising and
popular candidates especially for applications in the biomedical field.

When a magnetic materia is placed in a magnetic field, the individual atomic moments in

the material contribute to its overall response.

The magnetic field strength H, the induction magnetic field B, and the magnetization M
arerelated according to the equation 3.1:

B=po-(H+M) Equation 3.1

where, o is the permeability in vacuo (1.257-10° Hm™), and M =m/ V is the magnetic
moment per unit volume, where m is the magnetic moment in avolume V of the material.

All materials are magnetic to some extent, with their response depending on their atomic
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structure and temperature. They may be conveniently classified in terms of their

volumetric magnetic susceptibility, y (equation 3.2):
M=y-H Equation 3.2
where, M describes the magnetization induced in amaterial by H.

While the size, shape, variations occurring for example via doping, and shell-core design
can tune the magnetic properties of the magnetic NPs based on the response of the
intrinsic MNP magnetic dipole and the net magnetization in the presence and absence of an
applied magnetic field, magnetic NPs are typically classified as being either diamagnetic,
paramagnetic, ferromagnetic, ferrimagnetic, and antiferromagnetic. Figure 3.6 shows the

net magnetic dipole arrangement for each of these types of magnetic materials (196).

Diamagnetic materials are those which are magnetic only under an applied magnetic field.
Diamagnetism which is a weak form of magnetism, occurs only in the presence of a
magnetic field where magnetic moments are temporarily aligned opposite to the applied
field whereas, after the external field is removed this alignment is not retained. This
phenomenon is caused only by the orbital motion of the electrons under the influence of an
applied field, therefore the magnetic permeability and the magnetic susceptibility are
negative (-10° to -10°%). Although, diamagnetism is found in all materias it can only be
observed in materials that do not exhibit any other forms of magnetism (170).

Paramagnetic materials also show weak magnetization having small magnetic
permeability (1) and magnetic susceptibility (x) in the order of 10° to 10t In
paramagnetic materials, the existing magnetic dipoles are partially oriented to the field
only upon applying of an external magnetic field. These materials have unpaired electrons
that in the absence of the magnetic field are randomly oriented. These electrons in the
presence of an external field are aligned parallel to the applied magnetic field. This type of
materials have neither coercivity nor remanence indicating that after the external field is
removed the internal magnetic dipoles randomize again and no extra energy is required to
demagnetize the material. Hence the material does not remain magnetized. Examples of
paramagnetic materials include magnesium, molybdenum, lithium and tantalum (197; 170;
196).

Ferri- and ferromagnetic materials are those that are able to maintain their magnetic

properties even after the magnetic field is removed exhibiting strong magnetization, only
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below their corresponding Curie temperature (Tc). Tc is the temperature at which the
elementary magnetic moments are randomized and the material is demagnetized. They
contain unpaired electrons, whose moments are due to the interactions between
neighboring spins, at least partially aligned even when no magnetic field is present.
Ferromagnetic substances have an overall net magnetic moment, and they are
characterized by a large and positive susceptibility (0.01-10°) and a large magnetic
permeability in the presence of an external magnetic field. Their strong magnetic
properties are attributed to the presence of magnetic domains. In these domains, large
numbers of atomic moments (102 to 10'°) are aligned pardlel to the field so that the
magnetic force within the domain is strong even in the absence of an applied magnetic
field (170; 172; 196).

Besides the ferromagnetic materials, there is a different magnetization state at which the
magnetic dipoles or interacting spins of a material are aligned antiparallel in the lattice
hence showing a net zero magnetism namely as antiferromagnetism. The iron oxide
particles such as the magnetite and the maghemite belong to a different magnetization
category, the so-called ferrimagnetics. In this class of materials the magnetic moments of
the atoms found at different sublattices are opposed, but since those are unequal, a net

magnetization value remains.

In antiferromagnetic and ferrimagnetic materials, the atomic level magnetic dipole
moments are similar to those of ferromagnetic materials, however, adjacent dipole
moments exist that are not oriented in parallel and effectively cancel or reduce,

respectively, the impact of neighboring magnetic dipoles within the material in the absence

of an applied field.
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Figure 3.6: Magnetic dipoles and behavior in the presence and absence of an external magnetic field. Based
on the alignment and response of magnetic dipoles, materials are classified as diamagnetic, paramagnetic,

ferromagnetic, ferrimagnetic, and antiferromagnetic (196).
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The magnetic properties of the iron oxide particles are clody-related to their size. Particles
with diameters of less than 20 nm represent an important class of nanostructured materials
(198). It is well-known that the internal ferromagnetism of a ferromagnetic material is no
longer maintained as the particle size decreases (199). F Frenkel and J. Dorfman (1930)
(200) were the first to predict that a particle of a ferromagnetic material, below a critical
size, (<15 nm), would consist of a single magnetic domain (201). When the size of
magnetic domain decreases, the effect of thermal fluctuation is not negligible, resulting to
the reduction of the remanant magnetization at zero field, whereas the relaxation of the

magnetic dipole moments becomes more reversible and fast (199).

Iron oxide, at this scale exhibits a super paramagnetic behavior at room temperature with
high saturation magnetization (Ms) values (172). That means, when these NPs are placed in
an external magnetic field, their magnetic moments align rapidly in the direction of the
magnetic field, enhancing the magnetic flux thus the material displays a net magnetization.
When the NPs size is around 10-20 nm, each NP becomes a single magnetic domain and
shows superparamagnetic behavior (168). Superparamagnetism is caused by thermal
effects occurring in the material (202). When the magnetic field is removed, these particles
have zero coercivity (the field required to bring the magnetization to zero) and above the
blocking temperature (Tg), thermal fluctuations are strong enough to spontaneously
demagnetize a previously saturated assembly; therefore superparamagnetic materials have
no hysteresisloop (165; 202).

Superparamagnetism occurs when crystal-containing regions of unpaired spins are
sufficiently large that they can be regarded as thermodynamically independent, single
domains. The net magnetic dipole of these single domains is larger than the sum of their
individual unpaired electrons. In the absence of a magnetic field, such magnetic domains
are free to rotate due to thermal motion, and are randomly oriented, whereas in the
presence of a magnetic field the magnetic dipoles are re-oriented (figure 3.7). After
remova of the magnetic field, magnetic domains loose their orientation and the net
magnetic moment becomes zero (203). The use of superparamagnetic nanosystems is
preferred, especially in biomedica applications, due to their ability to become magnetized
upon exposure to a magnetic field whereas no permanent magnetization remains when the
field isturned off (202).
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Figure 3.7: (a) SPIONs single domains are randomly oriented in the absence of an external magnetic field

and (b) SPIONsin the presence of an external magnetic field (Bo) are reoriented parallel to the field.

For magnetic NPs there are three important parameters that describe their strength and
magnetization. The first one is the maximum magnetization that can be achieved, known as
the saturation magnetization (Ms), and it arises when all the magnetic dipoles are aligned
in the direction of an externally applied magnetic field. The second one is the remanent
magnetization (Mg), which indicates the residual magnetization after an applied field is
removed. The final parameter is the coercive field (Hc), presenting the externa field of
opposite sign that is required to reduce the magnetization back to zero. Figure 3.8 shows
typical magnetization curves for magnetic NPs exhibiting different magnetic behavior. In
contrast to the hysteresis loop which is observed in the case of ferromagnetic NPs (red
line), the response of the superparamagnetic NPs under an applied magnetic field, follows
a sigmoidal curve without hysteresis (green line). In the same figure the paramagnetic
(blueline) and diamagnetic (black line) behaviour are also shown (163; 196).

Ferromagnetic
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Figure 3.8: Magnetization versus applied magnetic field strength plots indicating different magnetic
responses of the magnetic NPs (196).

-35-



Chapter 3 Polymer-based Nanocomposite Electrospun Membranes

Finally, the magnetic behavior of magnetic NPs is temperature-dependent. As previously
mentioned, above the temperature known as the blocking temperature (Tg,), both
ferromagnetic and ferrimagnetic NPs exhibit superparamagnetic behavior. More precisely,
if the magnetic moment reverses at shorter times than the experimental time scales, the
system is found to be in a superparamagnetic state, if not, it is in the so-called blocked
state. The temperature, which separates these two regimes, isreferred as Tgs. Tg depends on
the effective anisotropy constant Ky, that determines the energy to be overcome in order to
invert the direction of the magnetic dipoles of the material, the size of the particles, the
applied magnetic field, and the experimental measuring time (168). While the magnetic
dipoles have the tendency to fluctuate randomly and with the temperature rise this
phenomenon increases, the moments are not aligned in respect to each other resulting to
the reduction of the Ms. Furthermore, a a certain temperature the so-called Curie
temperature (Tc), a ferromagnetic material becomes paramagnetic. Néel temperature (Tn)
corresponds to the transition temperature of antiferromagnetic or ferrimagnetic behavior to
paramagnetic. At these temperatures, the available thermal energy simply overcomes the
interaction energy between the spins and the macroscopic magnetic ordering, within the
material, is destroyed.

3.2.3. Magnetoactive electrospun polymer-based nanocomposites in biomedical

applications

The development of multifunctional magnetic NP-containing systems that present
superparamagnetic behavior at room temperature is an ambitious goal, opening new
avenues for selective and targeted therapy treatment. Generally NPs are more beneficial
compared to microparticles, since they exhibit efficient uptake by a variety of cell types
and they are available to a wider range of cellular and intracellular targets due to their
smaller size and higher mobility (204). Additionaly, when considering the MNP surface
chemistry for drug delivery, it is important that magnetic NPs retain sufficient
hydrophilicity, and do not exceed 100 nm in size (including the surface coating), so as not
to be recognized by the reticuloendothelia system (RES). RESisaclass of cellsthat occur
in widely separated parts of the human body, and are phagocytic cellsi.e., they can engulf
and destroy bacteria, viruses, and other foreign substances (162; 202). As previously noted
the stabilization, which is directly linked to the particles’ size, is essential for using

magnetic NPs in medical applications in water at neutral pH and physiological salinity
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(201; 181). Concluding, functionalized magnetic NPs are essential in biomedicine due to
their unique magnet properties, higher effective surface areas, lower sedimentation rates
and improved tissular difusion (164; 201).

Magnetoresponsive polymer-based fibrous nanocomposites belonging to the broad
category of stimuli-responsive materials, is a relatively new class of “soft” composite
materias, consisting of magnetic NPs embedded within a polymeric fibrous matrix. The
presence of an externally applied magnetic field influences the properties of these
materials rendering them useful in numerous biomedical applications including
magnetically-triggered drug delivery (205), magnetic cell seeding, magnetic bioseparation
(206), hyperthermia cancer treatment (207), contrast enhancement in magnetic resonance
imaging (208; 209; 210) and biosensing (211).

All the above emphasize on the importance in the preparation of magnetoactive
electrospun fibers (178). The major difficulties during the preparation of such materials
include the development of stable dispersions of magnetic NPs, the selection of an
appropriate method for fiber preparation and the generation of (nano)fibers with tunable
degradation rate depending on the application (212).

Different strategies have been employed to generate electrospun magnetoactive polymer-
based (nano)fibers. The main one involves the direct mixing of magnetic NPs with the
polymer solution followed by electrospinning. For obtaining homogeneous nanoparticle
dispersions in polymer-containing solutions, mechanica stirring and ultrasonication are
usually employed (213; 214; 156). As mentioned above, due to their hydrophobicity, high
surface area, and the presence of strong magnetic interactions, these MNPs tend to
agglomerate. Consequently, inhomogeneous polymer solutions are generated and solution
stability issues that disfavor the electrospinning process rise. As a result the magnetic NPs
may not be evenly distributed within the produced e ectrospun nanofibers, whereas such
aggregation phenomena may significantly affect the magnetic properties of the final
products.

Another approach that has been explored for the production of composite nanofibrous
membranes involves the simultaneous electrospinning-electrospraying process.
Nanomaterials or nanoparticles are electrosprayed from a different direction to that of
electrospinning with a paralel power source and syringe pump as schematicaly illustrated
in figure 3.9 (86; 215). D. Gupta et al. (2009) combined electrospinning and
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electrospraying techniques in order to produce a better osteophilic environment for the
growth and mineralization of osteoblasts. More precisly, they electrosprayed hydroxypatite
(HA) NPs on the surface of electrospun polymeric nanofibers developing in this way a
uniform layer (216).

[ Syringe pump ] Syringe pump ]

-‘ + Collector —‘ +

Figure 3.9: Set-up of simultaneous el ectrospun-electrospraying.

Tissue engineering: One of the most important biomedical challenges is the design of an
ideal tissue-engineering scaffold. As previously noted the structural features of the tissue-
engineering scaffolds affect cell response and must be engineered to mimic the structure
and biological functions of ECM, to support cell adhesion, proliferation, migration and
also to provide a good environment for the cells ensuring functional neotissue formation.
Polymeric nanofibers are gaining increasing popularity because they can serve as tissue-
engineering scaffolds, due to their morphologica similarities to the native ECM (217,
178).

Magnetic-loaded therapeutic systems have shown promising results in tissue engineering
applications. More precisaly, it has been demonstrated that magnetoactive tissue
engineering scaffolds can be used in the treatment of bone diseases by promoting
proliferation and differentiation of osteoblasts, increasing osteointegration, and
accelerating new bone formation (218). Based on previous literature reports, the applied
static magnetic field promotes cell proliferation thus stimulating bone tissue regeneration
(219; 220). The introduction of magnetic nanoparticles results to further enhancement in
cell proliferation, demonstrating that the applied magnetic field in combination with
magnetic nanoparticles act in a synergistic manner.

However, to the best of our knowledge, very few studies exist so far describing the

evaluation of magnetoactive eectrospun fibrous membranes as scaffolds for bone

regeneration. J. Meng et al. (2010) studied cell proliferation, differentiation and ECM
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secretion of osteoblast cells in the presence of magnetoactive, electrospun nanofibrous
composite mats under a static magnetic field providing a system with promising
application potentials (157). They fabricated scaffolds composed of poly(D,L-lactide)
(PLA), hydroxyapatite nanoparticles (nHA) and meso-2,3-dimercaptosuccinic acid
(DM SA)-coated y-Fe-Os nanoparticles and they showed that when a static magnetic field
(0.9-1.0 mT) was applied a significantly higher proliferation rate and faster differentiation
of osteoblast cells were displayed (figure 3.10) (157).

Moreover, a magnetically-modified extracellular matrix protein (ECM) namely laminin
has been attached in a gradient manner onto electrospun nanofibrous scaffolds using an
externally-applied magnetic field (221). From all the above it becomes obvious that the
combination of electrospun nanofibers with magnetic NPs is expected to lead to new
materials with superior properties and functions enabling their high efficacy as advanced
tissue engineering scaffolds (222; 163; 84).

Figure 3.10: SEM images of the cells on the nanofibrous composite films in the inducible osteogenic
supplements for 21 days with applying magnetic fields. A-D: Cells on the y-Fe;Os/nHA/PLA films. E-F:
Cells on the nHA/PLA films (157).

Y. Wei et al. (2011) have reported on the fabrication of magnetic biodegradable materials
by means of the electrospinning technique, based on native polysaccharide chitosan (CS),
polyvinyl alcohol (PVA), and iron oxide (Fes0Os) magnetic NPs with potential use in bone
regeneration. MG-63 cells were cultured on the FesO4/CS/PV A nanofibrous membranes to
evauate the cell growth dynamics. The obtained results demonstrated that cell adhesion
and proliferation increased in the presence of the magnetic NPs (97).

The performance of magnetoresponsive fibrous mats on bone regeneration was also
studied by K. Lai and co-workers (2012) who have reported on the fabrication of fibrous
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biocompatible scaffolds consisting of poly(lactic-co-glycolic acid) (PLGA) and
superparamagnetic Fe3Os NPs with different mass ratios and evaluated their effects on
different bone cells in the absence of an external magnetic field (223). The magnetite-
containing nanocomposite scaffolds exhibited excellent biocompatibility, enhanced
osteoblast cell attachment and proliferation at an early culture time in comparison with the

pristine PLGA fibrous anal ogues.

Drug delivery: Electrospun polymeric fibrous materials have been extensively exploited
as drug delivery systems (107; 108), offering some significant medical benefits like large
surface area, nontoxic degradation in the human body and the controllable matrix
properties such as the diameter, porosity, and morphology by changing the electrospinning
processing variables and types of materials.

Of great importance in the design and fabrication of new nanosystems to be used in
medical treatment are stimuli-responsive polymer-based biomaterials, exhibiting
sengitivity to common triggers, including changes in pH, temperature and magnetic or
electrical field. These “smart” nanostructures have demonstrated great potential in the
biomedical field as controlled drug delivery systems (224; 225; 226).

Despite the use and future exploitation of MNP-containing electrospun membranes in cell
expansion, cell sheet construction, magnetic cell seeding, and cancer hyperthermia
treatment (227), those can be aso employed in magnetothermally triggered drug delivery
(228; 162; 97). The presence of magnetic iron (Fe)-based NPs in a (nano)fibrous drug
delivery platform may be proved to be a very promising therapeutic and diagnostic tool in
the future, since it may lead to the development of novel and highly effective
multifunctional magnetically-triggered drug delivery systems (162).

Generally there are three possible ways of achieving targeted delivery: active, passive, and
physical targeting. In active targeting the active agent or the carrier system is attached
directly to atissue- or a cell-specific ligand, whereas passive targeting involves coupling of
the active agent to a macromolecule such as a high-molecular-weight polymer that
passively reaches the target organ (229; 230). Physical targeting allows distribution of
drugs and carrier systems through external influences, such as magnets in the case of MNP
or heat (230).

The major disadvantage of most chemotherapies is that they are relatively non-specific.
This may have serious negative effects including deleterious side-effects as the drug
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attacks normal healthy cells in addition to the target tumour cells. Purposing to the
reduction of the drug dosage required, by more efficient and localized targeting, in the late
1970s researchers started to explore the use of magnetic carriers (163). Those structures
may be either constructed by MNP coated with a biocompatible polymer or MNP
precipitated inside the pores of a porous biocompatible polymer (163; 231; 172).

The effectiveness of the therapy depends on several physical parameters, including the
field strength, gradient and volumetric and magnetic properties of the particles. Other
ferrofluid parameters such as the particle size, the surface characteristics, the
concentration, and the strength of the drug-particle interaction, also influence the infusion
route, such as the duration and rate of the injection are very important. Finally, there are
physiological parameters such as tissue depth to the target site (e.g. distance from the
magnetic field source), reversibility, blood flow, and tumour volume/location (163; 208;
202) that also need to be taken into consideration.

Magnetic drug delivery is currently one of the most active areas in cancer research (208).
Thefirst clinical trials in humans with a magnetic drug targeting system were reported by
A. S. Lubbe et al. (1996), who used ferrofluids (particle size 100 nm) to which the drug
epirubicin, which is widely applied for the treatment of solid tumours (232), was
chemically bound (233; 234; 235; 236).

Even though large numbers of applications appears dealing with the fabrication of
electrospun, polymer-based fibrous (nano)composites comprise polymeric materials and
magnetic nanoparticles, only a few studies exist dealing with the investigation of such
systems in drug delivery processes. To the best of our knowledge only four reports so far
have been focused on the aforementioned application of such polymer-based
nanocomposites (178).

L. Wang and co-workers (2012) have reported on the fabrication of electrospun
nanofibrous composites based on two cellulose derivatives and FesOs magnetite
nanoparticles. In those, either indomethacin (IDN) or aspirin have been incorporated as
model pharmaceutical compounds and their release profile has been investigated in
artificial intestinal juice. Based on their studies they have claimed that the presence of
magnetic nanoparticles does not influence the drug release profiles of the nanofibrous
devices (237).
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In another example, S. T. Tan et al. (2005) described the fabrication of superparamagnetic
polymer nanofibers consisting of poly(hydroxyethyl methacrylate), PHEMA, poly-L-
lactide (PLLA) and magnetite nanoparticles by electrospinning. Their efficiency in drug
delivery via the incorporation of a fluorescent enzyme namely abumin with dog
fluorescein isothiocyanate (ADFI) was investigated. Monitoring the drug release properties
of the fluorescent model pharmaceutical compounds has been carried out by means of UV -
vis spectrophotometry and fluorescence emission spectroscopy (155).

Finally, in a very recent work by us we have described the fabrication of electrospun
magnetoactive polyethylene oxide/poly(L-lactide) (PEO/PLLA) membranes with
embedded oleic acid-coated magnetite nanoparticles (OA.Fes04). Those systems exhibited
superparamagnetic behavior at room temperature. The membranes were loaded with a
widely used analgesic namely acetaminophen (paracetamol) and its release profile was
investigated in a buffer solution and in complete culture media as schematically illustrated
in figure 3.11. From this investigation in has been demonstrated that the membrane
magnetic content as well as the protein content of the release medium are highly

influencing factorsin the drug release rate (151).

Figure 3.11: Schematic presentation of the drug release process from drug-loaded magnetoactive

electrospun membranes when immersed in an aqueous medium.

Hyperther mia: Nanoparticles are submicron moieties with diameters ranging from 10 to
100 nm, made of inorganic or organic materials, which have many unique magnetic
properties compared with the bulk materials (171). Magnetic NPs are currently the focus of

nanotechnology due to their functional and structural properties, including the possibility
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to be driven by external magnetic fields, the ability to pass through capillaries without
occluding them and to absorb and convert electromagnetic radiation in heat, that are not
available from existing molecular or macroscopic agents (238).

The preferential destruction of cancer cells without damaging normal cells has been a
desired goal in cancer therapy (208). Cancer cells are destroyed at temperatures higher
than 43 °C, whereas the optimal temperature for human cells to survive is about 37 °C.
Despite the selective damage of cancerous cells due to heating phenomena induced by a
magnetic field, magnetic hyperthermia renders cancerous cells more vulnerable to other
therapeutic modalities. In hyperthermia treatment external devices are used to transfer
energy in the form of heat to tissues either by irradiation with light or via electromagnetic
waves. Besides magnetic hyperthermia, for hyperthermia induction ultrasound,
radiofrequency, microwaves, and infrared radiation are aso currently used (207).
However, each one of these methods suffers from certain limitations. Based on the above
the use of a magnetic field in hyperthermia treatment of malignant tumors has been
recognized as a highly promising therapeutic modality in cancer treatment. Magnetic
hyperthermia is based on the heat generated at selected sites of the body, due to the
presence of magnetic NPs when those are placed in an aternative magnetic field (AMF)
(205). The amount of heat generated depends on the nature of magnetic material, the
strength of the magnetic field, the frequency of oscillation and the cooling capacity of the
blood flow in the tumour site. The magnetic field is not adsorbed by living tissues and it

can be applied to deep regionsin the living body (172).

MNP-based hyperthermia treatment is advantageous compared to other methods, since it
delivers the therapeutic heat directly to the cancer cells rendering the treatment more
selective and effective. Selectivity and therapeutic efficiency is enhanced upon anchoring
of a cell targetic ligand onto the surface of magnetic NPs. Moreover, the frequencies of
oscillating magnetic fields generally pass harmlessly through the body and generate heat
only in tissues containing magnetic NPs (207).

Magnetic NPs that are distributed at the targeted tumor site interact with the magnetic field
undergoing two different relaxation mechanisms that result to atemperature increase above
the physiological body temperature within the range of 41-45C (239). More precisely, the
Néel relaxation mechanism involves rapid directional changes of the magnetic moments

relative to crystal lattice (internal dynamics), whereas in the Brownian relaxation
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mechanism heat generation is caused by friction phenomena occurring via the physical

rotation of the NPs in the medium in which they are dispersed (external dynamics) (207).

Numerous literature examples exist, dealing with the magnetic heating properties of
different types of magnetic nanoparticles including iron oxides (FesOs and FexO3) (240),
CoFexO4 and MnFexO4 (241) etc. Nevertheless, the number of reported studies involving
the investigation of the applicability of electrospun fibers with embedded magnetic NPs for
selective damage of cancerous cells through hyperthermia treatment is very limited (figure
3.12).

In arecent study, electrospun biodegradable chitosan nanofibers with embedded magnetite
nanoparticles were explored in regards to their heating capability when exposed to an
aternating magnetic field. It was found that the heat produced by the magnetoactive
electrospun mats via the interaction of the embedded magnetite nanoparticles with the
applied aternating magnetic field resulted to a temperature increase in the medium to 45
°C, thus demonstrating the potency of these materials in endoscopic treatment of malignant
tumors. Moreover, by performing in vitro studies, it has been shown that the generated hesat
causing the aforementioned temperature rise resulted to a significant reduction in the

proliferation and growth rate of malignant cells (239).

f Magnetic hyperthermia treatment of \

cancerous cells

Tumor cells

Magnetic field

Magnetoactive electrospun

K fibrous membranes /

Figure 3.12: Applicability of magnetoactive electrospun fibrous membranesin hyperthermia cancer

treatment.

In another example, FexOs nanoparticles have been incorporated within polyurethane
nanofibers by electrospinning, and the resulting fibrous nanocomposite mats have been

exposed to an aternating magnetic field. The heating effect was more pronounced upon
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increasing the magnetic content within the polymeric nanofibers whereas it had been also
demonstrated that the intensity of the applied magnetic field influences the heating
capability of the membranes (213).

Although the applicability of polymer-based electrospun magnetoactive fibrous
nanocomposites in hyperthermia cancer treatment is new and still unexplored, the first
studies provide very promising results, pointing toward their successful use in cancer
therapy, either as a stand-alone curing modality or in combination with other therapeutic
methods. The immobilization of the magnetic nanoparticles within a solid fibrous polymer
matrix is considered to be advantageous for post-surgery hyperthermia treatment at the

specific areas of interest resulting to amore effective and targeted therapy.

3.2.4. Catalytic electrospun polymer-based nanocomposites

The acceleration of a chemical reaction of two or more reactants could be achieved by
adding a substance known as catalyst, through a process caled catalysis. In a catalytic
process the reaction rate of a chemica reaction increases by providing a pathway with
lower free energy so as for reactants to reach the transition state without changing the

position of the equilibrium (242).

Catalysis consists an important field in chemistry since in most chemical reactions a
catalyst is involved in least one of their steps (243). Depending on the phase of the
substrate related with the phase of the reactants, catalysis can be divided into homogeneous
(molecules and enzymes) and heterogeneous. Homogeneous catal ytic reactions take place
in the liquid phase in which the catalyst and all the other reactants are present. In a
heterogeneous catalytic reaction the catalyst is present in a different phase, usually in the
solid form, from that of the reactants which are usually present in a liquid state (244). An
important benefit of using a heterogeneous catalyst is the relative ease of catayst
separation from the reaction mixture that aids in the creation of continuous chemical
processes, and also catalyst recycling. Additionally, in heterogeneous catalysis extreme
operating conditions could be used since the catalyst exhibits typically higher tolerance in
comparison to its homogeneous analogues. On the other hand, the major drawback of a
solid catalyst is that it usualy contains a distribution of active sites that are not exactly
equivalent. This results to lower selectivity, and difficulties in the determination of the
exact catalytic mechanism occurring at the active site (245; 246; 247; 242). Compared to
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heterogeneous catal ytic systems, homogeneous catalysts do not allow their separation form
the reaction mixture after the completion of the reaction. However, they show very
attractive selectivity under mild reaction conditions and the reaction mechanism and the
nature of the active sites is better understood on a molecular level because the molecular
species in a homogeneous catalytic system are easier to identify than those in a
heterogeneous one (248; 242; 245; 246; 247).

In homogeneous catalysis, a small active molecule is soluble in a solution reaction, or
attached onto the surface by flexible-linker (244). In heterogeneous catalytic reactions,
adsorption of reactants from the liquid phase onto a solid surface takes place followed by
desorption of the reaction products into the liquid phase as schematically presented in
figure 3.13 (249; 244).

Important types of catalysis are autocatalysis (self-catalysts), biology catalysis (enzyme)
and photocatalysis. An autocatal ytic reaction takes place in the absence of extra molecules
acting as catalysts since the reaction products behave as catalysts for their own formation
(250). Throughout photocatalysis a change in the rate of a chemical reaction under the
action of light occurs. In this type of catalysis the presence of materials that can adsorb

light and participate in the chemical transformation reactionsis required (243).

Finally enzymes could act as catalysts for a wide range of organic reactions including
redox reactions, carbon-carbon bond formation, and hydrolytic processes. In the past
biocatalysis was not the best choice due to severa disadvantages involving the limited
stability of enzymes under organic reaction conditions, and the low efficiency. However,
its improvement in recent years was obvious and enzymes could support numerous

examples of organic syntheses (251; 252; 249).

Catalytic substrate

Figure 3.13: Schematic illustration of heterogeneous catalytic reactions.
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As previously noted an ideal catalyst may be characterized by high activity and selectivity,
and aso by a high number of product molecules produced per molecule of the catalyst in
short time (turnover numbers, TON) (249). Nevertheless, in order to generate an active,
selective, and stable catalyst high concentration of catalyticaly active sites must be
available to reagents during catalysis (253). Recently, the development of more efficient
and highly active supported catalysts is targeted using nanostructured materials such as
nanofibers (254), nanowires (255), carbon nanotubes (256), or metal nanoparticles (257).

Much attention has been focused in metal NPs such as silver (Ag) (258), palladium (Pd)
(259; 260), and gold (Au) (261), which exhibit excellent catalytic properties derived by
their unique crystalline structures and large specific surface area due to their nanometer
scale (262). The combination of the catalytic properties of the aforementioned NPs with
electrospun fibrous materials bear a great advantage in terms of high surface-to-volume
ratio, high porosity, ease of chemical/physical post-modification processes, recovery, and
easy handling. The development of new synthetic/fabrication pathways for further
manipulating the architecture and composition of the fibers, may lead to the development
of novel, multifunctional hybrid fibrous mats with outstanding catalytic behavior (263;
258; 259; 260; 261). Moreover, the composite catalyst formed by the introduction of NPs
on/into solid supports with different nanostructures seems to be the best method to avoid
the aggregation of small-sized NPs, thus resulting to a uniform distribution in the substrate
retaining their high catalytic activity. Corresponding NP-containing colloidal systems
cannot be easily isolated and separated from reaction products after the completion of the
reaction, so their recycling is not feasible and their practical applications are limited (264,
265; 266; 258).

There are some literature examples reporting on the incorporation of Pd, Au, and Ag NPs
within electrospun polymer fibrous matrices and the evaluation of the resulting fibrous
nanocomposites as catalytic supports (267; 268). Pd NPs are well known for their catalytic
efficiency and selectivity in carbon-carbon coupling reactions (Heck and Suzuki) (269;
270), in the hydrogenation of dienes and olefins (alkenes) (271), in enamine synthesis
(272), in the amination of halopyridines (273) etc.

The Heck reaction (scheme 3.1) offers an important tool for the generation of new C-C or
C-heteroatom bonds by producing coupling products from olefins with organic moieties
bearing a suitable living group such as a halide (binary compound, of a halogen atom and

an element or radical that is less electronegative), a triflate (trifluoromethanesulfonate), or
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a diazonium (274). Palladium salts and phosphine ligands are the most frequently used
catalysts for these reactions. The synthesis of taxol (anticancer drug) (275), of substituted
cinnamic acids and corresponding esters, and of octyl 4-methoxycinnamate are some
examples of Heck reactions (276; 246; 274).

R-X + R X i» R-/\/R

base

Scheme 3.1: Schematic illustration of the zero-covalent Pd Heck reaction.

Although this reaction provides high reaction rates and high turnover numbers and often
affords high selectivity and yields, however catalyst recycling is hampered by early
precipitation of Pd. This, in combination with the low reactivity of the attractive aryl

chlorides limit the use of this processin industrial applications (246; 274).

Among other coupling reactions Suzuki has also gained enormous interest and has become
a mainstay of modern synthetic organic chemistry for the preparation of biaryl and
heterobiaryl compounds, due to the broad functional group tolerance and the low toxicity
associated with boron compounds. It can be further used in coupling of various organic
moieties different from aryl compounds, such as alkenes, alkynes, or akanes (277; 269,
274).

Recently, “click” chemistry has attracted significant attention in materials science. The
“click” chemistry concept was established by K. B. Sharpless and co-workers in 2001, as
an efficient tool for carrying out polymerizations as well as for performing modifications
on macromolecules and solids (278). Well-defined structural  polymer-grafted
nanoparticles, immobilization of molecules onto the surface of electrospun nanofibers, as
well as functional films, hydrogels, carbon nanotubes, and fullerenes have been
successfully prepared using click chemistry (279; 280; 281; 282). A well-known example
of a click reaction process is the Azide-Alkyne Huisgen Cycloaddition taking place
between an azide (-N3) and an alkyne (=CH) to form a triazole ring (283; 281). Moreover,
the purely thermal 1,3-dipolar cycloaddition reaction between aryl/alkyl azides and

strongly activated alkynes, such as acyl- and sulfonyl cyanides as well as acyl-alkynes, was
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investigated by K. B. Sharpless and co-workers as a click-type reaction (281). The
acceleration of the Huisgen 1,3-dipolar cycloaddition between azides and alkynes even
under mild conditions, was published by M. Meldal et al. (2002) by using Cu(l) sdlts,
providing product stereoselectivity with high yields, and demonstrating tolerance to
oxygen and water (284; 280).

As above-mentioned, NPs may act as effective cataysts in chemistry reactions,
consequently, their immobilization on electrospun fibrous membranes could extend the
usability and flexibility of the aforementioned reactions (Heck, Suzuki, Click). The
incorporation of metal NPs into electrospun nanofibers can be performed via the in situ
generation of the NPs in the fiber. In this synthetic approach the solution containing the
polymer and a desired metal salt is electrospun followed by thermal treatment resulting to
nanocomposite fibrous mats decorated with metal NPs. An alternative method involves the
functionalization of the fibers by the direct deposition of the NPs on the fibers’ surfaces
(268).

In the literature there are many examples where polymer based nanocomposites containing
functional metal NPs have attracted a great deal of attention in regards to their catalytic
properties. L. Guo et al. (2013) produced Pd NPs/polyvinylpyrrolidone (PVP) composite
nanofiberous mats and applied them as heterogeneous catalysts in Heck reaction. Their
system provided excellent catalytic activity at low temperature and pressure, stability and
reusability (260). L. Gardella et al. (2013) fabricated polymer nanofibers based on poly(L-
lactic acid) (PLLA) and amino-functionalized polyhedral oligomeric silsesquioxanes
(POSS-NH) where Pd nanoclusters were homogenously dispersed on their surfaces. The
prepared system demonstrated catalytic activity toward the hydrogenation of stilbene into
diphenylethane under heterogeneous conditions without Pd leaching during the
hydrogenation process (263). X. Fang et al. (2011) immobilized gold (Au) NPs into
polyethyleneimine (PEIl)/polyvinyl alcohol (PVA) nanofibrous mats, which were then
crosslinked via glutaraldehyde (GA) vapor to render the fibrous mats water-insoluble. The
polymer electrospun mat was first used as a nanoreactor to synthesize and immobilize Au
NPs. The resulting fibrous nanocomposites demonstrated excellent catalytic activity in the
transformation of 4-nitrophenol to 4-aminophenol (261). In 2012 S. Xiao et al. tried to
immobilize silver (Ag) NPs into electrospun polymer nanofibers rendering them
appropriate for the catalytic reduction of 4-nitrophenol to 4-aminophenol. In this approach
polymeric mats were prepared by electrospinning followed by crosslinking to yield water-
stable polyacrylic acid (PAA)/polyvinyl alcohol (PVA) materidls. The Ag NPs were then
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immobilized onto the polymeric mats via the carboxylic acid groups of PAA capable of

complexing the Ag(l) ions and subsequent Ag NP formation by chemical reduction (257).

3.2.5. Electrospun polymer-based nanocomposites for environmental

applications

Recently, nanomaterials have been suggested as efficient, cost effective and
environmentally friendly candidates for environmental treatment. Several materials have
been studied and extensively used for this purpose, such as carbon-based (285; 286; 287),
titanium oxide-based (TiO) (288), and iron-oxide based nanomaterials (286).

The use of magnetic NPs in environmental remediation processes has received
considerable attention. MNP can be used as efficient adsorbents of contaminants from
agueous solutions or gaseous contaminants, due to their nanoscale dimensions, and high
surface area-to-volume ratios. Additionally, using a simple magnet the separation of the
particles from the medium is feasible, through an efficient, economic, scalable, and
nontoxic pathway (289; 290). P. L. Hariani et al. (2013) synthesized superparamagnetic
FesO4 by chemica co-precipitation (diameter 5-20 nm) and investigated the ability of the
NPs to remove portion dye from water with adsorption capacity 30.503 mg-g™*. Portion
dyes, including azo dyes are frequently employed in the textile industry (124).

Electrospun fibrous membranes providing high surface area and porous structure constitute
beneficial substances for environmental applications offering an attractive and inexpensive
option for the efficient removal of various organic contaminants from water. The
functionalization of the membranes, or the incorporation of nanoparticles, for example
MgO, TiO», Al203, and FesO4 into electrospun membranes, results to a nanocomposite
system which can be effectively used for wastewater purification (291; 292; 287; 124). The
appropriate choice of nanofillers usually guide the final properties of the substances,
including their mechanical and thermal behavior, hydrophilic/hydrophobic balance,
chemical stability, bio-compatibility, optica and/or electronic properties and chemical
functionalities. While the surface area as well as the chemical structure has a high impact
on the adsorption efficiency of the adsorbent, the incorporation of inorganic nanofillers
within electrospun membranes might lead to further optimization of the adsorption
efficiency (293). Many publications appear, demonstrating that nanocomposite materials
can be used for dye and metal ion removal from wastewater, however only a few examples
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have appeared so far on the use of nanocomposite electrospun membranes in water

remediation process.

R. Xu et al. (2012) synthesized novel mesoporous poly(acrylic acid)/SIO. composite
electrospun nanofibers (fiber diameter between ~ 300 and ~ 700 nm) modified with vinyl
groups and investigated their adsorption efficiency for malachite green (MG). The
nanofibers exhibited a high adsorption capacity which was determined using isotherm
models and was found to be 220.49 mg-g for a 523.84 m?.g™! membrane specific surface
area (129).

A. R. Keshtkar and co-workers (2013) reported on the fabrication of a novel polyvinyl
alcohol/tethra ethyl ortho silicate/aminopropyltriethoxysilane (PVA/TEOS/APTEYS)
nanofibrous membrane, with average fiber diameter of about 197 nm, prepared by sol—
gel/electrospinning and its application for the adsorption of uranium (U(V1)) from agueous
solution. The U(VI) adsorption capacity of the membranes reached 168.10 mg-g™.
Comparing the aforementioned system with an analogues PVA/TEOS/APTES hybrid film
prepared by sol—gel/casting method they showed that the adsorption is less effective in the
second case (33.61 mg-gY) (294).

NH2-functionalized cellulose acetate/silica (CA/silica) composite nanofibrous membranes
were successfully prepared via the combination of sol-gel and el ectrospinning technologies
by A. A. Tahaet al. The electrospun membranes, with an average diameter of 100-500 nm,
exhibited high adsorption efficiency (19.45 mg/g) for chromium (Cr(V1)) ions (295).

The performance of chitosan/hydroxyapatite (Cs/HAp) composite nanofibrous membrane
(fiber diameter ~ 200 nm) prepared by electrospinning for the removal of lead, cobalt and
nickel ions from aqueous solution was investigated by M. Aliabadi et al. (2013). Their
adsorption studies showed that the maximum adsorption capacity of the Cs/HAp composite
nanofibrous mats was in order of lead (296.7 mg-g!) > cobalt (213.8 mg-g™?) > nickel
(180.2 mg-gt) (296).

Another nanocomposite electrospun system has been reported by S. Abbasizadeh and co-
workers (2013) who prepared electrospun adsorbents based on polyvinyl acohol and
titanium oxide (PVA/TiO2) modified with mercapto groups (functional group containing a
sulfur atom bonded to a hydrogen atom) for uranium (U(VI)) and thorium (Th(IV))
removal from agueous solution. Their results showed that the modification of the

PVA/TiO2 nanofibers with the mercapto moieties affected positively the adsorption
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capacities, whereas the adsorption capacity was found to be 196.1 mg-g* and 238.1 mg-g™*
for U(VI) and Th(IV) respectively (288).

As mentioned above, nano-sized ferric oxides are used for the remova of organic
pollutants and heavy metals from aqueous systems, due to their specific features, including
among others excellent thermal and chemical stability, high specific surface area, and
magnetic performance (297; 298). Performance toward the removal of lead Pb from water,
A. Gholami et al. (2013) prepared a composite film by blending polyvinyl chloride, PVC
and cellulose acetate, CA with ferric oxides particles followed by solution casting. (141).

S. Qu et al. (2008) introduced Fe-O3 nanoparticles into multi-walled carbon nanotubes
(MWCNTS) via awet chemical method, and employed this system as an adsorbent for the
dye contaminates, including methyl blue (MB) and nile red (NR), from water media. The
adsorption capacities of MB and NR were found to be 42.3 mg-g* and 77.5 mg-g*
respectively (286), whereas magnetic separation thus adsorption recovery, was feasible due
to the presence of FexO3 magnetic NPs within the nanotubes.

To the best of our knowledge, there is no previous literature report concerning the use of
electrospun polymer-based magnetoactive nanocomposite membranes for the removal of
dyes or heavy meta ions from agueous media. For the first time in the present work
magnetoactive polymer-based nanocomposites in the form of electrospun mats have been
evaluated as adsorbents for dyes (malachite green) and metal ions (Eu(l11)) from agueous

media.
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The characterization of the electrospun, polymer-based membranes prepared in this study
was carried out by employing several methods. Gel permeation chromatography (GPC)
which is by far the most widely used method for determining average molecular weights
and molecular weight distributions was used in the molecular characterization of the
random copolymers synthesized by means of free radical polymerization. Proton nuclear
magnetic resonance (*H NMR) spectroscopy was employed in order to confirm the

expected chemical structures of the copolymers.

For obtaining information on the morphological characteristics of the eectrospun fibrous
membranes, scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) were employed. Differential scanning calorimetry (DSC) and thermal gravimetric
analysis (TGA) were used to probe the thermal properties of these materials. Ultraviolet-
visible (UV-vis) spectrophotometry was used among others for performing kinetic
adsorption studies of various pollutants (metal ions, organic molecules) from agueous
media using the fabricated electrospun membranes as adsorbents, and kinetic drug release
studies of paracetamol encapsulated within electrospun polymer and polymer-based
nanocomposite mats. Finaly, the X-ray diffraction (XRD) spectroscopy and the vibrating
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sample magnetometry (VSM) were used for the determination of the nanocrystalline phase
and magnetic properties of the membranes containing OA.FesO4 NPs respectively.

4.1. Molecular characterization

Ge permeation chromatography (GPC), also called size-exclusion chromatography, is
the most widely used method for determining polymer molecular weights (Mw) and
molecular weight distributions (MWDs). In essence, this process is based on the separation
of macromolecules according to their effective size in solution. This method has been used

extensively in both biology and polymer chemistry.

Separation is accomplished inside a packed chromatographic column, where the polymer
sample is introduced in the mobile phase. The column is filled with a highly porous
material that separates the polymer molecules according to size (hydrodynamic volume), a
phenomenon often referred to as molecular sieving. The sample is carried by the solvent
(mobile phase), through the column and size separation occurs upon exchange of the solute
particles between the bulk solvent and the stationary liquid phase within the pores of the
packing material. Small molecules are able to diffuse into the pores of the column, and
therefore they travel through the column more slowly. Higher molecular weight fractions

are thus eluted first as schematically presented in figure 4.1.

As previously noted, a chromatographic column is packed with particles that have a
specified maximum pore size and a specified pore size distribution. The voids between the
particles and the pores are filled with a suitable solvent. The sample is introduced as a
dilute solution in the column and the solvent is continually passed through. The solute

concentration in the eluent is monitored with a suitabl e sensitive detector.

Figure4.1: Schematic presentation of the SEC process showing the separation of low and high MW
polymers. Smaller molecules diffuse into porous particles, while larger molecules elute in the inter titial
regions of the packing material. Therefore, the larger particles elute first and the smaller molecules having

access to both interstitial and pore volumes elute later.
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Very large molecules are unable to penetrate the pores of the packing material.
Consequently, they are completely excluded from it and are eluted at the volume Vo,
corresponding to the volume of the mobile phase. The small molecules have access to all
pores and elute at Vi, whereas certain fraction of the pore volume is available for the

intermediate-sized solutes eluting at volumes between V, and V.

The chromatographic behavior of solutes separated by SEC can be described by the
genera chromatographic equation 4.1,

VrR=V,+ KgVi Equation 4.1

Where, VR is the retention volume of a given solute characterized by a certain value of the
volume distribution coefficient Kq, which is a measure of the apparent fractiona
permeation of the pores by the solute.

In a typical gel permeation chromatogram, the detector’s response is plotted against the
elution volume or elution time of the diluted polymer solution that passes through the
column. To obtain molecular weights at a given retention volume, the chromatogram may
be compared with a reference chromatogram obtained with fractions of known average

molecular weight in the same solvent and at the same temperature.

The molecular weights as such cannot be determined directly, but only upon calibration of
the system. A calibration curve usually plotted aslog M versus Vg, as shown in figure 4.2
can be established by determining the elution pattern of a series of well-defined polymers
characterized by narrow molecular weight distributions with molecular weights determined
by an absolute method (299; 300; 301).

All synthetic polymers consist of a mixture of molecules of the same nature but different
size. It is impossible to find a sample of a synthetic polymer in which al chains have
exactly the same molecular weight. Consequently the molecular weight can only be

defined as an average value.
0= o =Y MN Equation 4.2

The total weight @ of a polymer sample is the sum of the weights of all the molecular

species. N, is the number of moles of each species i, and the sum can be expressed as

ZNi - M, isthe molecular weight of each speciesi, and the sum is presented asZMi . By
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dividing the total weight of the molecules by their total number we have the number

average molecular weight,

M =2 _2MN Equation 4.3

XN XN

Another way to express the molecular weight average is a weight average. Each molecule

in such an average contributes according to the ratio of its particular weight to that of the
total,

2
M_W=M Equation 4.4
> MN,
When all molecules are of the same weight, thenM =M _. The width of distribution,
called the polydispersity index or molecular weight distibution, is determined from the
ratioM,,/M_ (302; 303; 304; 305).
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Figure4.2: Atypical SEC calibration curve showing a plot of log MW versus elution or retention volume of
a series of polymer standards of known MW. The total permeation volume of the column V;, is equal to the
exclusion or void volume of the column, V,, plus the pore volume of the packing within the column Vi. M is
the extrapolated MW that defines the exclusion limit of the column occurring at Vo, and M; isthe

extrapolated MW that defines the total permeation limit of the column occurring at V..
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Nuclear magnetic resonance (NMR) spectroscopy became one of the most powerful
analytical techniques, used in many different fields of chemistry and also in medicine
throughout of NMR imaging (306; 302). The NMR phenomenon is based on the fact that
nuclei of atoms have magnetic properties that can be utilized to yield chemica
information. Subatomic particles, including protons, neutrons and electrons, have spin. In
some atoms, such as 12C, 1°0, 32S, these spins are paired and cancel each other out so that
the nucleus of the atoms has no overall spin. In contrast, in many atoms, such as *H, *C,

31p, BN, °F, the nucleus has an overall spin (306).

The number of spin of the nucleus depends on its mass number and atomic number. Nuclei
with odd mass numbers have half-integral spin quantum numbers (i.e. 1/2, 3/2, 5/2). Nuclel
with an even mass number and an even atomic number have spin quantum numbers equal
to zero, and nuclei with an even mass number and an odd atomic number have integral spin
guantum numbers (i.e. 1, 2, 3). In the case where the spin quantum numbers equal to zero,

the nucleusis NMR inactive, since the existence of nuclear spin is essential (307).

Nuclei behave as magnetic dipoles and their nuclear magnetic moment, p is defined by the

equation:
Ih
== ,
2r Equation 4.5

where, v is a constant called magnetogyric ratio (for proton y=26.753 rad s Teda?), | is

the spin number and h, is the Plank’s constant.

The orientations that a nucleus’ magnetic moment can adopt against an external magnetic
field (Ho) are not of equal energy. However, in the absence of a magnetic field, the
magnetic moments of the protons of a given sample are randomly oriented. When a
compound containing hydrogen, and thus protons, is placed in an external magnetic field,
its protons may adopt one of the two possible orientations with respect to the external

magnetic field.

Spin states which are oriented paralléel to the external field are lower in energy than in the
absence of an externa field. In contrast, spin states whose orientations oppose to the
external field are higher in energy than in the absence of an externa field. In an NMR
spectrometer the energy which is required to “flip” the proton from its lower energy state

to its higher energy state, is supplied by electromagnetic radiation in the radiofrequency
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region. When energy absorption occurs, the nuclei are said to be in resonance with the

electromagnetic radiation.

Nuclear magnetic resonance spectrometers, are designed so that they irradiate the
compound with electromagnetic energy of constant frequency while the magnetic field
strength is varied or swept. When the magnetic field reaches the correct strength, the nuclei
absorb energy, which causes a small electrical current to flow in a receiver coil
surrounding the sample, and resonance occurs. The instrument then amplifies this current
displaying it as a signa (a peak or series of peaks) on a pre-caibrated chart paper in
frequency units, Hz. The result isan NMR spectrum.

Every molecule is influenced by neighboring molecules. In a given molecule, some
hydrogen nuclei are found in regions of greater electron density than others. As a result,

the nuclei absorb energy at dightly different magnetic field strengths.

Furthermore, the chemical shifts are measured along the bottom of the spectrum on a delta
(8) scale, in units of parts per million and the externally applied magnetic field strength
increases from left to right. Signals on the left of the spectrum are said to occur downfield
and those on the right are said to be upfield. The signal 6=0 in the spectrum arises from a
reference compound, such as tetramethylsilane, TMS ((CH3)4Si), that is added to the
sample to alow calibration of the chemical shift scale. Consequently, the equation for
different absorption which can be used is (308; 307; 309; 310),

observed shift from TMS in hertz

o=
operating frequency of the instrument in hertz

Equation 4.6

4.2. Morphological and structural characterization

A scanning electron microscope (SEM) is a type of electron microscope that produces
images of a sample by scanning it with afocused beam of electrons. The electrons interact
with atoms in the sample, producing various signals that can be detected and that contain

information about the sample's surface, topography and composition.

Specifically, the electron gun produces a beam of electrons that is attracted through the
anode and condensed by the condenser lens and then focused as a very fine point on the
specimen by the objective lens. A set of scan coilsis located within the objective lens. The
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coils are energized by a varying voltage produced by the scan generator, creating a
magnetic field that deflects the beam of electrons back and forth in a controlled pattern
called araster. The varying voltage is aso applied to a set of deflection coils around the
neck of a cathode-ray tube (CRT) and the magnetic field from this coil causes the
deflection of a spot of light back and forth on the surface of the CRT. The pattern of
deflection of the beam of electrons on the sample is exactly the same as the pattern of
deflection of the spot of light on the CRT.

When an incident-beam electron strikes the surface of a sample, a series of complex
interactions with the nuclel and the electrons of the atoms of the sample occur. Through
these interactions secondary electrons of different energies, X-rays, heat and light are
generated. These in turn are used to produce the images of the sample and to collect

additional datafrom the sample.

Secondary electrons (SE), generated from an inelastic interaction (inelastically scattered
electron (low angle)), produce the standard SEM images. It is a magjor advantage of SEM
that, beside the backscattered and secondary electrons, alarge variety of electron-specimen
interactions can be used to form an image and to provide qualitative and quantitative
information. SE are produced by the interactions between incident electrons and weakly
bound conduction-band electrons in the atoms of the sample, and collected by the detector,
converted to a voltage, and amplified. The amplified voltage is then applied to the grid of
the CRT and modulates or changes the intensity of the spot on the surface of the CRT.

Finally, al the samples must be of an appropriate size to fit in the specimen chamber and
are generaly mounted rigidly on a specimen holder called a specimen stub. For
conventional imaging in the SEM, specimens must be electrically conductive, at least at
the surface, and electrically grounded to prevent the accumulation of electrostatic charge at
the surface. Scanning of non-conductive specimens by the electron beam results to surface
charging that causes scanning faults and other image artifacts, especially in the secondary
electron imaging mode. Therefore such specimens including polymers are usualy coated
with an ultrathin coating of an electrically conducting material, deposited on the sample’s
surface (311; 312).

Another basic type of electron microscopy is transmission electron microscopy (TEM),
which aso produces unique and often complementary images and information. In this
microscopy technique, a beam of electrons is transmitted through an ultra-thin specimen.
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An image is produced from the interaction of the electrons transmitted through the
specimen and it is magnified and focused onto an imaging device, such as a fluorescent

screen.

TEM is an important tool in materials science providing information about the
morphology, structure of the internal components of a specimen and composition. More
specifically, it gives details in relation to the size, shape and arrangement of the particlesin
the sample. Furthermore, it enables the investigation of the crystal structure including the
arrangement of the atoms in an object as well as the quantification of the different

compounds comprising the specimen.

A TEM apparatus has a filament assembly at the top of the column, which is connected to
the high-voltage supply by an insulated cable in order to emit electrons. Bellow the
filament tip and above the anode there is a beam volume called crossover. A beam of
monochromatic electrons is produced by an electron gun. This electron beam is focused to
a small and thin coherent beam by electromagnetic lenses, and then travels through the
condenser-lens system, which is fitted with apertures. Then the focused electron beam
strikes the sample which is placed on a concrete base namely grid holder and parts of the
beam are transmitted. The transmitted radiation is transformed by the objective lensinto an
image. After the objective lens, optional objective and selected area metal apertures are
placed inside the column where they can restrain the beam by blocking out the high angle
diffracted electrons and examine the periodic diffraction of electrons by ordered
arrangements of atoms in the sample. The beam passes down the column through the
projector lenses, being enlarged all the way. Eventually, the beam strikes the phosphor
image screen and light is generated allowing the user to observe the image. The darker
areas of the image represent those areas of the sample through which fewer electrons were
transmitted and the lighter areas of the image represent those areas of the sample through

which more el ectrons were transmitted.

X-ray diffraction (XRD) spectroscopy is one of the most useful techniques for the
analysis of semi-crystalline polymersin the solid state. XRD is a versatile, non-destructive
method that gives important information on the most definitive crystallographic structure,
including interatomic distances and bond angles, chemical composition and physical
properties of amateria. As already mentioned in the first chapter, polymers may constitute
of both crystalline and amorphous regions. The crystalline region corresponds to the part
of the polymer in which the chains are arranged in aregular manner. Among these ordered
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regions, polymer chains found in random conformation exist, the so-called amorphous

regions. The degree of crystallinity of a polymer can be determined by XRD analysis.

X-rays are electromagnetic radiation with wavelengths in the range 0.5-2.5 A (same order
of magnitude as the interatomic distances in solids), and are produced by bombarding a
metal target (usually Cu, Mo) with a beam of electrons emitted from a hot filament (often
tungsten). The incident beam ionizes the electrons from the K-shell (1s) of the target and
X-rays are emitted as the resultant vacancies are filled by electrons dropping down from
the L (2P) or M (3p) levels. Thisgivesriseto Kaand Kb lines.

An X-ray beam impinging on a crystal will be scattered in al directions by the atoms of
the crystal. In some directions, an increased intensity is observed due to the constructive
interference of the scattered waves. The conditions for constructive interference are easily
derived from the simple geometrical picture for the scattering of an X-ray beam by planes
of atomsin a crystal, as illustrated in figure 4.3. When the X-ray beam of wavelength A,
incidents on the crystal at an angle 6 with respect to equidistant hkl lattice-planes, with
interplanar distance dn, constructive interference will be observed for X-rays that are
reflected from the lattice planes at the specular angle, if the path length difference between
X-rays scattered from different hkl-planes is an integer times the wavelength. This

condition is summarized in the Bragg law (equation 4.7):
2dpyg - Sin@ =n-2A Equation 4.7

nisan integer determined by the order given, A is the X-ray wavelength, dna is the distance

between the parallel planes of the lattice and ® isthe incident angle.

From the X-ray spectrum and the Scherrer equation (4.8) the crystalite size can be
calculated:

KA
fivhm €cosOg

thk = Equation 4.8

where, t is the diameter of the crystallite, K is a constant that depends on the crystallite
shape, A is the X-Ray wavelength, funm is the full width at half max or integral breadth
and ®g isthe Bragg angle.
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Figure 4.3: Deriving Bragg's Law using the reflection geometry.

4.3. Thermal characterization

For more than two decades, differential scanning calorimetry (DSC) thermal analysis
technique has been used to measure the temperature and heat flow of a material as a
function of temperature and time. DSC is primarily used to measure transition
temperatures and associated heats of reaction in materials, particularly in polymers.
Quantitative and qualitative information about physical and chemical changes that involve
endothermic or exothermic processes, or changes in heat capacity, are provided by DSC
(313).

In DSC, a polymer sample and an inert reference are heated, usually under nitrogen
atmosphere, and thermal transitions in the sample are detected and measured. The sample
holder most commonly used is a very small aluminum cup, and the reference is either an

empty cup or acup containing an inert material in the temperature range of interest.

The heat flux DSC and the power compensation DSC, are the two distinguished types of
differential scanning calorimeters. In power-compensation DSC the temperatures of the
sample and reference are controlled independently using separate, identical furnaces. The
temperature is the same both in the sample and the reference. However, there is a
difference in the thermal power of the two furnaces. The enthalpy or heat capacity change
in the sample, relative to the furnace, is the energy which is measured by the thermal
power changes, required to maintain them at the same temperature. Heat capacity C,, isthe
amount of heat required to acquire a certain temperature increase in a material and it is
obtained by dividing the heat supplied by the temperature increase according to equation
4.9.
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c -9 Equation 4.9

In a heat flux DSC, the sample and the reference, which are enclosed in a single furnace,
are placed on a thermoplastic disc with a low-resistance heat-flow path. The furnace is
heated at a linear heating rate and the heat is transferred to the sample and reference pan
through a thermoelectric disk. Due to the temperature difference between the sample and
the reference, enthalpy or heat capacity exists and measured. Consequently, the heat flow
is determined by the thermal equivalent of Ohm’s law (equation 4.10).

q=— Equation 4.10
R
where, q is the sample heat flow, AT is the temperature difference between the sample and

the reference, and R is the resistance of the thermoel ectric disk.

Furthermore, the data of temperature increase (AT) are plotted against the difference in
heat output of the two heaters at a given temperature or time, i.e. heating rates (hest/time).
Characteristic plots obtained, correspond to thermal transitions such as melting (Tm) and
crystallization (T¢) transition temperatures of a crystalline sample, and glass transition (Tg)
temperatures. It is important to recognize that polymers with both crystalline and
amorphous domains will provide Tg, T¢, and also Tm. Tm and T. features can be only
obtained for polymers that can form crystals. Completely amorphous polymers exhibit
only Tq (314; 315).

As previously noted, thermal analysis refers to a variety of techniques in which a physical
property of a sample is continuously measured as a function of temperature. Another
important and useful tool that is usually applied to characterize the thermal behavior of

materialsisthermal gravimetric analysis (TGA).

Thermal gravimetric analysis is used to determine physical and chemical changes that
result in changes in mass when a material is heated. Specificaly, it is based on the
measurements of the amount of weight change of a material, either as a function of
increasing temperature, isothermally as a function of time, or under different environment
conditions that may be created within the apparatus. Inorganic materias, metals, polymers,

ceramics, glasses and composite materials can be analyzed by this technique.
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The TGA experiments are carried out in an atmosphere of nitrogen, helium, under air, etc.
or they can be aso performed in vacuum, at a temperature range from 25 °C to 900 °C.
The maximum temperature is 1000 °C. The sample -usually afew milligrams in weight- is
heated at a constant rate and has constant weight until it begins to decompose at a certain
temperature. The temperature depends on variables, such as the heating rate, the nature of

the solid and the atmosphere in which the sample is heated.

Assuredly, TGA is an essential technique for characterizing polymeric materials. Through
this method thermal stability, composition, sample purity and other properties of the
original sample can be determined (314; 315).

4.4. Optical characterization

Electronic spectroscopy is often called spectroscopy in the ultraviolet (UV), visible (vis)
and near infrared (NIR) region of the electromagnetic spectrum because electrons are
transferred from low-energy to high-energy atomic or molecular orbitals when the material
is irradiated with light. The energy hv of the photon must be exactly the same as the

difference between the two orbital energy levels according to equation 4.11,

AE:hv:% Equation 4.11

where, h is Plank’s constant, v isfrequency in Hz, cisthe velocity of radiation in vacuum

and A iswavelength in nm.

Specificaly, ultraviolet-visible (UV-vis) spectroscopy is very useful as an analytical
technique due to the fact that it can be used to identify some functional groups in
molecules and also, it can be used for determining the content of the different compounds.
Furthermore, organic chemists use UV-vis spectroscopy mainly for detecting the presence,
and elucidating the nature of the conjugated multiple bonds or aromatic rings.

The ultraviolent region extends from 10 to 400 nm, where the vacuum ultraviolet region
extends from 10 to 200 nm and the ultraviolet region from 200 to 400 nm. The visible
region extends from 400 to 800 nm as clearly shown in the electromagnetic spectrum

provided in figure 4.4.
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A UV-vis spectrometer records a spectrum as a plot of wavelengths of absorbed radiation
versus the intensity of absorption. The correct absorption value is called “molar
absorptivity” or “molar extinction coefficient” &, which is defined, according to the Beer-

Lambert law, by the equation 4.12,

A:Iogll—ozglc Equation 4.12

where, |, is the intensity of the incident radiation, 1 is the intensity of the transmitted

0
radiation, ¢ is the molar absorption coefficient, | is the path length of the absorbing

solution, and c is the concentration of the absorbing species.
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Figure 4.4: The electromagnetic spectrum in which the UV-visregion isindicated.

According to the theory of molecular orbitals, when two atoms are combined to form a
chemical bond, electrons from both atoms take part to this bond and occupy a new orbital,
a molecular orbital. The atomic orbitals of two bounded atoms are combined to form a
“bonded” low energy molecular orbital and an “antibonded” molecular orbital of high

energy.

Specifically, valence electrons are found in three types of electron orbitals: single or o
bonding orbitals, double or trible = bonding orbitals and non-bonding orbitals, the n
orbitals, which do not take part in the chemical bonds. Sigma () bonding orbitals tend to
be lower in energy than = bonding orbitals, which in turn are lower in energy than the non-

bonding orbitals.

As a result, an electron transition occurs from one of these orbitals to an empty orbital,
when electromagnetic radiation of the approximate frequency is absorbed, usually to an
antibonding orbital, ¢" or = as shown in figure 4.5. Particularly, absorption of UV-vis
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radiation produces the eectronic transitionso — o, n >0, n —>7T, T>7 , where

the energy AE of these transitions followstheordern > 7 <7 =7 <=0 <<o—>0

The most common electronic transitions are observed in © bond-containing structures,
where the systems absorb UV-vis irradiation and the excitation of electron involves the
transfer from the highest-energy occupied bonding molecular orbital or the HOMO orbital,
into the lowest-energy unoccupied antibonding molecular orbital or the LUMO orbital
(316; 317).

Figure 4.5: Electronic transitions occurring after the absorption of UV-visirradiation.

4.5. Magnetic characterization

Vibrating sample magnetometry (VSM) was used in the present study to determine the
magnetic properties of the magnetoactive electrospun nanocomposites membranes. A
vibrating sample magnetometer (VSM) operates on Faraday's Law of induction, according
to which, a changing magnetic field produces an electric field. This electric field is

measurable and can provide information about the changing magnetic field.

Initially, the sample to be analysed is placed in a constant magnetic field. If the sample is
magnetic, this constant magnetic field will magnetize the sample by aligning the magnetic
domains, or the individual magnetic spins, with the field. The stronger the constant field is,
the larger the magnetization will be. The magnetic dipole moment of the sample will create
a magnetic field around the sample. As the sample vibrates moving up and down, this
magnetic field changes relative to time and can be sensed by a set of pick-up coils (figure
4.5).
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The aternating magnetic field will cause an electric field in the pick-up coils according to
Faraday's Law. This current will be proportional to the magnetization of the material. The
higher the magnetization is, the greater the induced current will be. The instrument is
connected to a computer and the software provides data on the change of the magnetization

of asample relative to the strength of the externally applied magnetic field.

Sample Holder

Figure 4.6: Schematic diagram of a vibrating sample magnetometer.

The hysteresis loop measurement is the most common magnetic experiment. The
parameters extracted from this experiment are used to characterize the magnetic properties
of amateria such as the saturation magnetization Ms, the remanence M, and the coercivity
Hc. By applying an external magnetic field starting from a maximum value (positive or
negative) the magnetometer measures the magnetization of the materia at each point. The
presence of a hysteresis loop is typica for ferromagnetic and ferrimagnetic materials
whereas superparamagnetic materials exhibit no hysteresis.
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5.1. Solventsand reagents

Monomers. The monomer 2-(acetoacetoxy) ethyl methacrylate (AEMA, CioH140s,
Mw=214.22 g-molt, 95%) was purchased from Sigma-Aldrich, benzyl methacrylate
(BzMA, C11H1202, Mw=176.21 g-mol ™, 96%) was purchased from Merck/Sigma-Aldrich,
and methyl methacrylate (MMA, CsHsO2, Myw=100.12 g-mol, 99%) was purchased from
Fluka. While MMA was used without further purification, AEMA and BzMA were passed

through alumina (aluminum oxide, 98%, Sigma-Aldrich) prior to polymerization reactions.

Homopolymers: The three homopolymers poly(vinyl pyrrolidone), (PVP, M =1 300 000
g-mol 1), poly(ethylene oxide), (PEO, M =600 000 g-mol %), and poly(L-lactide) (PLLA,
M= 99 000 g-mol 1), were purchased from Sigma-Aldrich and used as received from the

manufacturer.

Other reagents: The radical initiator 2,2’-azobis(isobutyronitrile) (AIBN, 95%) was
purchased from Sigma-Aldrich and was re-crystallized twice from ethanol prior to use.
Iron sulfate (1) heptahydrate (97%) and iron chloride (l11) tetrahydrate (99%) were
purchased from Sigma-Aldrich. Palladium (I1) acetate (Pd(OCOCH?3)2, Myw=224.51 g-mol "
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1 98%) and copper (I1) acetate monohydrate (Cu(CO2CHs)2-H20, Mw=199.65 g-mol 2,
98% ACS reagent) were also purchased from Sigma-Aldrich. Sodium hydroxide pellets
(NaOH) were purchased from Scharlau. N-acetyl-p-aminophenol (acetaminophen) was
kindly provided by Aegis Ltd, Cyprus. Malachite green oxaate (N-methylated
diaminotriphenylmethane dye, MG, CsHssN4O12, Mw=927.02 g-mol™) was purchased
from Scharlau, metronidazole (MET, CsHoN3Os Myw=171.15 g-mol ) was purchased from
Fluka and 1,2, dichlorobenzene (DCB, CsHaCl2 Mw=147.00 g-mol ™, 99 % reagent plus)
was purchased from Sigma-Aldrich. Oleic acid (99%) was purchased from Merck. All
reagents were used as provided by the manufacturer without further purification. Benzyl
azide was prepared from benzyl bromide and sodium azide according to the literature
(318).

Solvents: Chloroform (CHCI3), ethanol (EtOH, >99.9%), hydrochloric acid (HCI, 37%)
tetrahydrofuran (THF, HPLC grade), methanol (MeOH, Analytical grade, ACS reagent),
and n-hexane (96%) were purchased from Scharlau. Ethyl acetate (EtOAc (EA), 99.8%)
was purchased from Fluka. The above-mentioned solvents were used as provided by the
manufacturer without further purification. Concerning deuterated solvents, deuterated
chloroform (CDCls, 99.8%) was used in proton nuclear magnetic resonance (*H NMR)
studies.

Solutions: Dulbecco's phosphate buffered saline (DPBS) solution (pH 7.2) was purchased
from Sigma-Aldrich. Dulbecco’s modified eagles medium (DMEM), inactivated fetal calf
serum (FCS) and antibiotics/antimycotic solution antibiotics (Penicillin/Streptomycin/
Amphotericin) were purchased from Invitrogen.

Uranium (U(V1)) and thorium (Th(IV)) stock solutions were prepared by dissolution of
UO2(NO3)2x6H20 and Th(NOz)ax5H20 respectively which were purchased from Merck in
aqueous media. Europium (Eu(lll)) stock solution was prepared by dissolution of
Eu(NOz3).5H20 that was purchased from Sigma-Aldrich in aqueous media. The metal ions
concentration in the solution was determined by using Arsenazo(l11) (C22H1s8ASN4014S,)
according to a previously described method (319; 320) which was purchased from Sigma-
Aldrich. For the pH adjustments, sodium hydroxide (NaOH) and perchloric acid (HCIO4)
were used, which were purchased from Sigma-Aldrich. As background electrolytes for
ionic strength adjustments sodium perchlorate (NaClO4) solutions were used. All metal ion
adsorption experiments were performed under normal atmospheric conditions (p(CO.)=10
35 atm and 25C).
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5.2. Instrumentation

Fabrication: All electrospinning experiments were performed at room temperature.
Equipment included a controlled-flow, four channel volumetric microdialysis pump (KD
Scientific, Model: 789252), syringes with specially connected spinneret needle electrodes,
that were connected to the anode, a high-voltage power source (10-30 KV) and a custom-
designed, grounded target collector, covered with auminum foil, which was connected to
the cathode. All equipment was placed inside an interlocked Faraday enclosure safety
cabinet.

Molecular characterization: Proton nuclear magnetic resonance (*H NMR)
spectroscopy was used for confirming the expected structure of the polymers prepared in
the present work. *H NMR spectra were recorded in CDCl3 using an Avance Brucker 300
MHz and 500 MHz spectrometer equipped with an Ultrashield magnet. The CDCl3
contained traces of tetramethylsilane (TMS), which was used as an internal reference. The
average molecular weights and polydispersity indices of the polymers were determined by
size exclusion chromatography (SEC). All measurements were carried out at room
temperature using Styragel HR 3 and Styragel HR 4 columns. The mobile phase was THF,
delivered at a flow rate 1 mL mint using a Waters 515 isocratic pump. The refractive
index was measured with a Waters 2414 refractive index detector. The instrumentation was
calibrated using poly(methyl methacrylate) (PMMA) standards with narrow polydispersity
indices (MWs of 102, 450, 670, 1580, 4200, 14400, 31000, 65000, 126000, 270000,
446000, 739000 g mol) supplied by Polymer Standards Service (PSS).

Morphological characterization: Transmission electron microscopy (TEM)
measurements were performed on a 1010 JEOL microscope (200 kV). High resolution
transmission electron microscopy (HRTEM) analysis was performed by using a
TECNAI F30 G2 S TWIN microscope operating at 300 kV equipped with energy
dispersive X-ray spectrometer (EDX). Both, TEM and HRTEM/EDX analysis were
prepared by Dr. E. Vasile at the University Politehnica of Bucharest (Faculty of Applied
Chemistry and Materias Science, Department of Bioengineering and Biotechnology), and
V. Eugenia at the University Politehnica of Bucharest (Faculty of Medical Engineering,
Department of Bioengineering and Biotechnology). Samples (nanocomposite membranes)
were placed onto double copper grid (oyster) to be visualized by TEM. The morphological
characteristics of the fibrous membranes obtained in the absence and presence of inorganic

NPs, were determined by scanning electron microscopy (SEM) (Vega TS5136LS-
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Tescan). The samples were gold-sputtered (~15 nm) (sputtering system: K575X Turbo
Sputter Coater — Emitech, Bal-tec SCD 500) prior to SEM inspection.

Thermal analysis: Thermal gravimetric analysis (TGA) measurements were carried out
with a Q500 TA Instruments. Samples (620.2 mg) were placed in ceramic crucibles. An
empty ceramic crucible was used as a reference. Samples were heated from ambient
temperature to 600 °C in a 50 mL-min flow of argon (Ar) with a heating rate of 10
°C-min. Differential scanning calorimetry (DSC) was used to measure the glass
transition temperatures Tgs of the fibrous polymer membranes using the Q100 TA
Instrument with a heating rate of 10 °C-mint. Each sample was scanned twice between 0
°C and +180 °C. The second run (heat) was used for data analysis.

Structural analysis: X-ray powder diffraction patterns were obtained using Rigaku (30
kV, 25 mA) with A=1.5405 A (Cu)) in the range of 20-80° and at a scanning rate of 1°/min.

Optical analysis: Ultraviolet-visible spectrophotometer (UV-vis) Jasco V-630 was used
to carry out the drug rel ease kinetic measurements and UV 2401 PC Shimadzu was used for
the determination of the metal ion concentration in agueous media.

Magnetic characterization: The magnetic properties of the magnetic nanocomposite
fibrous membranes prepared in this work were measured with a vibrating sample
magnetometer (VSM), model 880 from ADE technologies USA at 300 K. These
measurements were carried out in the research group of Prof. L. Vekas (Center of
fundamental and advanced technical research, Romania Academy, Timisoara Branch,

Timisoara, Romania).

5.3. Membrane fabrication and applications
5.3.1. PEO/PLLA and PEO/PLLA/OA.Fes04éelectrospun membranes

Microfibrous pristine and magnetoactive nanocomposite membranes, based on the water
soluble and biocompatible poly(ethylene oxide) (PEO), the biocompatible and
biodegradable poly(L-lactide) (PLLA), and pre-formed oleic acid-coated magnetic
nanoparticles (OA.FexOs NPs), were fabricated by electrospinning and evaluated for the
first time as drug delivery systems and as adsobants for the removal of radioactive metal

ions and organic water-soluble dyes from agueous media.

-71-



Chapter 5 Experimental Section

Synthesis of oleic acid-coated iron oxide magnetic nanoparticles: The OA.Fe30s NPs
were prepared at the Center for Fundamental and Advanced Technical Research,
Romanian Academy, Timisoara branch, Romania in the research group of the Prof. L.
Vekas by following an experimental procedure developed by Bica et al. (321; 180; 322).
Briefly, magnetite NPs, FexOs4, were obtained by the co-precipitation in agueous solution
of Fe&?* and Fe** ions (salts FeS04.7H.0; FeCl3.4H20) in the presence of NH4OH, at 80-82
°C. Subsequently, oleic acid was added in a significant excess (about 30 vol %) to the
system right after the co-precipitation had started, which resulted in the chemisorption of
the acid on the magnetite surface. This was followed by a washing process with distilled
water with magnetic decantation and filtration to remove aggregated particles. Then,
flocculation (acetone) was used to extract magnetite particles coated with a single
surfactant layer from the solution of residual salts and free surfactant. The dried powder
was redispersed in light hydrocarbon. This flocculation/re-dispersion procedure was
performed severa times to ensure that the presence of free surfactant in the final solution

was negligible.

Membrane fabrication: The PEO/PLLA-based nanofibers were fabricated by
electrospinning according to the following procedure. Firstly, an appropriate amount of
commercialy available homopolymers was dissolved in CHCI3, with polymer-solution
concentrations 2.5 and 4% w/v and weight percentage proportion of PEO/PLLA:70/30
respectively. This specific weight ratio was chosen so as for the membrane to exhibit high
stability and retain its integrity when immersed in agueous solutions (via the incorporation
of the hydrophobic PLLA) whereas at the same time presenting good water wettability
properties (via the introduction of the hydrophilic PEO). The prepared solution was |oaded
into a glass syringe (10 mL volume) and then electrospun. Systematic parametric studies
were carried out by varying the applied voltage, the distance from the tip of the needle to
the collector, the needle inner diameter, and the solution flow rate, which was controlled

with the aid of a syringe pump.

The same procedure was followed in the presence of OA.FesOs NPs. The PEO/PLLA
solutions were mixed with different amounts of OA.Fe3s04 NPs (5, 10, 20, 37, 50 and 70%
wt. in respect to the total polymer mass) in CHCI3 solution at room temperature. In all
cases, the polymer-solution concentration was kept constant (2.5 and 4% wi/v respectively)

and only the concentration of the OA.Fe3O4 varied.
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For the kinetic release study of acetaminophen the PEO/PLLA/acetaminophen system,
consisting of PEO/PLLA (polymer-solution concentration: 2.5% w/v; weight percentage
proportion PEO/PLLA:70/30 respectively) and acetaminophen (0.25 g-L!) was prepared
in CHCls. PEO/PLLA/OA.FesOs/acetaminophen systems, consisting of PEO/PLLA
(polymer-solution  concentration: 2.5% wl/v; weight percentage proportion
PEO/PLLA:70/30 respectively), acetaminophen (0.25 g-L 1), and OA.FesO4 NPs (20% and
70% wt. in respect to the amount of PEO/PLLA) were aso prepared in CHCl3 (Table 5.1

(1))

For the adsorption studies of heavy metal ions, including europium (Eu(lll)), uranium
(U(V1)), and thorium (Th(IV)), as well as the adsorption experiments carry out with
malachite green (MG) organic dye, solutions of PEO/PLLA and PEO/PLLA/OA.Fez04
(polymer-solution  concentration: 4% w/v; weight percentage proportion of
PEO/PLLA:70/30 respectively, 37 and 50% wt. OA.Fe304 in respect to the total polymer
mass) were prepared in CHCI3, followed by electrospinning to obtained the corresponding
fibrous mats (Table 5.1 (11, 111)).

The quantities of the reactants used for the preparation of all the above-mentioned series of

membranes are summarized in table 5.1.

Table 5.1: Quantities of the reactants used for the preparation of PEO/PLLA and PEO/PLLA/OA.Fes0.-

based el ectrospun membranes.

() Membranesfor drug delivery

ala Sample CHCIs(mL) PEO(g) PLLA (g) OA.FesO4(g) acetaminophen (g)
1 PEO 10 0.25 - -
2 PEO/PLLA 10 0.175 0.075 -
3 PEO/PLLA/OA .Fe304 (5% wit.) 10 0.175 0.075 0.0526
4 PEO/PLLA/OA .Fes04 (10% wt.) 10 0.175 0.075 0.0556
5 PEO/PLLA/OA .Fe304(20% wt.) 10 0.175 0.075 0.0625
6 PEO/PLLA/OA .Fe304 (50% wt.) 10 0.175 0.075 0.250 -
7 PEO/PLLA/acetaminophen 10 0.175 0.075 - 0.0025
8 PEO/PLLA/OA.Fe304(20% wt.)/acetaminophen 10 0.175 0.075 0.0625 0.0025
9 PEO/PLLA/OA .Fe304(70% wt.)/acetaminophen 10 0.175 0.075 0.6256 0.0025
(I1) Membranesfor theremoval of heavy metal ions from aqueous media
ala Sample CHClz (mL) PEO (g) PLLA (g) OA.Fez04(9)
1 PEO/PLLA 10 0.28 0.12 -
(111)  Membranesfor theremoval of MG organic dye from aqueous media
ala Sample CHClz (mL) PEO (g) PLLA (g) OA.Fez04(9)
1 PEO/PLLA 10 0.28 0.12 -
2 PEO/PLLA/OA .Fe304 (37% wt.) 10 0.28 0.12 0.235
3 PEO/PLLA/OA .Fes04 (50% wt.) 10 0.28 0.12 0.400
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Drug release studies. Acetaminophen has been encapsulated within the PEO/PLLA -based
electrospun membranes aiming toward the investigation of the drug release profile in
Dulbecco’s Phosphate-Buffered Saline (DPBS) solution (pH 7.2) and in tissue culture
media. Single pieces (10 mg, sample dimensions. ~ 2 cm X 2 cm) of the
PEO/PLLA/acetaminophen and the PEO/PLLA/OA.FesOa/acetaminophen (20 and 70%
wt. OA.Fe304) membranes in dry form were immersed in DPBS solution (5 mL) and the
release of acetaminophen from the membranes was followed kinetically by recording the
UV-vis spectra of the solution at different time intervals. Kinetic studies were repeated for

three times and the average values were determined.

In order to assess release kinetics in an environment mimicking tissue culture conditions
the PEO/PLLA/OA .Fes04 20% wt./acetaminophen system was placed separately in a vial
containing 10 mL of complete culture media consisting of Dulbecco’s Modified Eagles
Medium (DMEM) supplemented with 10% Fetal Calf Serum (FCS) and 1% antibiotic-
antimycotic (Penicillin/Streptomycin/Amphotericin), maintained at 37 °C, 5% CO. and
95% humidity for the indicated time interval. Solution aliquots were taken out at specific
time intervals and analysed by UV-vis spectrophotometry. The drug release studies
performed in complete culture media were carried out in collaboration with Dr. A.
Odysseos (EPOS-lasis, R&D, Nicosia, Cyprus).

Magnetic hyperthermia: The magnetic hyperthermia studies were carried out by Dr. G.
Sarigiannis at the University of Patras (Departments of Materials Science) as follows: The
magnetoactive membranes were dispersed in 1 mL of de-ionized water in glass via at a
concentration of 10, 20, 40 and 100 mg-mL™? in magnetic material (FesOs). Magnetic
heating was performed using a hyperthermia system, by placing the suspension at the
center of a multiturn copper coil at a frequency (f) of 110 kHz and amplitude (Ho) of 25
mT (19.9 kA-m?) respectively. Temperature rise was recorded by using a sensitive

thermocouple (with accuracy +0.1°C) for 300s.

Adsorption studies for the removal of Eu (I11), U(VI), and Th(1V) heavy metal ions
from aqueous media: These studies were performed together with the Ph.D candidate M.
Efstathiou, from the research group of Dr. |. Pashalides of the Department of Chemistry,
University of Cyprus.

Batch experiments in polyethylene (PE) screw-cap bottles containing a certain amount of
the PEO/PLLA membrane (10 mg) in contact with 3 mL of an agueous Eu(l11), U(VI) or
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Th(IV) solution of known total metal concentration (1-10°, 1-10° and 7-10°% M
respectively) were conducted. The pH was adjusted by addition of 0.1 M NaOH or 0.1 M
HCIOs. Following equilibration time (24 hours), pH was measured using a glass electrode
(Hanna Instruments pH 211) and the analytica metal ion concentration in solution was
determined by recording the UV-vis spectra of the solution by means of arsenazo-Ill
(Arz(I11)). Arsenazo(lll) is a chromogenic reagent capable of forming stable complexes
with the above-mentioned ions. Prior to concentration determination, the solutions were
ultrafiltrated using 0.45 um membrane filters to remove any solid phase particulates from

the solution.

To investigate the effect of various parameters (e.g. pH, initial metal ion concentration and
ionic strength) on the Eu(lll), U(VI) and Th(IV) adsorption, three different classes of
experiments were conducted. In these experiments the parameter under investigation was
varied while the other experimental parameters were kept constant. The effect of pH was
studied in an adsorption system with pre-weigh amount of adsorbent (10 mg) and 3 mL of
the test solution (1=0.1 M) in which pH was varied between 1 and 10 for the Eu(lI1) and
U(VI) and 0 and 3 for the Th(IV) by addition of HclO4 or NaOH. For studying the effect of
the initial metal ion concentration, the latter was varied between 1-103and 7-10° M, at a
prefixed amount of adsorbent (10 mg), 1=0.1 M and the optimum pH, which was ~ 6.5 for
the Eu(ll1), ~ 6 for the U(VI), and ~ 3 for the Th(1V). Finally, the ionic strength (1) effect
was studied for 1=0.01, 0.1 and 1 M at a prefixed amount of adsorbent (10 mg) and
constant metal ion concentration (1-10-3 and 7-10° M for U(V1) and Th(V1) respectively).

Adsorption studies for the removal of MG organic dye from aqueous media:
Adsorption studies were conducted by means of batch experiments in PE screw-cap tubes
containing a certain amount of the membrane immersed in malachite green (MG) solution
(prepared in de-ionized water) of known concentration for 24 hours. After equilibrium UV -
vis spectrophotometry was used to determine the residual dye concentration in the
supernatant at the MG maximum absorption wavelength (618 nm). The amount of MG

adsorbed on the membranes (ge) and % removal efficiency (% ge) were cal cul ated.

In order to investigate the effect of the initial dye concentration on the adsorption process,
ahighly concentrated MG stock solution was initially prepared (1-10* M) and used for the
preparation of MG solutions of various concentrations ranging from 1-10° M to 1-10° M.
The effect of pH on the dye removal by the PEO/PLLA and PEO/PLLA/OA.Fe304

membranes was studied by placing a pre-fixed amount of the adsorbent in the MG solution
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of known concentration in which pH was adjusted at different pH values ranging between
3 and 9. The pH vaues of MG solutions were adjusted by using NaOH or HCl aqueous
solutions (0.1-1 M) while the dye concentration remained constant (6-:10° M).

For determining the thermodynamic parameters related to the adsorption process the
above-mentioned procedure was repeated at 318 K and 338 K. Pieces of membranes were
placed in MG solution of known concentration (1.13-10° M) for 24 hours prior to UV-vis
anaysis.

Kinetic adsorption studies were performed by immersing a specific amount of either
PEO/PLLA or PEO/PLLA/OA.FesOs membrane (10 mg) in different plastic tubes
containing MG solution (3 mL, Co=1-10° M (0.0927 g-L ™)), and recording the UV-vis
spectra of the supernatant solution at different time intervals.

All experiments were performed at room temperature (298 K) and in all cases the tota
volume of the solution (3 mL) and the mass of the adsorbent (10 mg) were retained the

Same.

Finaly for the regeneration and recycling studies of the membranes, the MG-loaded
PEO/PLLA and PEO/PLLA/OA .Fes04 membranes were removed from agueous solutions
and were immersed in ethanol (EtOH) solution (3 mL). After 5 min the membranes were
removed from the alcohol solution and re-immersed in another MG solution of the same
initial concentration (Co=1:-10"° M). The UV-vis spectrum of the supernatant was recorded
after 24 hours for determining the amount of the adsorbed dye. The aforementioned

adsorption-desorption cycle was repeated three times.

5.3.2. MMA-co-AEMA, MM A-co-AEMA/OA .FesOs-based electrospun membranes

Microfibrous pristine and magnetoactive nanocomposite membranes, consisting of
methacrylic random copolymers based on methyl mehacrylate (MMA) and 2-
(acetoacetoxy)ethyl methacrylate (AEMA) (MMA-co-AEMA) and preformed oleic acid-
coated magnetic NPs (OA.FezO4 NPs), were fabricated by electrospinning and evaluated as
adsorbents for the removal of heavy metal ions from agueous solution.

Random copolymer synthesis. Conventiona free radica polymerization (FRP) was
employed for the synthesis of the MMA-co-AEMA random copolymers. To a round-
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bottomed flask (50 mL) equipped with a stirring bar and fitted with a rubber septum, the
monomers MMA (2.1 mL, 19.6 mmol) and AEMA (4.3 mL, 22.5 mmol) were added.
AIBN (2.5 mg, 1.52:10° mol) was dissolved in THF (21 mL) and was added to the flask
with the aid of a syringe. After dissolution, the reaction mixture was placed in an oil bath
at 65 °C for 10 hours under inert (nitrogen) atmosphere. Polymerization was terminated by
cooling the reaction down to room temperature. The produced MMA-co-AEMA random
copolymer was retrieved by precipitation in n-hexane (polymer solution to n-hexane in
volume ratio 1:10) and was left to dry in a vacuum oven at room temperature for a few
hours. The same procedure was followed for synthesizing a series of random copolymers

of the type MMA-co-AEMA in various chemical compositions.

Table 5.2 summarizes the quantities of the reactants used for the synthesis of the MMA.-

co-AEMA random copolymers.

Table 5.2: Quantities of the reactants used for the synthesis of the MMA-co-AEMA random copolymers.
MMA-co-AEMA

ala Sample Solvent (mL) MMA (mL) AEMA (mL) molar ratio AIBN (10 mol)
1  MMA-co-AEMA 21 (THF) 21 4.3 1:1.15 0.015
2  MMA-co-AEMA 54 (EA) 84 7.6 1:05 0.10
3  MMA-co-AEMA 40 (EA) 4.2 7.6 11 0.08
4  MMA-co-AEMA 20 (EA) 2.0 4.3 1:2 0.39
5 MMA-co-AEMA 8 (EA) 5.0 3.0 1:3 0.31
6 MMA-co-AEMA 32 (EA) 20.0 12.0 1:3 1.26

Membrane fabrication: MMA-co-AEMA-based fibrous mats were fabricated by
electrospinning. An appropriate amount of the in house synthesized random copolymers
was initialy dissolved in THF with polymer solution concentration of 6% w/v. However
this concentration was not the optimum one to obtain uniform fibers. Consequently new
polymer solutions of higher concentrations (30% w/v) were prepared whereas THF was
also replaced by CHCIas. This particular solvent was found to be more appropriate since it
promoted the complete solubilization of OA.Fe304. The prepared solution was |oaded into
a glass syringe (10 mL volume) and then electrospun. Systematic parametric studies were
carried out by varying the applied voltage, the distance from the tip of the needle to the
collector, the needle inner diameter and the solution flow rate.

The same procedure was followed in the presence of OA.Fez0O4NPs. The MMA-co-AEMA
solutions were mixed with different amounts of OA.FesO4 NPs (2, 4, 10, 30, and 70% wit.
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in respect to the total polymer mass) in THF at room temperature. In all cases, the polymer
concentration was kept constant (6% w/v) and only the concentration of the OA.Fe3O4 NPs
varied.

For the adsorption studies of radioactive Eu(lll) metal ions from agueous media,
homogeneous solutions of PEO/MMA-co-AEMA and PEO/MMA-co-AEMA/OA .Fes04
(polymer-solution concentration: 4% w/v; weight percentage proportion of PEO/MMA-co-
AEMA:70/30 respectively, 37% wt. OA.Fe3Oa4 in respect to the total polymer mass) were
prepared in CHCI3, and were further electrospun to yield the corresponding fibrous mats.

The quantities of the reactants used for the preparation of all the above-mentioned systems

are summarized in table 5.3.

Table 5.3: Quantities of the reactants used for the preparation of the pristine MMA-co-AEMA and the MMA-
co-AEMA/OA.FesOs-based electrospun membranes.

ala Sample

concentration (w/v)  (mL) (9) (9) (9)

1 MMA-co-AEMA 6 10 (THF) - 0.6 -

2 MMA-co-AEMA/OA .Fez04 (2% wt.) 6 10 (THF) - 0.6 0.012
3 MMA-co-AEMA/OA .Fe304 (4% wt.) 6 10 (THF) - 0.6 0.025
4 MMA-co-AEMA/OA .Fe304 (10% wit.) 6 10 (THF) - 0.6 0.067
5 MMA-co-AEMA/OA .Fe304 (30% wt.) 6 10 (THF) - 0.6 0.257
6 MMA-co-AEMA/OA .Fe304 (70% wt.) 6 10 (THF) - 0.6 1.400
7 MMA-co-AEMA 30 10 (CHCl5) - 0.6,3 -

8 PEO/MMA-co-AEMA 4 10(CHCls)  0.28 0.12 -

9 PEO/MMA-co-AEMA/OA .Fe304 (37% wt.) 4 10(CHCls)  0.28 0.12 0.235

Adsorption studies for the removal of Eu(l11) heavy metal ions from aqueous media:
The adsorption studies were performed together with the Ph.D candidate M. Efstathiou,
from the research group of Dr. |. Pashalides of the Department of Chemistry, University of
Cyprus.

Batch experiments were carried out in polyethylene (PE) screw-cap bottles containing a
certain amount of membrane (adsorbent dosage=10 mg per 3 mL) in contact with 3 mL of
an aqueous Eu(l11) solution of known total metal ion concentration. For studying the effect
of the initial metal ion concentration, a pre-fixed amount of the adsorbent (10 mg) was
placed in the agueous Eu(l11) solutions (3 mL) of known concentration (1-10* to 7-10°°
M), 1=0.1 M and optimum pH 6.5. The effect of pH was studied in an adsorption system
with pre-weigh amount of adsorbent (10 mg) and 3 mL of the test solution (I=0.1 M) in
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which pH was varied between 1 and 10. pH was adjusted by adding of 0.1 M NaOH or 0.1
M HCIOsa.

Following equilibration time (24 hours), pH was measured using a glass electrode and the
analytical metal ion concentration in solution was determined by recording the UV-vis
spectra of the solution by means of Arz-111. Prior to concentration determination, the test
solution was ultrafiltrated using 0.45 um membrane filters to remove any solid phase
particul ates from the solution.

5.3.3. MMA-co-BzM A-based e ectrospun membranes

Fibrous membranes, consisting of methacrylic random copolymers based on benzyl
methacrylate (BzMA) and methyl methacrylate (MMA) (MMA-co-BzMA) were fabricated
by eectrospinning and evaluated as substrates for the removal of organic water-soluble

pollutants, including metronidazole, and 1,2 dichlorobenzene.

Random copolymers synthesis: Conventional free radical polymerization (FRP) was
employed for the synthesis of the MMA-co-BzMA random copolymers. To a round-
bottomed flask (50 mL) equipped with a stirring bar and fitted with a rubber septum, the
monomers MMA (5 mL, 4.71 mmol) and BzMA (4.3 mL, 22.5 mmol) were added. AIBN
(7.8 mg, 0.471 mmol) was dissolved in EA (13 mL) and was added to the flask with the aid
of asyringe. The reaction mixture was stirred rapidly at room temperature and heated at 65
°C for 10 hours. After dissolution, the reaction mixture was placed in an oil bath at 65 °C
for 10 h under inert (nitrogen) atmosphere. Polymerization was terminated by cooling the
reaction down to room temperature. The produced MMA-co-BzMA random copolymer
was retrieved by precipitation in n-hexane (polymer solution to n-hexane in volume ratio

1:10) and was |eft to dry in a vacuum oven at room temperature for afew hours.

Table 5.4 summarizes the quantities of the reactants used for the synthesis of two MMA-

co-BzMA random copolymers.
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Table 5.4: Quantities of the reactants used for the synthesized of a series MMA-co-BzMA random

copolymers.
ala Sample EA(mL) MMA(mL)  BzMA (mL) MMA-coBzMA 1N (mmol)
molar ratio
1  MMA-co-BzZMA 13 5.0 8.0 11 0.471
2  MMA-co-BzZMA 25 9.4 15.0 11 0.885

Membrane fabrication: MMA-co-BzMA and PEO/MMA-co-BzMA fibrous mats were
prepared by electrospinning. Appropriate amounts of the in house synthesized random
copolymer were dissolved in CHCIs with polymer polymer-solution concentrations 10, 30
and 50% w/v. In the case of the PEO/MMA-co-BzMA, a 52% w/v solution was prepared
containing a weight percentage proportion PEO/MMA-co-BzMA:4/96. The prepared
homogeneous solution was loaded into a glass syringe (10 mL volume) and then
electrospun. Systematic parametric studies were carried out by varying the applied voltage,
the distance from the tip of the needle to the collector, the needle inner diameter, and the

solution flow rate.

The quantities of the reactants used for the preparation of all the above-mentioned systems

are summarized in table 5.5.

Table 5.5: Quantities of the reactants used for the preparation of the MMA-co-BzMA electrospun

membranes.
ala Sample CHCIs(mL) PEO(g) MMA-co-BzMA (g)
1 MMA-co-BzMA 10 - 5
2 PEO/MMA-co-BzMA 10 0.2 5

Adsorption studies for the removal of dichlorobenzene and metronidazole from
aqueous media: Single pieces (10 mg) of eectrospun membranes consisting of MMA-co-
BzMA in dry form, were immersed in both 1,2 dichlorobenzene (5 mL) and metronidazole
(5 mL) agueous solutions at known concentration 0.1 mg-mL™ (8.88-:10% mol-LY) and 0.02
mgmL? (1.17-10% mol-L™) respectively. The adsorption of the pollutants from the
membranes was followed kinetically by recording the UV-vis spectra of the supernatant

solution at the different time intervals.
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5.34. PVP, PVP/PLLA and PVP/PLLA/OA.Fe3Oselectrospun membranes

The fabrication of fibrous membranes based on poly(vinyl pyrrolidone) (PVP), poly(L-
lactide) (PLLA) and pre-formed oleic acid coated magnetite NPs (OA.FesO4) was carried

out by means of the electrospinning technique.

Membrane fabrication: Electrospun membranes comprised of the commercially available
homopolymers PVP and PLLA and preformed OA.FesO4 NPs were fabricated. Initialy,
solutions of PV P (polymer-solution concentrations: 3, 5, 10 and 15% w/v) and solutions of
PVP/PLLA (polymer-solution concentration: 10% w/v; weight percentage proportion
PVP/PLLA:70/30 respectively) were prepared in CHCI3. The PVP/PLLA solutions were
then mixed with different amounts of OA.Fes0O4 NPs (5, 10 and 20% wt. in respect to the
total polymer mass) a room temperature. In al cases, the polymer concentration in

solution was kept constant (10% w/v) and only the concentration of the OA.Fe3O4 varied.
The quantities of the reactants used for the preparation of a series of PVP, PVP/PLLA and

PVP/PLLA/OA.Fes04 solutions are summarized in table 5.6.

Table 5.6: Quantities of the reactants used for the preparation of the PVP, PVP/PLLA and
PVP/PLLA/OA.Fes04 solutionsin CHCls.

Polymer-solution

ala Sample concatk atighl (wiv) CHClzs(mL) PVP(g) PLLA(g) OA.Fe04(q)
1 PVP 3 10 0.3
2 PVP 5 10 0.5
3 PVP 10 10 1.0
4 PVP 15 10 15 -
5 PVP/PLLA 10 10 0.7 0.3 -
6  PVP/PLLA/OA.Fes04 (5% wt.) 10 10 0.7 0.3 0.053
7 PVP/PLLA/OA.Fe304(10% wt.) 10 10 0.7 0.3 0.111
8 PVP/PLLA/OA.Fe304(20% wt.) 10 10 0.7 0.3 0.250

5.3.5. PVP/metal nanoparticles

PV P-Pd and PV P-Cu>0O electrospun fibrous nanocomposite membranes were prepared and
evaluated as heterogeneous catalytic supports in Heck, Suzuki and click chemistry
reactions.

Synthesis of PVP-Pd colloidal nanohybrids: The PVP-Pd colloidal nanohybrids (mols
vinyl pyridine (VP) unitgmols paladium sat (Pd(OCOCHS3)2) = 20:1 were prepared as
follows: (323) In a round bottom flask equipped with a magnetic stirrer, PVP (1.0 g, 9

-81-



Chapter 5 Experimental Section

mmol of vinylpyrridine units) was dissolved in MeOH (10 mL). Subsequently, palladium
acetate (100 mg, 0.45 mmol) was added to the polymer solution and the reaction mixture
was heated at reflux (65 °C) for 2 hours. During this period, the colour of the solution
changed from yellow to dark brown indicating the formation of Pd NPs. After the
completion of the reaction, the brown coloured solution was allowed to cool down at room
temperature and it was then stored in sealed glass vials. The solutions were stable and no
precipitation was observed even after severa months.

Synthesis of PVP-Cu colloidal nanohybrids: The PVP-Cu colloidal nanohybrids (mols
vinyl pyridine (VP) units/mols copper salt (Cu(CO2CHz3)>-H20) = 3.6:1 were prepared as
follows: In avia equipped with a magnetic stirrer, PVP (1.0 g, 9 mmol of vinylpyrridine
units) was dissolved in MeOH (7.5 mL). Subsequently, copper acetate monohydrate (500
mg, 2.5 mmol) was added to the polymer solution and the mixture was left to stir overnight
a (~ 20 °C). During this period, the colour of the solution changed from colourless to blue.
Afterwards, hydrazine monohydrate (972 uL, 20.0 mmol) was added and the colour of the
solution became dark red, indicating the formation of Cu NPs. Air exposure of the
colloidal solution led to a colour change from red to light blue, indicative of the oxidation
of the Cu NPs to Cu20 (324). The final PVP-capped Cu.O NPs exhibited high stability in
methanol MeOH and no agglomeration/ destabilization phenomena were observed even
after several months.

Membrane fabrication: The PVP-Pd and PVP-Cu20 colloidal solutions were used for the
fabrication of Pd and Cu>O-containing PVP fibrous membranes by means of the
electrospinning technique. Systematic parametric studies were carried out by varying the
applied voltage between to the needle-to-collector distance, the needle inner diameter, and
the flow rate so as to determine the optimum experimental conditions for obtaining fibrous

materials.

Membrane crosdinking: Water-insoluble PVP-Pd and PVP-CuO fibrous
nanocomposites were obtained via thermal crosslinking of the as prepared corresponding
electrospun fibers. More precisely, the electrospun PVP-Pd and PVP-Cu,O membranes
were placed in an oven and heated at 180 °C for 5 hours.

Catalysis: The catalytic experiments were performed in the research group of Dr. P. A.

Koutentis by Dr. A. Kalogirou at the Department of Chemistry, University of Cyprus.
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Heck reaction: To a stirred solution of iodobenzene (22 uL, 0.20 mmol) in dry DMF (1
mL) at 20 °C, was added n-butyl acrylate (43 uL, 0.30 mmoal), EtsN (75 uL, 0.54 mmol)
and the PVP-Pd 20:1 electrospun membrane (11 mg, 2.4 mol %). The mixture was heated
to 125 °C in a sedled tube until complete consumption of iodobenzene. The mixture was
then cooled to 20 °C and t-BuOMe (10 mL) was added. The polymer precipitate was
filtered and washed with t-BuOMe (10 mL), then dried under vacuum. The membrane was
reused in subsequent reactions without further treatment. The organic washings were
washed with H2O (2x10 mL), combined, dried (NaxSO4) and evaporated to give after
column chromatography (n-hexane/DCM, 1:1) n-butyl cinnamate (36 mg, 88%) as a
yellow oil.

IH NMR &: (500 MHz; CDCls) 7.69 (1H, d, J 16.0, =CH), 7.53-7.51 (2H, m, Ar H), 7.39-
7.36 (3H, m, Ar H), 6.45 (1H, d, J 16.0, =CH), 4.21 (2H, t, J6.7, OCHy), 1.72-1.66 (2H, m,
CH3), 1.48-1.40 (2H, m, CH2), 0.97 (3H, t, J 7.4, CHa).

Suzuki reaction: To a stirred solution of 4-iodoanisole (117 mg, 0.50 mmol) in THF (0.8
mL) and H2>0 (0.4 mL) at 20 °C was added phenyl boronic acid (91 mg, 0.75 mmal),
powdered K>COz (138 mg, 1.00 mmol) and the crosslinked PVP-Pd 20:1 membrane (20
mg, 1.6 mol %) and the mixture was heated to 80 °C in a sealed tube until compete
consumption of the starting material. The mixture was then cooled to 20 °C and t-BuOMe
(20 mL) was added. The polymer precipitate was filtered and washed with t-BuOMe (10
mL), then dried under vacuum. The membrane was reused in subsequent reactions without
further treatment. The organic washings were washed with H>O (2x10 mL), combined,
dried (NaSO4) and evaporated to give 4-methoxybiphenyl (90 mg, 98%) as colourless
needles, mp 81-83 °C (from EtOH/H-20, 80-82 °C (325));

IH NMR &: (500 MHz; CDCls) 7.56 (2H, d, J 7.9, Ar H), 7.54 (2H, d, J 8.7, Ar H), 7.42
(2H, dd, J 7.6, 7.6 Ar H), 7.38 (1H, dd, J 7.4, 7.4 Ar H), 6.99 (2H, d, J 8.7, Ar H), 3.86
(3H, s, CHa);

Click chemistry: To a stirred solution of benzyl azide, synthesized according to the
literature (318), (67 mg, 0.50 mmol) in dioxane (1 mL) a 20 °C was added
phenylacetylene (60 pL, 0.55 mmoal), followed by EtsN (77 uL, 0.55 mmol) and the
crosslinked PVP-Cu20 3.6:1 membrane (11.6 mg, 5.0 mol % Cu). The mixture was heated
to 60 °C in a sealed tube until compete consumption of the starting material. The mixture

was then cooled to 20 °C and t-BuOMe (10 mL) was added. The polymer precipitate was
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filtered and washed with t-BuOMe (10 mL), then dried under vacuum. The membrane was
reused in subsequent reactions without further treatment. The organic washings were
evaporated to give 1-benzyl-4- phenyl-1H-1,2,3-triazol (102 mg, 87%) as colourless
needles, mp 121-123 °C (from c-hexane,123-125 °C (326));

IH NMR &: (500 MHz; CDCI3) 7.80 (2H, d, J 7.3, Ar H), 7.68 (1H, s, Ar H), 7.41- 7.35
(5H, m, Ar H), 7.32-7.29 (3H, m, Ar H), 5.55 (2H, s, CH2);
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6.1. PEO/PLLA and PEO/PLLA/OA.FesOs electrospun membranes:

Fabrication, characterization and applications

Fibrous polymer-based nanocomposite membranes consisting of the hydrophilic,
biocompatible and thermoresponsive polyethylene oxide (PEO), the hydrophobic,
biocompatible and biodegradable poly(L-lactide) (PLLA), and preformed oleic acid-coated
magnetic nanoparticles (OA.FesO4 NPs) were successfully fabricated by electrospinning,
characterized in regards to their morphology, composition, thermal and magnetic
properties and evaluated for the first time in drug delivery and hyperthermia applications
(151) as well as in water remediation processes as adsorbents for the removal of heavy

metal ions and organic water-soluble dyes from agueous media (327).

6.1.1. Membranefabrication

Initially, homogeneous solutions of PEO, PEO/PLLA and PEO/PLLA/OA.Fes0s were
prepared in CHCls. The polymer-solution concentration was set at either 2.5 % w/v (table
6.1 (1)) or a 4% w/v (table 6.1 (11, 111)), whereas the PEO/PLLA weight percentage was
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maintained at 70/30 respectively. The chemica structures of the PEO and the PLLA
homopolymers and of the preformed OA.FesO4 are illustrated in figure 6.1. The obtained
solutions were then electrospun under specific electrospinning conditions to yield fibrous
electrospun mats as shown in figure 6.1. In the case of the magnetoactive e ectrospun

membranes the magnetic content varied from 5% - 70% wit.
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4 F
o o o

poly(ethylene oxide), PEO nanoparticles (OA.Fe,0,)
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pay(L-ladtice), H:j ‘

Figure 6.1: Chemical structuresand names of the main reagents used for the preparation of PEO,
PEO/PLLA, and PEO/PLLA/OA.Fe;0.fibrous membranes by electrospinning (Photographs provided
correspond to the PEO/PLLA fibrous mats containing 0, 37 and 50% wt. OA.Fes0s).

Besides the incorporation of magnetic NPs within PEO/PLLA electrospun mats, a
pharmaceutical compound namely acetaminophen (also known as paracetamol) has been
also introduced within the membranes (table 6.1 (1), entries 7-9) aiming toward the
evaluation of the drug-loaded electrospun mats in drug delivery applications as described
in afollowing subchapter (6.1.3.1.).

The successful generation of fibrous membranes requires the determination of the optimal
processing parameters that include the concentration of the polymeric solution (which
significantly affects the solution viscosity), the applied voltage, the delivery rate of the
solution toward the collector, the diameter of the needle, and the distance between the tip

of the needle and the collector.

Experimental parametric studies were carried out for the PEO and the PEO/PLLA systems
both in the absence and presence of the magnetic NPs in order to define the optimum

parameters for the production of eectrospun fibrous membranes. Table 6.1 summarizes
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the optimum experimental electrospinning conditions followed for the successful

generation of the fibrous membranes.

Table 6.1: Optimum experimental conditions employed for the fabrication of the PEO, PEO/PLLA and
PEO/PLLA/OA.FesOs-based membranes.

(1) Membranesfor drug delivery

ala e Needle Flow rate Voltage Needle-to-collector
(G) (mL-h?) (kV) distance (cm)
1 PEO 16 3 10 15
2 PEO/PLLA 16 3 10 30
3 PEO/PLLA/OA.Fes04 (5% wt.) 16 4 20 25
4 PEO/PLLA/OA.Fe304(10% wt.) 16 4 20 25
5 PEO/PLLA/OA.Fes04 (20% wt.) 16 4 23 25
6 PEO/PLLA/OA.FesO4 (50% wit.) 16 45 25 25
7 PEO/PLLA/acetaminophen 16 3 25 25
8 PEO/PLLA/OA.Fes04(20% wt.)/acetaminophen 16 4 25 25
9 PEO/PLLA/OA.Fes04(70% wt.)/acetaminophen 16 5 25 25
(I)  Membranesfor theremoval of heavy metal ions from aqueous media
ala Sample Needle Flow rate Voltage Needle-to-collector
(G) (mL-h?) (kV) distance (cm)
1 PEO/PLLA 16 4 25 25
(I11)  Membranesfor theremoval of malachite green (M G) from aqueous media
Needle Flow rate Voltage Needle-to-collector
ala Sample (G) (mL-h?) (kV) distance (cm)
1 PEO/PLLA 16 4 25 25
2 PEO/PLLA/OA.Fe304 (37% wt.) 16 45 25 25
3 PEO/PLLA/OA.Fe304 (50% wt.) 16, 18, 22 45 25 25

6.1.2. Membrane characterization

Morphological characterization: The morphological characteristics of the membranes
were determined by SEM. Figure 6.2 provides the SEM images in different magnifications
of (a) the PEO homopolymer (b) the PEO/PLLA (polymer-solution concentration: 2.5%
w/v), (c) the drug-loaded PEO/PLLA/acetaminophen (polymer-solution concentration:
2.5% wi/v) and (d) the PEO/PLLA (polymer-solution concentration: 4% wi/v). The PEO
membranes exhibited a multimodal diameter distribution ranging between 1 and 3 um,
whereas in the presence of PLLA the obtained fibers were characterized by higher
homogeneity. This phenomenon is probably attributed to the low Tg of the PEO (around -
50 °C) adlowing for fiber merging in ambient conditions and thus broader fiber diameter
distribution, whereas in the presence of PLLA exhibiting high Tg vaues (around 60 °C)
this merging process is prevented. Upon increasing the concentration from 2.5 to 4% wiv,
the fibers exhibited cylindrical, highly homogeneous and larger diameters ranging between

3 and 4 um. This observation isin line with other literature examples supporting that upon
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increasing the solution concentration the diameter of the obtained continuous e ectrospun
fibers increases (45; 52; 53). Moreover, as seen in figure 6.2 (c) the incorporation of
acetaminophen within the PEO/PLLA membranes did not significantly affect the

morphological characteristics of the membranes.
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Figure 6.2: SEM images of the PEO, PEO/PLLA and PEO/PLLA/acetaminophen el ectrospun membranes.
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In figure 6.3 the SEM images of the magnetoactive PEO/PLLA/OA.FesOs membranes
containing (&) 5, (b) 10, (c) 20, (d) 50% wt. OA.FesOs4 and of the drug-loaded
magnetoactive membranes PEO/PLLA/OA.Fe304 ((e) 20 and (f) 70% wt.)/acetaminophen
systems prepared starting from homogeneous CHCI3 solutions of polymer concentration
2.5% wiv are provided. In addition, magnetoactive membranes containing 37 and 50 % wit.
OA.FesO4 (figure 6.3, images (g) and (h) respectively) generated from CHCI3 solutions of
4% wi/v polymer concentration are also shown.

By comparing the SEM micrographs of the magnetoactive fibrous membranes with 50%
wt. magnetic content obtained starting from two different polymer-solution concentrations
(i.,e. 25% w/v and 4% wlv, figure 6.3 (d) and (h) respectively) whereas al other
processing parameters were kept the same, it was concluded that upon increasing the
concentration of the solution, fewer beaded structures along the nanofibers were generated.
SEM revealed the presence of a multimodal diameter distribution ranging between 1 and 3
wm.

From the SEM analyses it was also observed that the presence of the magnetic NPs within
the membranes did not significantly affect the morphological characteristics of the fibers.
As seen in figure 6.3 (a-d) upon increasing the magnetic content within the membranes
from 2.5 up to 50% wit. the fibers retain their continuity and cylindrica morphology,
whereas no significant diameter variations or extensive beaded structures are observed.
Thisis somehow expected due to the very small nanometer-sized particles. Similarly, SEM
has shown that the incorporation of acetaminophen within the PEO/PLLA/OA.Fe304
membranes did not influence the morphological characteristics of the membranes (figure
6.3 (e) and (f)).
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(b) PEO/PLLA/OA.FesO410% wt., polymer-solution concentration: 2.5% w/v in CHClIs
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(f) PEO/PLLA/OA.FesO470% wt./acetaminophen, polymer-solution concentration: 2.5% wi/v in
CHCls
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Figure 6.3: SEM images of the PEO/PLLA/OA.Fe;04 and the drug-loaded
PEO/PLLA/OA.FesO4/acetaminophen magnetoactive el ectrospun hanocomposite membranes.

The PEO/PLLA/OA.FesOs membranes were also visualized by HRTEM. Figure 6.4
depicts transmission electron micrographs of the membrane containing OA.Fez04 20% wit.
magnetic NPs. From the TEM bright field images (figure 6.4 (a) and (b)) it can be clearly
seen that the magnetic FesO4 NPs embedded within the membranes are spherical in shape
with average diameters of approximately 5 nm. Moreover, a distinct dispersion of the NPs
in the PEO/PLLA matrix resulting in high homogeneity can be observed. By comparing
the size distribution of the pre-formed OA.FesO4 NPs (328) with the mean diameters of the
OA.Fes0Os NPs embedded within the polymer fibers it can be concluded that no
nanoparticle agglomeration phenomena occur during the electrospinning process since the
dimensions of the embedded NPs are retained within the same range. NPs are nanocrystals
and HRTEM imaging (figure 6.4 (c)) discloses the crystalline planes (311) of FesO4 with
2.51 A characteristic interplanar distances.

e (311) Ee0,
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(d)

500

Figure 6.4: (a, b) TEM bright field, (c) HRTEM images and (d) corresponding EDX spectrum of the
PEO/PLLA/OA.Fes04 polymeric membranes in the presence of OA.Fes0Os NPs 20% wt.

The EDX spectrum (figure 6.4 (d)) shows the presence of Fe, O and C as the major
elements in the sample (element Cu comes from the copper grid). The presence of minor
elements Ca, Si, Cl, Cr is attributed to mild sample contamination during the preparation
process for TEM investigations.

Thermal characterization: The degradation temperatures of the resulting PEO/PLLA-
based polymeric membranes (polymer-solution concentration: 2.5% w/v) were determined
by TGA measurements. The modulation of the decomposition temperature of the
membranes by the embedded OA.FezO4 was determined by this method (figure 6.5). In the
case of the pure OA.Fes0O4 aweight loss is observed at lower temperatures (below 300 °C),
which is attributed to the decomposition of the organic oleic acid coating (329). The
magnetite-free polymer membrane begins to decompose at a temperature lower than ~ 300
°C a which the nanocomposite PEO/PLLA/OA.Fex0Os membrane starts to decompose,
suggesting that the magnetic NPs affect favorably in the therma stability of the
membranes, acting as heat barriers due to the nanoparticle-polymer interactions (330). This
finding is in line with the report that poly(methyl methacrylate)/FesOs composite
nanofibrous membranes present a higher degradation temperature in comparison to the
pristine PMMA fibers (331). The remaining residue observed in the case of the magnetite-
containing membrane at higher temperatures (T > 430 °C) corresponds to the inorganic
(Fes0a) content.
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Figure 6.5: TGA thermograms of the pure OA.Fes;O. NPs, the PEO/PLLA and the PEO/PLLA/OA.Fes04

20% wt. electrospun membranes.

The TGA traces of the PEO/PLLA-based polymeric membranes (polymer-solution
concentration: 4% wi/v) both in the absence and presence of OA.Fe3Os NPs are provided in
figure 6.6. As seen in the thermograms, a similar therma decomposition profile as the one
described above is observed with the pristine polymer membrane starting to decompose at
a lower temperature compared to the nanocomposite membrane analogue, while at ~ 420
°C, it decomposes completely losing al of its weight. The remaining residue observed in
the case of the magnetite-containing membrane at higher temperatures (T > 430 °C)

corresponds to the inorganic (Fe30a4) content.

The characteristic melting points corresponding to the PEO and the PLLA crystalline
domains in the absence and presence of the magnetic NPs are seen in the DSC thermal
curves of the PEO/PLLA and the PEO/PLLA/OA .FexO4 50% wt. provided in figure 6.7.
The characteristic melting point of the PEO homopolymer was observed at around 65 °C
and the one corresponding to the PLLA at around 170 °C in agreement with previous
literature reports (332; 333). In the presence of magnetite, a significant decrease in the
melting enthalpy of both the PEO and the PLLA domains was observed, confirming the
reduction of crystallinity caused by the incorporation of the OA.FesOs within the
membranes. The relative degree of crystallinity of PEO in the PEO/PLLA membranes in
the presence and absence of magnetic NPs is calculated from the melting enthalpy values
obtained from the area of the melting curves for PEO in DSC thermograms and using the

following equation 6.1:
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Degree of crystallinity = (f“:l—?“) +100% Equation 6.1

m

where, AHn is the melting enthalpy of PEO in the PEO/PLLA samples and AHn is the
melting enthalpy of 100% crystalline PEO that is equal to 213.7 J/g.

Based on the above the degree of crystalinity of PEO in the PEO/PLLA and
PEO/PLLA/OA .FesO4 was calculated to be 38% and 24% respectively.

100
PEO/PLLA/OA.Fe30y4 37% wt.

% Loss mass

100 200 300 400 500 600
Temperature (°C)

Figure 6.6: TGA thermograms of the pure OA.FesO4 NPs, the PEO/PLLA and the PEO/PLLA/OA.Fe;04

37% wit. electrospun membranes.

Heat flow (mW)

2 PEO/PLLA 7

216 F _

0 20 40 60 80 100 120 140 160 180

Temperature (°C)

Figure 6.7: DSC thermograms of the PEO/PLLA and the PEO/PLLA/OA.Fes0. 50% wt. fibrous membranes.
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Nanocrystalline phase characterization: The nanocrystalline phase adopted by the
OA.Fe30s NPs embedded within the nanocomposite membranes, was investigated by
XRD. The powder XRD diffraction pattern of the membrane PEO/PLLA/OA.Fe304 with
37 and 50% wt. of magnetic content (OA.Fe30s) is provided in figure 6.8, together with
the pattern corresponding to pure OA.Fe3Os4 NPs for comparison. The diffractogram
displays six board peaks appearing at 26 ~ 30°, 36°, 43°, 54, 58° and 63°, verifying the
presence of magnetite (FesO4) within these materials (334; 335; 336).
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Figure 6.8: X-ray diffraction patterns of the pure OA.FesO4 NPs and the PEO/PLLA/OA.Fes04

nanocomposite membranes containing OA.Fes04 37 and 50% wit.

Magnetic characterization: Investigation of the magnetic properties of the PEO/PLLA/
OA . Fe;04 nanocomposite membranes was carried out by VSM at 300K. Figure 6.9 shows
the magnetization versus applied magnetic field strength plots (M=f(H)) corresponding to
nanocomposite membranes loaded with different amounts of OA.Fe3;O4. The sigmoidal
shape of these plots and the lack of a hysteresis loop demonstrate the superparamagnetic
behavior of these materials at ambient temperature. Furthermore, magnetization plots
showed that upon increasing the magnetic content within the membranes, the saturation
magnetization (Ms) increases, while the superparamagnetic properties are retained. The
nanocomposite membranes exhibit much lower magnetization values in comparison to the
Ms of the pure FesOs NPs (~ 45 emu-g?). Based on literature reports, the saturation
magnetization of the bulk (uncoated) FesOs NPs is approximately (~ 92 emu-g?) (337).
The oleic-acid coated magnetite NPs exhibit lower saturation magnetization (~ 40 emu-g™)
due to the presence of the organic, non-magnetic oleic acid coating giving further credence

to the notion that the presence of a non-magnetic coating (oleic acid) (336) or a stabilizing
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surfactant (338), affects the magnetization due to quenching of surface effect. The
incorporation of the OA.Fe3O4 within the PEO/PLLA fibrous membranes results to a
further decrease of the Ms owing to the existence of the non-magnetic polymers (337; 338;
339).

In figure 6.9 (a) the magnetization plots of the electrospun PEO/PLLA-based
magnetoactive membranes with 5, 10, and 50% wt. OA/FesO4 obtained from solutions
with polymer-solution concentration of 2.5% wi/v are provided. Figure 6.9 (b) shows the
magnetization plots of the PEO/PLLA-based magnetoactive membranes containing 37 and
50% wt. OA/Fe304 obtained from solutions with 4% w/v polymer-solution concentration.
The photographs in figure 6.9 (c) show the PEO/PLLA/OA.FesOs magnetoactive
membranes with 20 and 50% wt. of magnetic content, attached on a permanent magnet.

Specific magnetization (emu-g‘l)
Specific magnetization (emu-g™)

A§ —O— PEO/PLLAJOA Fe30, 5% wt. 20
as b M —B= PEOIPLLA/OA Fe304 10% wt. | M— PEO/PLLAIOA Feg0y4 37% wt.
PAAABA —4~ PEO/PLLA/OA Feg04 50% wt. —o— PEO/PLLAJOA Fe30, 50% wt.
20 . . . . . . . . . 30 . . . . . . . \ .
1000 -800 -600 -400 -200 O 200 400 600 800 1000 1000 -800 -600 -400 -200 O 200 400 600 800 1000
Applied magnetic field (kA-m'1) Applied magnetic field (kA»m'l)

<c.> ! |

20% wt. 50% wt.

Figure 6.9: PEO/PLLA-based magnetoactive membranes consisting of (a) OA/FesO4 with 5, 10, and 50% wit.
prepared from solution with polymer-solution concentration of 2.5% wi/v, (b) OA/FesO4 with 37 and 50% wit.
prepared from solution with polymer-solution concentration of 4% wi/v, measured at 300K, and (c)

photographs show magnetoactive membranes with 50% wt. OA.Fe;O4 attached on a permanent magnet.
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6.1.3. Membrane applications
6.1.3.1. Biomedical applications

Drug delivery: Acetaminophen or paracetamol is a widely available analgetic and
antipyretic drug soluble in organic solvents such as methanol and ethanol and dlightly
soluble in water. Its characteristics render it a very suitable compound for use in proof-of-

principle drug release studies involving nanometric therapeutic platforms.

The drug release profile of acetaminophen was investigated in DPBS solution (pH 7.2), by
means of UV-vis spectrophotometry, by recording the characteristic maximum absorption
signal of the released drug appearing at ~ 243 nm at different time intervals. Figure 6.10
depicts the UV-vis spectra (figure 6.10 (a)) and the corresponding average absorption (at
Amax ~ 243 nm) versus time (A=f(t)) plot (figure 6.10 (b)) for the
PEO/PL LA/acetaminophen system after being immersed in DPBS agueous solution. Upon
immersing the membrane in the aforementioned solution and recording the UV-vis spectra
of the solution at the indicated time intervals, a systematic increase in the absorption signal
appearing at ~ 243 nm corresponding to the acetaminophen molecules released from the
membrane has been observed. The absorption signal reached a plateau (~ 1 a.u.) after
approximately 3 hours. By measuring the absorption of acetaminophen in DPBS agqueous
solutions of known concentrations at the maximum absorption wavelength (~ 243 nm),
and calculating the corresponding acetaminophen solution-concentration by following the

Lambert-Beer Law (equation 6.2),
A=c¢-1-C Equation 6.2

where, A isthe absorbance, ¢ is the molar extinction coefficient (absorbtivity) (L-mol™-cm
b, I is the path length of the sample-that is, the path length of the cuvette in which the
sample is contained (cm), and C is the concentration of the compound in solution (mol-L"
1. It is possible to quantify the results presented in figure 6.10 () i.e. determine the exact
concentration of the released drug at certain time, via the construction of the absorption
versus concentration calibration curve (e=81.4 L-g'*-cmY). Based on the calibration curve,
the concentration of the acetaminophen released at different time intervals was calculated

and the corresponding concentration versus time plot is provided in figure 6.10 (c).
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Figure 6.10: Kinetic release studies of acetaminophen from the PEO/PLLA/acetaminophen membrane in DPBS
solution (pH 7.2), at room temperature: (a) UV-vis spectra, (b) average absorption (at Amax ~ 243 Nm) versus

time kinetic plot and (c) concentration versus time kinetic plot.
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According to the previous literature findings, upon blending the hydrophilic PEO with
hydrophobic/biodegradable polymers such as PLLA, polycaprolactone (PCL) and
poly(D,L-lactic-co-glycolic acid) (PLGA) of lower molecular weight (MW) compared to
PEO, phase separation occurs between the hydrophilic and the hydrophobic domains (340).
As aresult, encapsulated pharmaceutical compounds are expected to be diffused out of the
membranes upon dissolution of the PEO hydrophilic domains when the membranes are
immersed in an agueous medium. Additionally, the membrane erosion profile and
consequently the drug release rate profile could be tuned accordingly, by varying the

hydrophilic to the hydrophobic content within the membranes.

Figure 6.11 shows the SEM images of the drug-loaded PEO/PLLA membranes after a 3
months period of immersion in agueous media. As reveaed from the images, the presence
of the highly water-soluble PEO within these materials resulted to significant
morphological changes of the fibers upon hydration due to the dissolution of the PEO
polymer chains.

Figure 6.11: SEM images of the PEQ/PLLA/acetaminophen el ectrospun membrane after being immersed in

DPBS aqueous solution for 3 months.

The drug release profile was also investigated in the presence of magnetic OA.FesOs NPs
i.e. by using the PEO/PLLA/OA.Fe3O4/acetaminophen membranes as drug delivery
platforms. A schematic presentation of the drug release process from the magnetoactive
membranes, as well as the UV-vis spectra and corresponding average absorption and
concentration versus time plots for the PEO/PLLA/OA .FesO4/acetaminophen systems are
provided in figure 6.12. Moreover representative SEM images of the aforementioned
systems recorded after 3 months of membrane immersion in DPBS aqueous solution are

also provided. As in the case of the magnetite-free membranes, the presence of the highly
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water-soluble PEO within these materials caused significant morphological changes of the
membranes upon hydration (figure 6.12 (b)). Although such changes were more
pronounced in the case of the magnetite-free PEO/PLLA analogues (figure 6.11), the

presence of magnetite rendered the membranes more fragile.

As in the case of the OA.Fe3Os-free PEO/PLLA membranes, the intensity of the
characteristic absorption signal of acetaminophen appearing a ~ 243 nm increased with
time, indicating drug release from the magnetoactive nanocomposite membranes.
However, kinetic constants for the PEO/PLLA/acetaminophen (k=2.63+0.19 hrt) and the
PEO/PLLA/OA .Fes04/ acetaminophen systems containing OA.FesOs 20 and 70% wit.
(k=1.68+0.07 hr! and 0.92+0.02 hr! respectively) revealed sower release rate in the
presence of magnetite NPs. This negative effect on release kinetics may be attributed to the
fact that the membrane becomes more hydrophobic due to the hydrophobic nature of the
FexOs4 surface at pH values below 8 (341) as well as the presence of the hydrophobic oleic
acid chains, resulting to the deceleration of the hydration and thus dissolution of the PEO
hydrophilic domains, and consequently to slower drug diffusion. To the best of our
knowledge limited examples exist in literature, reporting on the use of polymer-based
magnetoactive fibrous membranes as drug delivery systems. In those studies it has been
concluded that the presence of the magnetic NPs within the membranes does not affect the
drug release process and it is basically governed by the properties of the polymers matrix
(342).

The fractional drug release was determined as the ratio of the actual concentration of the
drug released as determined experimentally from figures 6.10 (d) and 6.12 (d), to the
acetaminophen concentration considering complete drug release in solution. In the absence
of magnetite, a relatively high drug percentage (~ 35 %) is retained within the PLLA
insoluble phase of the membrane. This percentage was found to significantly decrease by
increasing the magnetic content reaching ~ 5 % in the PEO/PLLA/OA.Fez0O4 membrane
with the highest magnetic content (70% wt.). These results strongly suggest that in the
absence of magnetite, reinforcement of hydrophobic interactions between acetaminophen
and the PLLA regions of the membrane occurs resulting to a higher partition coefficient
for acetaminophen with the PLLA fibers. On the contrary, in the presence of high
magnetite content (which is retained within the PLLA fibrous areas, demonstrated by the
absence of magnetite leaching in solution, as illustrated in photograph provided in figure
6.12 (a)), the PLLA-OA .Fe304 act competitively to the PLLA -acetaminophen hydrophobic
interactions, causing the exclusion of the drug from the PLLA phase and therefore its
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almost complete release. Moreover, these results may be explained in terms of reduced
crystalinity of PLLA with the increase of the OA.FesO4 fraction (figure 6.7), facilitating

the drug diffusion, which is otherwise very slow due to its entrapment in the PLLA

crystalline domains.
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Figure 6.12: Kinetic release studies of acetaminophen from the PEO/PLLA/OA.FesOa4/acetaminophen
membranes immersed in DPBS solution (pH 7.2), at room temperature: (a) Schematic presentation of the
drug release process and photograph of the drug-loaded PEO/PLLA/OA.FesO./acetaminophen membrane
immersed in DPBS aqueous solution, (b) SEM images of the drug-loaded
PEO/PLLA/OA.FesO4/acetaminophen membrane recorded after being immersed for 3 months in DPBS
aqueous solution, (c) UV-vis spectra recorded at different time intervals upon immersing the
PEO/PLLA/OA.Fe30420% wt./acetaminophen membrane in DPBS aqueous solution, (d) corresponding
average absorption (at Amax ~ 243 nm) and (€) concentration versus time kinetic plots for the nanocomposite

membranes containing OA.FesO4 20 and 70% wt.

Figure 6.13 summarizes the drug release profiles demonstrated as Ai/A« versus time

normalized plots for the aforementioned release studies performed in DPBS. At denotes the
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average absorption of the released drug at time t, and A« the absorption corresponding to

the maximum amount of the released drug.
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Figure 6.13: Normalized A/A.. versus time plots of acetaminophen release studies performed in DPBS:
PEO/PLLA/acetaminophen and PEO/PLLA/OA.FesO4/acetaminophen containing OA.Fe;04 20 and 70% wt.

The effectiveness of the PEO/PLLA/OA.FesOs fibrous membranes as drug delivery
systems was also assessed with acetaminophen release kinetics performed in complete
culture media mimicking tissue culture conditions. Figure 6.14 shows (a) the UV-vis
spectra of all components of the media and (b) the absorption (recorded at ~ 243 nm)
versus time (A=f(t)) plot corresponding to the release profile of acetaminophen from the
nanocomposite membrane into the media. Figure 6.15 summarizes the drug release
profiles demonstrated as Av/A« versus time normalized plots for the PEO/PLLA/OA .Fe304
20% wt./acetaminophen recorded in DPBS and in MEDIA.

The kinetic constant determined for the release rate in the complete media (k=0.93+0.007
hr!) has been statistically lower than the release rate in DPBS solution. The high
concentration of protein in the FCS present in complete media is expected to form a well-
defined corona around the magnetite NPs. Direct interaction of protein, antibiotics and
additives of complete media with the drug phase could further contribute to this finding.
Media pH throughout the measurements was 7.5, which is very close to the pH of the
DPBS solution. Therefore, it is not expected that this small difference would affect release
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kinetics especially since acetaminophen remains neutral (free of charge) in the pH range 1-

8 and becomes ionized (its phenol group -OH) and more hydrophilic at higher pHs.
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Figure 6.14: (a) UV-vis Spectra of MEDI Acompiete CONSisting of 10% FCSand 1% PSA, DMEMpain, FSC, and
PSA dissolved in PBS (b) kinetic release study of acetaminophen from the PEO/PLLA/OA.Fes04 20%wt.

acetaminophen membrane in complete media at room temperature.
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Figure 6.15: Normalized A/A- versus time plots of the PEO/PLLA/OA.Fe;04 20% wt./acetaminophen
recorded in DPBSand in MEDIA.

Magnetic hyperthermia: The PEO/PLLA/OA.FexOs magnetoactive nanocomposite
membranes were also evaluated toward their ability to release heat when subjected to an
aternating (AC) magnetic field. The heating ability of the magnetoactive membranes is
expressed in terms of specific adsorption rate (SAR), and it is calculated using the
equation 6.3:
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[Cwater Vs dt]

mFe3 O4

SAR = Equation 6.3

where, Cwater is the specific heat capacity of water (4.185 J-L"1K™), Vs the volume of the
sample (1 mL), mre3o4 is the mass of the magnetic material in the studied sample (mg) and
(dT/dt) is the temperature ramp rate in K-mint. The SAR values (Watts per gram of
magnetic material Fe3O4) were obtained by fitting the experimental heating curves

(temperature versus time).

In general, the heating ability of the magnetic NPs depends on the nature and morphology
of the particles and their volume fraction. SAR reflects the magnitude of heat dissipation
from magnetic NPs to the surrounding medium, which depends not only on the properties
of the particles themselves, but aso on externa factors such as the magnitude (H) and
frequency (v) of the AC magnetic field as shown in equation 6.4 (206):

2TIVT
(1+2mvT)?

SAR = 4.1868 1 o2 25 H, 2y

1000KT Equation 6.4

where, ¢ is the volume fraction of the superparamagnetic material, Ms the specific
Mmagnetization, v is the frequency of the oscillating magnetic field, Ho is the magnetic field
intensity, po the vacuum permeability and 7 is the relaxation time (Néel and Brownian) of
the magnetic NPs. In an attempt to compare results performed under different magnetic
field intensity and frequency, another index has been recently proposed (343; 344) to
compare severa commercially available magnetic NPs, namely intrinsic loss power (ILP).
ILP can be easily calculated according to the equation 6.5,

SAR

ILP ===

Equation 6.5

where, SAR is measured in W-Kg™?, field strength H in kA-m™ and the frequency v in kHz.

Figure 6.16 displays the temperature rise over time whereas the calculated SAR and ILP
values of the magnetoactive membranes in concentrations of 10, 20, 40 and 100 mg-mL™*
in magnetic material (Fe3O4) are provided in table 6.2. The observed heating of the
magnetoactive membranes at a frequency of 110 kHz (magnetic field of 25 mT) was
relatively low, even at high concentrations of 100 mg-mL™ in magnetic material. ILP
values for commercial ferrofluids have been reported (343) in the range 0.2-3.1 nHM>Kg*.
The current membranes display relatively low ILP in comparison to the commercial
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ferrofluids. These findings correspond well with the theoretical and experimental data

reported by Fortin et al. relating small nanocrystallite size to low ILP values (345). It

appears that the very small diameter of the NPs (5 nm) and their low Ms determined by
VSM result to lower SAR values. It should be also emphasized at this point that the

inclusion of the magnetic NPs within the fibrous polymer matrix, prevents them from

relaxing through Brownian motion. Therefore, the term 2rvt/(1+2nvt)? in equation (6.2)

decreases, leading to smaller SAR values.
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Figure 6.16: Time — dependent temperature curves of the magnetoactive membranes at various

concentrations of magnetic material (FesO4) at 110 kHz frequency and 25 mT magnetic field.

Table 6.2: SAR and ILP values as a function of concentration of magnetic material Fe;Oa.

Concentratli on : SAR . (nHmZI-lI;; es00)
(mg-mL"~) (Wg = Fesoa) [((Wg7Fe)] [(NHMZkg™? o]
10 5.58[8.50] 0.128[0.20]
20 5.58[8.50] 0.128[0.20]
40 6.98]10.64] 0.160[0.26]
100 15.62[23.80] 0.369[0.56]

In summary, the novel PEO/PLLA/OA.Fe304

electrospun fibrous membranes

demonstrating tunable superparamagnetic behavior at temperatures suitable for biological

applications, have been evaluated in drug delivery and magnetic hyperthermia processes.
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Drug release kinetic profiles of the widely used phenolic pharmaceutical acetaminophen
disclosed the presence of OA.FesO4 and the protein content of the release medium as
critical parameters for the drug release rate. The above-mentioned magnetoactive fibrous
nanocomposites were also successfully tested for the induction of hyperthermia through
AC magnetic field.

The tunability of the degradation time window endowed by the different combinations of
biocompatible and biodegradable polymers can enable the achievement of the desirable
release profile of specific pharmaceuticals for pre-defined therapeutic applications.
Additionally, in combination with a profound superparamagnetic potential, these platforms
provide promising tools for future exploitation in hyperthermia treatment and in
magnetothermally triggered drug delivery.

6.1.3.2. Environmental applications

Adsorption studies for the removal of Eu(lll), Th(lV), and U(VI) heavy metal ions
from aqueous media: Europium (Eu) belongs to the lanthanide series with electron
configuration 1s? 2s? 2p® 3s? 3p® 4s? 3d'° 4p° 55 40 5p° 65 4f7 ([X€] 65> 4f7). Europium
has no significant biological role and is relatively non-toxic compared to other heavy
metals. Uranium (U) and Thorium (Th) are silvery-white metallic, naturaly occurring
radioactive chemical elements in the actinide series of the periodic table with electron
configuration 18> 2s? 2p° 3% 3p® 45> 3d'° 4p° 552 4d'° 5p° 652 4f14 5d%° 6p® 7p? 5f4 ([RN] 5f°
60 7s? ) and 1% 252 2p° 3s? 3p° 45> 3d'° 4p° 5% 4010 5pb 652 4f14 5d'° 6p® 602 75 ([RN] 602
75?) for the U and Th respectively.

Europium-based systems are of special interest for optical excitation and emission studies
because they exhibit high luminescent quantum efficiencies (346). The principal
hydrolytic complex in acidic solutions of Eu®" is thought to be [Eu(OH)]?*, athough the
cation appears to resist hydrolysis when the pH remains below 5-6. A precipitate of
Eu(OH)COs or Eu(OH)3, generally forms when the pH of solutions containing Eu(l1l)
ions exceeds ~ 6 (347; 348; 349). The chemical behaviour of uranium in agueous
solutions, particularly of hexavaent uranium, is governed by hydrolysis, complexation
with naturally occurring ligands, colloid generation and solid phase formation (350).
Thorium exists only in the tetravalent state and is capable of forming both monomeric and

polymeric hydrolysis products, which govern the chemica behavior of Th(l1V) in agueous

- 108 -


http://en.wikipedia.org/wiki/Heavy_metal_%28chemistry%29
http://en.wikipedia.org/wiki/Heavy_metal_%28chemistry%29

Chapter 6 Results and Discussion

solutions. Th(IV) hydrolysis starts at pH 2 and results eventually in the formation of the
very stable Th(OH)4 species that limits the thorium(lV) solubility even in the acidic pH

range.

Because of their toxicity, radionuclides such as uranium and thorium even at trace levels
are considered to be a major public health concern. Therefore the selective and effective
removal of such elements from contaminated environmental compartments (e.g. soils,
waters), is of great interest, particularly for the nuclear technology. Nanoscal e fibers exhibit
alarge surface area, which results in high separation efficiency. Very recently, electrospun
membranes have been successfully used for the removal of heavy metal ions from agueous
solutions (294). In addition, efficient recovery of rare earth elements (REE) from large
guantities of processing solutions and industrial wastewaters is of particular importance to
protect the environment and cover the continuously increasing global demand for REE,
which find wide application in green and sustainable products for energy and

manufacturing uses.

For the first time in the present work, fibrous PEO/PLLA-based e ectrospun membranes
have been evaluated as substrates for the adsorption of trivalent europium (Eu(lll)),
tetravalent thorium (Th(I1V)), and hexavalent uranium (U(VI)) (351). Experiments on the
effect of pH, ionic strength and initial metal ion concentration on the separation efficiency
were performed to investigate possible pH-triggered selectivity, understand possible

interaction mechanisms and eval uate the adsorption capacity of the membranes.

Regarding the morphological characteristics of the membranes prior to their immersion in
the metal ion-containing aqueous media, the PEO/PLLA electrospun mats exhibited a
cylindrical shape and arelatively high homogeneity with mean diameters of approximately
3 um (figure 6.2 (d)), while after immersion some morphological changes were observed
as seen in figure 6.17 (a) due to membrane hydration resulting to the dissolution of the

highly hydrophilic PEO polymer chains.
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(8) PEO/PLLA after being immersed in U(VI)-containing aqueous media at different pHs
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Figure 6.17: (a) PEO/PLLA fibrous electrospun membranes after being immersed in aqueous/electrolyte
uranium media with final pH 3, 5, and 7, (b) PEO/PLLA fibrous el ectrospun membranes after being

immersed in aqueous/el ectrolyte europium media.
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With known parameters including the mass of the adsorbent, (Madsorbent=10 mMg), the
solution volume (V4n=3 mL), the metal ion initial solution concentration (Coguqin=1-10",
Corrhav)=7-10%, Couviy=1-10">M), the temperature (T=25 °C), the time (t=24 hours) and
the ionic strength (I=0.1 M), the remaining metal ion concentration in solution at
equilibrium (Ce) was determined, by recording the UV-vis absorption spectra of the
supernatant and calculating the corresponding metal ion solution concentration by
following the Lambert-Beer Law (equation 6.2), via the construction of the absorption (at

650 nm) versus metal ion solution concentration calibration curve.

The molar extinction coefficient € of the Eu(IIl)-Arz(lI1), U(VI)-Arz(I1l) and Th(IV)-
Arz(111) complex at 650 nm determined from the corresponding calibration curves was
eeuy=(87500£500),  euv=(48000+£300) and  etngv)=(28500£100)  L-molt-cm?,
respectively. Figure 6.18 shows the UV-vis spectra of the three aforementioned metal ion-

Arz(I11) complexes.

The amount of metal ions adsorbed on the membranes (ge) and the % removal efficiency

(% ge) were calculated using equations 6.6 and 6.7.

qe = —(Cov;ce) -V Equation 6.6
%q, = % 100 Equation 6.7

ge (Mol-Kg?) is the amount of metal ion adsorbed onto the unit amount of the adsorbent,
Co (mol-LY) is the initial metal ion concentration, Ce (mol-L™Y) corresponds to the
equilibrium concentration of metal ions in solution, V (L) is the solution volume and W

(9) is the adsorbent (membrane) mass.
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Figure 6.18: UV-vis spectra of the Eu(l11)-Arz(l11), U(VI)-Arz(I11), and Th(IV)-Arz(l11) complexes.
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As previously noted the effect of the initial concentration, pH, and ionic strength on the
metal ion adsorption efficiency of the membranes was studied. The effect of pH on the
relative adsorption of Eu(ll1), Th(IV), and U(V1) by the PEO/PLLA fibrous membranesis
shown in figure 6.19.

For Th(l1V) the investigations have been performed up to pH 3 because above this pH
hydrolysis results in precipitation, which becomes predominant and interferes with
adsorption. In order to focus on adsorption and have a well-defined system with
unambiguous data evaluation, the adsorption of Th(IV) on the fibrous membrane has been
studied for pH < 3. According to the graph presented in figure 6.19, the relative
adsorption of Th(lV) increases with increasing pH and reaches a value of 90+10% at pH 3.
This is a relatively high value, which is (to the best our knowledge) for the first time
described for Th(lV) adsorption at such low pH and can be attributed to the high affinity
of the PEO/PLLA membrane for Th(1V). A schematic illustration of the Th(I1V) binding
by the membrane active moieties is provided in scheme 6.1. The proposed binding mode
of Th(IV) by the ester groups is based on literature data (352; 353).

100 T T T T T

ool Th(V) . |

Eu(lll)

60 -

40 |

% Relative adsorption

Figure 6.19: The effect of pH on the relative adsorption of Eu(l11), Th(IV), and U(VI) by the PEO/PLLA
fibrous membrane.
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Scheme 6.1: Th(lV) binding by the membrane active ester moieties present on the PLLA chains.

The relative adsorption of U(VI) increases with increasing pH and reaches a maximum
value (80£10%) at pH ~ 6. Above pH 6 the relative adsorption of U(VI) decreases
reaching a value of ~ 20 % at pH 10. For pH values below 6 the relative adsorption
decreases with pH decreasing. For pH < 6 the hydrogen ion concentration increases
steadily and the hydrogen ions compete effectively the adsorption of the U(VI) species by
the active moieties of the membrane, resulting in a lower adsorption efficiency. At
concentration below 10° M and in the acidic pH range UO2** and UO,OH* are the
dominating U(V1) speciesin solution (354; 350). The proposed binding mode of U(V1) by

the membrane is shown in scheme 6.2 (355).

H* \ CHj,
(@] 0 0
H* O-- \\U"’ |
NO + U0y g = | /N0 t 2
7 o
CHj \ - S
oHy  \

Scheme 6.2: U(VI) binding by the membrane active ester moieties present on the PLLA chains.

Above pH 6, carbonate concentration in solution increases dramatically favouring the
formation of U(VI) carbonate complexes (e.g UO(COs)2%), which stabilize U(V1) in
solution and result in the destabilization of surface adsorbed species (scheme 6.3). Similar
trends have been aso reported by other researchers (356; 357; 358). The proposed biding
mode of Eu(l11) ion by the membraneisillustrated in scheme 6.4.
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Scheme 6.3: The formation of the U(VI) carbonate compl exes.

The relative adsorption of Eu(ll1) increases with increasing pH and reaches a maximum
value (90+10%) at pH ~ 6. Above pH 6 the relative adsorption of Eu(lll) decreases
dightly reaching a value of ~ 80 % at pH 7 where it remains stable. For pH above 6.5
carbonate concentration in solution increases dramatically favouring the formation of
Eu(I11) carbonate complexes (e.g. EUCOs", Eu(COz)2’), which stabilize Eu(ll) in solution
(359). The complex formation between the ester group of PLLA and Eu(lll) is shown in
scheme 6.4.

The high affinity of the PEO/PLLA electrospun membrane for Th(l1V) at pH 3 and the
significantly lower adsorption efficiency of the membrane for Eu(lll) and U(VI) at the
same pH could be utilized for a pH-triggered, selective removal of Th(IV) from acidic
process solutions, containing those free elements.

I\
SoH | . B, = A + 3H"
"\ U™ (aq) 0—Eu**--0 (a0
AN

CH3

Scheme 6.4: Eu(l11) binding by the membrane active ester moieties present on the PLLA chains.

Figure 6.20 shows the effect of ionic strength (I = 0.01, 0.1 and 1 M) on the relative
adsorption efficiency of the fibrous membranes for Th(lV), and U(VI) a pH 3. A
comparison of the data obtained from experiments at different ionic strength does not

show any significant effect of this parameter on the adsorption efficiency of the membrane
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for both actinide ions, indicating the development of specific interactions between the
actinide ions and the active moieties of the membrane that eventually result in the
formation of inner-sphere complexes (360; 355). This result is of particular interest since

the membrane may also bind selectively the actinide ions in saline media.

100

CJuvn
ERTh(V)

% Relative adsorption

0.1 1

lonic strength (mol-L™)

Figure 6.20: The effect of ionic strength on the relative adsorption of Th(1V) and U(VI) by the fibrous
PEO/PLLA €l ectrospun membranes.

Finally, in order to evaluate the maximum adsorption capacity (gmax) of the eectrospun
membranes, adsorption experiments with various Eu(lll), Th(lV), and U(VI) initia
solution concentrations have been performed at optimum pH (3 for Th(1V), 6.5 for Eu(l11)
and 6 for U(V1)) retaining the other parameters the same (Madsorbent=10 Mg, Vgn=3 mL,
T=25 °C, t=24 hours, 1=0.1 M). The corresponding experimental data, which are
graphicaly shown in figure 6.21 are well-fitted by the Langmuir isotherm. This empirical
model assumes that the adsorption takes place at a finite number of homogeneous sites on

the surface of the adsorbent until monolayer formation (361).

The Langmuir isotherm model is described by the following equations:

_ qmax'KaCe

Equation 6.8
1+Kg4:Ce

de

1 1 1 .
— = + Equation 6.9
de Amax'KaCe dmax

where, Ce (Mmg-L™Y) is the equilibrium concentration, ge (mg-g™) is the amount of metal

ions adsorbed at equilibrium per unit mass of adsorbent, gmax (Mg-g?) is the maximum

-115-



Chapter 6 Results and Discussion

adsorption at monolayer coverage and Kq (L-mg™) is the Langmuir adsorption equilibrium

constant that reflects the adsorption energy.

The Langmuir adsorption isotherms expressing the relationship between ge versus the
remaining metal ion concentration in solution at equilibrium (Ce), as well as the linearized
1/ge versus 1/C. isotherms corresponding to the Eu(lll), Th(IV), and U(VI) metal ion
adsorption by the PEO/PLLA membranes are provided in figure 6.21 (a) and (b)
respectively. ge was calculated using equation 6.8, whereas gmax and Kgq could be
caculated from the slope (1/gmaxKd) and the intercept (1/gmex) (equation 6.9) of the
linearized plots. The experimental results support the formation of inner-sphere complexes
with a gmax value of ~ 6.5, ~ 10.5, and ~ 4.5 mmol-kg?* for Eu(lll), Th(IV) and U(V1),
respectively.
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Figure 6.21: (a) geVversus Ce and (b) linearized 1/qe versus 1/C. Langmuir isotherms corresponding to the
Eu(l11), Th(lV), and U(VI) metal ion adsorption by the PEO/PLLA membranes.
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Adsorption studies for the removal of malachite green (MG) from aqueous media:
Microfibrous electrospun membranes of the type PEO/PLLA and PEO/PLLA/OA.Fes04
were further evaluated as adsorbents for one of the most common synthetic organic dyes
namely malachite green (MG) (N-methylated diaminotriphenylmethane dye) (figure
6.22) from aqueous media (362). MG is widely used in the textile, paper, paint and ink
industries. However, despite its wide use, MG represents a risk to human health due to its
adverse effects on the immune and reproductive systems, carcinogenic, genotoxic,

mutagenic and teratogenic properties (363).

N(CH3),

N*(CHs),
)

(CO0)> - 2(COOH),

Figure 6.22: Chemical structure of malachite green oxalate: N-methylated diaminotriphenylmethane
dye.

An in-depth investigation of the membrane efficacy for the removal of MG from aqueous
solutions was carried out. More precisdly, the effect of various parameters including the
pH, the initial dye concentration and the membrane magnetic content on the adsorption
capacity of the membranes has been investigated in the absence and presence of magnetite
NPs. Moreover, the change in free energy (AG°), enthalpy (AH®) and entropy (AS®) were

determined from adsorption experiments carried out at different temperatures.

Regarding the morphological characteristics of the membranes prior to immersion in
aqueous MG solution, the PEO/PLLA magnetite-free (figure 6.2 (d)) and nanocomposite
(figure 6.3 (h)) fibers exhibited a cylindrical shape and arelatively high homogeneity with
mean diameters of approximately 3 um. After immersion some morphological changes
occurred as seen in figure 6.23. Notably, due to hydration/degradation phenomena after a
year the magnetite-free fibers appeared to be thinner in diameter while retaining their
cylindrical morphology (figure 6.23 (b)). On the other hand, the magnetite-containing
analogues exhibited higher resistance to hydration/degradation (figure 6.23 (c)). This
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phenomenon is probably attributed to the fact that the OA.FesOs-containing (50% wt.)
membranes are more hydrophobic in nature, due to the hydrophobicity of the FesO4 surface
at pH values below 8 (341) as well as the presence of the hydrophobic oleic acid chains
surrounding the Fe3O4 NPs. Consequently, membrane hydration is prohibited or a least
decelerated in the presence of OA.FesO4 (151). However, it has been observed that the
magnetite-containing membranes with magnetic content exceeding 50% wt. demonstrated
inferior mechanical properties compared to the magnetite-free analogues after immersion as
seen in figure 6.23 (a). This may be attributed to the fact that upon increasing the
nanoparticle content their dispersion in the polymer matrix is worsened whereas
nanoparticle agglomeration phenomena may be promoted, resulting to the generation of
stress concentration points that in turn lead to reduced mechanical properties.

(a) Prior immersion

(b) PEO/PLLA after beingimmersed in aqgueous M G media

After amonth
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Figure 6.23: (a) Photographs of the membranes prior and after immersion in MG media, (b) PEO/PLLA and
(c) PEO/PLLA/OA.Fe30450% wt. fibrous membranes after being immersed in aqueous MG media.

In order to investigate the effect of contact time on membrane adsorption efficiency, the
MG kinetic adsorption profile was recorded upon immersing the PEO/PLLA and the
PEO/PLLA/OA.Fe3s0s membranes in a MG agueous solution of known concentration
(Co=1-10° M) and recording the UV-vis spectrum of the supernatant at different time
intervals.

Figure 6.24 provides a schematic presentation of the MG adsorption process by the
membranes and photographs of the MG agueous solutions in which the PEO/PLLA (a) and
the PEO/PLLA/OA.Fes0Os4 (b) dye adsorbents were immersed. As seen in the photographs,
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the MG-containing wastewater changed to be almost colorless in the case where the
PEO/PLLA membrane was used as an adsorbent, whereas fading of the color was also
observed when the OA.Fe3Os-containing membrane was introduced instead. These results
demonstrated that both, the PEO/PLLA and the PEO/PLLA/OA.FesOs microfibrous

materials could act as effective adsorbents (to a different extent) of MG from water.

—
Q
——
LemT TS

-

Figure 6.24: Schematic presentation of the removal of MG by the microfibrous membranes and photographs
of the process using (a) the PEO/PLLA and (b) the PEO/PLLA/OA.Fe;04 electrospun membranes as dye

adsorbents. Photographs were taken 24 hours after membrane immersion in the MG aqueous solution.

Figure 6.25 provides the absorption of the remaining in solution MG and related
adsorption percentage versus time plots corresponding to the adsorption profile of MG
from the PEO/PLLA (figure 6.25 (a)) and the PEO/PLLA/OA .Fe304 (37 and 50% wt.)
(figure 6.25 (b)) microfibrous membranes. Upon immersing the membranes in the MG
aqueous solution and recording the UV -vis spectra of the solution at the indicated times, a
systematic decrease in the MG absorption signal corresponding to the unbound MG

molecules (appearing at ~ 618 nm) was clearly observed.

With the other parameters known (Madsorbent=10 Mg, Vsn=3 mL, Co=10° M, T=25 °C, t=24
hours) the remaining MG concentration in solution at equilibrium Ce could be determined
by recording the UV-vis absorption spectra of the supernatant at certain time intervals (C)
and calculating the corresponding MG solution concentration by following the Lambert-
Beer Law (equation 6.2), via the construction of the absorption (at 618 nm) versus MG
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concentration calibration curve (e=141749.41+3673.45 L-mol*-cm™). Adsorption kinetic
constants corresponding to the magnetite-free PEO/PLLA (k=3.336-102+3.488-10 min™)
and the magnetoactive PEO/PLLA/OA.FesOs systems with 37% wt. OA.Fe304
(k=1.338-10"%+3.417-10* min?) and 50% wt. OA .FesOs (k=2.785-102+1.1665-102 min™)
revealed slower adsorption rates in the case of the FesOs-containing membranes whereas
lower adsorption percentages were also observed in the presence of magnetite (~ 70%
compared to ~ 95% determined in the absence of Fe30a).

This phenomenon may be interconnected to the altering of the surface area of the
membranes due to the incorporation of the magnetic nanoparticles. Preliminary results
obtained by BET measurements have shown that upon increasing the magnetic content the
surface area of the membranes decreases resulting to the reduction of the membrane

adsorption efficiency.
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Figure 6.25: Kinetic adsorption studies of MG from aqueous solutions at room temperature using: (a)
PEO/PLLA and (b) PEO/PLLA/OA.Fes04 (with OA.Fes04 37 and 50% wt.) microfibrous membranes as
adsorbents.
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Figure 6.26 summarizes the MG adsorption profiles demonstrated as A+/Ao versus time
normalized plots for the above-mentioned adsorption studies performed in water. At
denotes the absorption of the MG molecules found free in solution at time t, and Ao

corresponds to theinitial absorption (at t=0) of the MG molecules found free in solution.
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Figure 6.26: Normalized A/Ao versus time plots corresponding to the PEO/PLLA and PEO/PLLA/OA.Fes04
in the presence of OA.Fe;0, 37 and 50% wt. microfibrous membranes, employed as adsorbents of MG in

aqueous solutions at room temperature.

pH is also an important parameter which affects the capacity of an adsorbent in wastewater
treatment. Specifically in the case of MG, the pH effect on the adsorption process is more
pronounced since this particular dye undergoes structural changes depending on the pH
(134). Due to the chromatic changes of MG at different pHs, the UV-vis
spectrophotometry can only be used in the analysis of the MG adsorption efficacy by
different adsorbents, based on absorption measurements at the MG characteristic
wavelength of 618 nm within a certain pH range (between ~ 3-6) (363; 134). Specificaly,
in acidic pH (pH < 2) the deep green MG" (having three distinct absorption signals
appearing at 317 nm, 427 nm and 618 nm) turns into protonated cyan MGH* whereas in
akaline conditions (pH > 8) it turnsinto a colorless carbinol base MGOH as seenin figure
6.27. Figure 6.28 (a) shows the UV-vis spectra of MG solutions recorded at different pHs
prior to membrane immersion whereas in figure 6.28 (b) a variation curve of the MG
adsorption percentage onto the PEO/PLLA/OA .Fes04 50% wt. membrane as a function of
pH determined upon recording the MG absorption at 618 nm is provided. The effect of pH

-122 -



Chapter 6 Results and Discussion

on MG adsorption by the PEO/PLLA/OA.FesO4 microfibrous nanocomposite adsorbent
was investigated at specific MG concentration (6-10° M) and contact time (24 hours).

The reduced adsorption percentage of MG at lower pH values may be attributed to
repulsive phenomena devel oped between the MGH*, and the positive charges generated on
the magnetite surfaces at pH < 8. Similar observations (i.e. reduced adsorption efficacy for
MG at low pH values) have been also reported by other groups (364; 127) and have been
attributed to two reasons. (a) electrostatic repulsive effects existing between the sorbent
and MG owing to the development of positive charges on both, the sorbent and MG under
those conditions, inhibiting the MG sorption and (b) competing adsorption effects between
the positively charged dye molecules and excess H* ions that are present in solution. At a
pH range of 3-6, such phenomena still exist since MG is found in its protonated form
(MG") (middle chemical structure, figure 6.27) and magnetite still possesses positive
charges on its surface, but they are less pronounced. At pH > 8 the magnetite surface
becomes negatively charged and hydrophilic resulting to an increase of the adsorption
efficiency of MG that isfound in its carbinol base form possessing —OH polar groups.

Cyan MGH* Deep green MG* Colourless carbinol base

pH<2 pH>8

Figure 6.27: Chemical structures of the different MG structures (MGH*, MG* and carbinol base) exhibiting

colour variations in aqueous solutions, associated with changesin solution pH.
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Figure 6.28: (a) UV-vis spectra of MG recorded at different pHs prior to membrane immersion and (b) MG
adsorption percentage onto the PEO/PLLA/50% wt. OA.FesOs membrane as a function of pH, determined
upon recording the MG absorption at 618 nm by UV-vis spectrophotometry.

In order to evaluate the maximum membrane adsorption capacity (gmax (Mg-g™)) through
the effect of initial MG solution concentration (Madsorbent=10 Mg, V4n=3 mL, Co=1-10° M
to 1:10°), adsorption experiments have been performed at room temperature (298 K) for
24 hours using different MG initia solution concentrations. The Langmuir isotherm model
(equation 6.8) was employed in order to analyze the data obtained from the adsorption

experiments.

As previousy mentioned, by constructing the absorption versus MG concentration
calibration curve, it is possible to determine the exact remaining MG concentration in
solution Ce (mg-gt) and the amount of MG adsorbed ge (mg-g?l) at equilibrium by
recording the UV-vis absorption spectra of the supernatant. From the 1/qe versus 1/Ce
linearized plots, gmax and Kgq could be calculated from the slope (1/gmaxKg) and the
intercept (1/gmax) respectively (table 6.3).

Table 6.3: Experimental Langmuir parameters for MG adsorption determined using electrospun PEO/PLLA and
PEO/PLLA/OA.Fes04 membranesas adsor bents.

Sample Code Omax (Mg-g™) Kd (L-mg™) R?
0% wt. OA.Fes04 8.809 0.399 0.90929
37% wt. OA.Fes04 1.473 0.376 0.86443
50% wt. OA.Fes04 1.684 0.404 0.95665
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The UV-vis spectra of MG aqueous solutions of various initia concentrations, the
Langmuir adsorption isotherms expressing the relationship between ge versus the
remaining MG concentration in solution at equilibrium (24 hours), Ce, as well as the
linearized 1/ge versus 1/Ce isotherms corresponding to the MG adsorption by the
PEO/PLLA and PEO/PLLA/OA .FesOs membranes are provided in figure 6.29 (a), (b) and
(c) respectively. ge was determined by using equation 6.5.
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Figure 6.29: (a) UV-vis absorption spectra of MG aqueous solutions of variousinitial solution
concentrations, (b) ge vs Ce Langmuir adsorption isotherms, and () linearized (1/ge vs 1/Ce) Langmuir
adsor ption isotherms corresponding to the MG adsor ption by the PEO/PLLA membranes in the absence and
presence of 37 and 50% wt. OA.Fe;04 NPs.

The results provided in table 6.3 suggest that the presence of magnetite within the
membranes reduces the amount of the dye adsorbed. A possible explanation for this
phenomenon might be the hydrophobic and cationic nature of the surface of the magnetite
NPs at pH values below 8 (341), that disfavour the incorporation of MG found in its
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positively charged form (MG®) within the membranes, due to the development of
electrostatic repulsive forces. Moreover, repulsive phenomena may be also promoted due
to the presence of the hydrophobic oleic acid chains employed as steric stabilizers onto the
FesOs surfaces. Those experimental findings are in line with the aforementioned
experimental results related to the effect of contact time adsorption values (gmeax) that were

found to decrease in the case of the FesOs-loaded systems.

The influence of temperature on the MG adsorption onto the pristine and nanocomposite
el ectrospun membranes was investigated so as to determine the thermodynamic parameters
(enthalpy (AHO), entropy (AS®) and change in free energy (AG?)) related to the adsorption
process. The only variable in the experiments performed was temperature (298, 318, 338
K), whereas the initid MG concentration (1.13-10° M) and contact time (24 hours)
remained the same. By constructing the InKq versus 1/T plot provided in figure 6.30, AH°
and AS® were calculated from the slope (AHYR) and the intercept (ASYR) respectively
according to Van’t Hoff equation 6.10. Kg is calculated as Cais/Ce, Where Ce (mol-L™?) is
the equilibrium concentration, Cass (Mol-L™?) is the concentration of the amount of MG
adsorbed at equilibrium, R (8.314 JK*tmol™) is the gas constant and T (K) is the
temperature.
As®  AHC

InKd =——— Equation 6.10
R RT

The Gibbs free energy change AGP is calculated from equation 6.11.

AG® = —RT InKd Equation 6.11
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15 B
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Figure 6.30: Plots of InKy versus /T for MG adsor ption onto the PEO/PLLA and the PEO/PLLA/OA.Fe;04

electrospun membranes.

- 126 -



Chapter 6 Results and Discussion

Table 6.4 summarizes the calculated values of the thermodynamic parameters AG®, AH°
and AS? related to the adsorption process. Negative AG? values are obtained in all cases,
indicating that the adsorption onto the FesOs-free and the FezOs-containing membranes is
feasible and spontaneous. Moreover, the positive AH® values as well as the increase of Kg
with increasing temperature (365) indicate the endothermic nature of the adsorption
process. A comparison of the AG® values corresponding to the pristine and FesOs-loaded
adsorbents shows that the adsorption process is thermodynamically less favored in the
latter case. Thisisin line with the above-discussed experimental results that demonstrated
the reduced adsorption efficiency of the membranes in the presence of Fe3Os NPs.
Moreover, the decrease of the AS® values upon temperature increase suggests that the

adsorption process is further promoted at higher temperatures.

Table 6.4: Thermodynamic parameters of MG adsorption onto the PEO/PLLA electrospun fibrous membranes in
the absence and presence of magnetic NPs.
Sample code Temperature (K) AH°(KJ-mol?l) AS°(KJ-mol*K?) AG°(KJ-mol?)

298 -2.8785
OA .Fe30,4 0% wit. 318 1.0902 0.0134 -3.1447
338 -3.4112
298 -0.2612
OA .Fes04 37% wi. 318 0.4986 0.0026 -0.3285
338 -0.3625
298 -0.3156
OA .Fes0450% wi. 318 0.0944 0.0014 -0.3447
338 -0.3705

The regeneration ability of the electrospun PEO/PLLA and PEO/PLLA/OA .Fe304 37% wit.
dye adsorbents was examined by removing the MG-loaded membranes from the agqueous
solution and immersing them in ethanol. An immediate coloration of the alcohol solution
was observed, clearly indicating the desorption of MG from the membranes and its transfer
into the alcohol media. Subsequently, the membranes were re-immersed in a freshly
prepared MG solution (of the same initial concentration as that used during the first
adsorption step) and the whole desorption/re-adsorption process was repeated for 2 more
times. In figure 6.31, the removal efficiency of MG is presented as % adsorption versus
number of cycles plot. After three adsorption-desorption cycles, the adsorption capacity
was ~ 90% in the case of the PEO/PLLA membrane and ~ 40% in the case of the Fe304-

containing system, aresult that is important for practical applications.
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Figure 6.31: Regeneration (MG adsor ption-desorption) cycles performed using the pristine and the Fe;O4-
containing microfibrous membranes as adsor bents.

In conclusion, PEO/PLLA and magnetoactive (superparamagnetic) PEO/PLLA/OA.Fe304
membranes were evaluated for the first time as adsorbents for the removal of MG from
aqueous solutions. The obtained results showed that the adsorption process follows the
Langmuir isotherm model, suggesting monolayer adsorption on a homogeneous surface.
Most importantly, it was found that the presence of FesOs NPs within the membranes
seems to disfavor the adsorption process. In addition the obtained results demonstrated that
adsorption also depends on operating variables including initial MG concentration and
solution pH. The thermodynamic parameters determined from temperature dependent
adsorption measurements suggested that the adsorption of MG onto the FesOs-free and the
FesO4-containing membranes is spontaneous and endothermic. Finally, regeneration/re-use
cycles demonstrated the recyclability of these systems. Consequently, the ability of these
materials to act as effective adsorbents for MG combined with the possibility of their
recovery from agueous solutions upon applying an external magnetic field and their
recyclability provides a promising tool for the future development of highly efficient,
stimuli (magneto)-responsive adsorbents for the removal of hazardous materials from

wastewater.

-128 -



Chapter 6 Results and Discussion

6.2. Methacrylate-based electrospun membr anes: Fabrication,

characterization and environmental applications

Electrospun microfibrous membranes based on functional methacrylate-based polymers
and pre-formed oleic acid-coated magnetic NPs (OA.FesOs NPs) were successfully
fabricated and employed for the first time in water remediation processes as adsorbents for
heavy metal ions (Eu(lll)) and selective organic pollutants (metronidazole, 1,2-

dichlorobenzene).

6.2.1. MMA-co-AEM A-based electrospun membranes

In an effort to develop novel electrospun membranes with functionalities that would assist
the development of specific interactions with heavy metal ions that are present in
wastewater, random copolymers containing S-ketoester metal ion chelating moieties have
been in house synthesized and further used in membrane fabrication. In addition, from our
previous studies it has been demonstrated that the f-ketoester groups can bind effectively

onto the inorganic iron oxide surfaces providing an improved stabilization (339; 176).

6.2.1.1. Synthesisand molecular characterization

Copolymer synthesis: Conventional free radical polymerization was employed for the
synthesis of the methyl methacrylate-co-2-(acetoacetoxy)ethyl methacrylate) (MMA-co-
AEMA) random copolymers asillustrated in scheme 6.5. More precisdly, the synthesis of
random copolymers consisting of the hydrophobic MMA and the hydrophobic/metal ion
binding AEMA monomers was performed in EA or THF in the presence of 2,2’-azobis-
(isobutylnitrile) (AIBN), that served as the radical source.
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Scheme 6.5: Synthetic methodol ogy followed for the preparation of the MMA-co-AEMA random

copolymers.

Molecular characterization: The molecular characteristics of the MMA-co-AEMA

random copolymers were determined by SEC and *H NMR. Table 6.5 summarizes the

chemical structures of the copolymers prepared in this study along with their average

molecular weight (M,,) and composition characteristics. As expected, the use of a non-

controlled radical polymerization process led to the generation of polymeric materials

characterized by relatively high polydispersity indices (PDI) ranging between ~ 1.8 and
3.3. In figure 6.32 the SEC traces of selective MMA-co-AEMA random copolymers

prepared in the present study are displayed.

Table 6.5: Chemical structures of the copolymers, average molecular weights, and polydispersity indices.

3

ala Chemical Structurest M . (@mol) M, (g'mol") PDI
1 MMA10-co-AEMA 1 133560 348740 2.61
2 MMA10-CO-AEMA 1 o7 119720 275890 2.30
3 MMA1-CO-AEMA( 72 106830 189380 1.77
4 MMA10-co-AEMA, 104200 237540 2.28
5 MMA10-co-AEMA3 96794 315760 3.26
6 MMA10-co-AEMA3 99842 244720 2.45

Ithe molar ratios between the MMA and AEMA moieties were determined by *H NMR

2M,, = Number average molecular weight

3MW=

Weight average molecular weight
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Figure 6.32: SEC eluograms of selected MMA-co-AEMA random copolymers.

The expected chemical structure of the MMA-co-AEMA random copolymers was
confirmed by H NMR spectroscopy. Figure 6.33 exemplarily shows the 'H NMR
spectrum of the MMA10-Co-AEMA,> random copolymer. The peak assignments are
shown in the spectrum. The MMA:AEMA comonomer compositions (table 6.5) were
determined from the ratio of the areas under the characteristic signals of the AEMA and
the MMA, appearing at 4.17 (CH>, d) and 3.59 (CHs, f) respectively, after subtracting from
the latter the area corresponding to the —-CH> groups of AEMA (f).
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Figure 6.33: 'H NMR spectrum of the MMA ¢-co-AEMA, > random copolymer. * Residual monomer.
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6.2.1.2. Membranefabrication

Fibrous membranes comprised of MMA-co-AEMA random copolymers and OA.Fe3O4
magnetic NPs were fabricated by electrospinning, starting from solutions prepared in THF
and CHCl3, with concentrations 6 and 30% w/v respectively. In order to improve the
wettability of the completely hydrophobic MMA-co-AEMA fibrous membranes, the PEO
homopolymer was mixed together with the random copolymer in CHCI3 to yield polymer
blends, with polymer-solution concentration 4% wi/v and weight percentage PEO/MMA -
co-AEMA:4/96 respectively.

By employing specific experimental conditions, fibrous membranes were successfully
fabricated. Experimental parametric studies were carried out for the MMA-co-AEMA and
the PEO/MMA-co-AEMA systems in the presence and absence of magnetite NPs, in order
to define the optimum parameters for the production of electrospun fibrous membranes.
Table 6.6 summarizes the optimum experimental e ectrospinning conditions followed for
the successful generation of the fibrous membranes. Photographs of the prepared

electrospun fibrous membranes areillustrated in figure 6.34.

Table 6.6: Optimum experimental conditions employed for the fabrication of the MMA-co-AEMA and
PEO/MMA-co-AEMA €l ectrospun membranes, both in the absence and presence of OA.FesO4 magnetic NPs.

ala Sample Polymer solution Needle Flow rate Voltage Needle-to-collector
concentration (w/v)/Solvent  (G) (mL-h?) (kV) distance (cm)

1 MMA-co-AEMA 6/THF 16 3 10 30

2 MMA-co-AEMA/OA .FesO4 (2% wt.) 6/THF 16 18 15 25

3 MMA-co-AEMA/OA .Fe30a4 (4% wt.) 6/THF 16 18 15 25

4  MMA-co-AEMA/OA.Fe304 (10% wt.) 6/THF 16 12 15 25

5 MMA-co-AEMA/OA .Fe304 (30% wt.) 6/THF 16 0.3 25 20

6  MMA-co-AEMA/OA.Fe304 (70% wt.) 6/THF 16 0.6 25 20

7 MMA-co-AEMA 30/CHCl3 18 0.3 10 20

8 PEO/MMA-co-AEMA 4/CHCl3 18 2 20 25

9 PEO/MMA-co-AEMA/OA .Fe304 (37% wt.) 4/CHCl3 18 2 20 25

MMA-co-AEMA PEO/MMA-co-AEMA
0A.Fe,0,0% wt. wt.
-

Figure 6.34: Photographs of the as-prepared MMA-co-AEMA and PEO/MMA-co-AEMA el ectrospun fibrous

membranes
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6.2.1.3. Membrane characterization

Morphological characterization: The morphological characteristics of the membranes
were determined by SEM. Figure 6.35 (a) provides the SEM images of the pristine MMA-
co-AEMA fibrous membrane obtained in the absence of the OA.FesOs magnetic NPs
starting from a polymer solution prepared in THF. The fibers produced are partially
separated from each other whereas fiber bundles and junctions can be also observed.
Moreover, the SEM images reveal the presence of a multimodal diameter distribution
ranging between ~ 1 to ~ 2 um. This phenomenon has been previously observed by other
groups and it has been attributed to the splitting of the electrospinning jet during the
process (34).

The fabrication of magnetoactive, electrospun MMA-co-AEMA-based fibrous membranes
involved the incorporation of the pre-formed OA.FesOs magnetic NPs of various
concentrations into the polymer solutions prior to the electrospinning process. Upon
mixing different amounts of OA.Fe304 with the polymer in THF, highly viscous solutions
containing both, the magnetic NPs and the polymer were obtained and were further
electrospun aiming to obtain magnetoactive fibrous membranes. Figure 6.35 provides the
SEM micrographs of the MMA-co-AEMA/OA .Fe304 electrospun membranes containing
OA.Fe304(b) 2 (c) 4, (d) 10, (e) 30, (f) 70% wt.

As seen from the images no significant changes were observed in the morphological
characteristics of the fibers upon increasing the magnetic content in the range of 2-10% wit.
Similar observations were reported by X. Xua et al. (366) for eectrospun PVP-Fe(0)
nanocomposite fibers in which the Fe(0) inorganic content ranged between 1.25-10% wit.
However, upon significantly increasing the magnetic content (i.e. 30 and 70% wt.) while
maintaining the electrospinning conditions relatively unchanged, a morphological change
from fibers to bead-like structures has been induced. A possible explanation for this
morphological transition might be the influence of the OA.FesOs found at high
concentrations in solution on different parameters affecting the electrospinning process.
According to Fong et al. the formation of beads may be strongly influenced by the
viscoelasticity of the solution, the charge density carried by the jet, and the surface tension
of the solution which are closely related with the solvent (57; 58; 59; 367). Moreover,
fibers obtained from low concentration solutions tend to be shorter and finer, compared to

the fibers generated from more viscous solutions (45; 52; 53). Consequently, upon
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increasing the polymer-solution concentration from 6 to 30 % w/v and replacing THF with

CHCIl 3 more homogeneous and thicker fibers were obtained (figure 6.35 (Q)).

As previously mentioned, the membrane wettability in aqueous media is an important
parameter in systems destined for use in water remediation processes. For this purpose, the
hydrophilic PEO was mixed together with the MMA-co-AEMA random copolymer to
yield blended PEO/MMA-co-AEMA fibrous membranes that contained or not magnetic
NPs. The addition of PEO in the MMA-co-AEMA-based polymeric solution prepared in
CHCIs followed by electrospinning, resulted to fibrous membranes consisting of
cylindrical homogeneous fibers with diameters ranging between 2 and 3 um. In contrast to
the MMA-co-AEMA/OA .Fes0O4 systems with relatively high magnetic content prepared
starting from THF solutions, SEM demonstrated that the incorporation of OA.Fe304
magnetic NPs within the PEO/MMA-co-AEMA membranes even at percentages as high as
37% wt. did not significantly affect the morphological characteristics of the membranes.
This difference may be attributed to the fact that the OA.FesO4 exhibit higher solubility in
CHCl3 than in THF, resulting to polymer/OA.FesO4 solutions of higher homogeneity thus
avoiding NP aggregation phenomena during the process that may in turn affect

significantly the morphological characteristics of the obtained electrospun mats.

(b) MMA-co-AEMA/OA.Fes04 2% wit., polymer -solution concentration: 6% w/v in THF
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Figure 6.35: SEM images of the MMA-co-AEMA and the PEO/MMA-co-AEMA el ectrospun fibrous
membranes and of their magnetoactive analogues obtained in the presence of OA.Fes0Os magnetic NPs.

Thermal properties: The degradation temperature of the resulting fibrous membranes was
determined by TGA measurements. The TGA traces of the membranes both in the absence
and presence of OA.Fe3Os NPs are provided in figure 6.36. As seen in the thermograms,
the fibrous PEO/MMA-co-AEMA blended membranes begin to decompose at ~ 400 °C
compared to the membranes consisting of only MMA-co-AEMA that begin to decompose
at alower temperature, ~ 200 °C. Moreover, the PEO/MMA-co-AEMA membrane start to
decompose at a dightly lower temperature (~ 350 °C) compared to the nanocomposite
analogue with OA.Fe304 37% wt. (~ 380 °C), while at ~ 420 °C, it decomposes completely
losing al of its weight. Similarly, the MMA-co-AEMA fibrous membranes start to
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decompose at ~ 200 °C, while the nanocomposite (OA.Fes04 10% wt.) analogue begins to
decompose at a higher temperature (~ 250 °C). At ~ 430 °C the magnetite-free MMA-co-
AEMA membrane decomposes completely losing al of its weight. The remaining residue
observed in the case of the magnetite-containing membrane at higher temperatures (T >

430 °C) corresponds to the inorganic (FesO4) content.

100

T T T
—— PEO/MMA-c0-AEMA/OA.Fe30, 37% wt

60 - PEO/MMA-cO-AEMA

a0 |

% Loss mass

20 | —— MMA-co-AEMA/OA.Fe30,4 4% wt.

} —— MMA-co-AEMA

0 1 1 1
100 200 300 400 500 600

Temperature (°C)

Figure 6.36: TGA thermograms of the MMA-co-AEMA and PEO/MMA-co-AEMA electrospun membranesin
the absence and presence of OA.Fe;sO4 magnetic NPs(4, 10, and 37% wt.). The TGA thermogram of the as-

prepared OA.FesO4is also given for comparison.

Nanocrystalline phase characterization: The nanocrystalline phase adopted by the
OA .Fe304 NPs embedded within the nanocomposite membranes was investigated by X-ray
diffraction (XRD) spectroscopy. Figure 6.37 provides the powder XRD diffraction pattern
of the PEO/MMA-co-AEMA/OA .Fex04 electrospun membrane with 37% wt. of magnetic
content and the XRD pattern corresponding to pure OA.FesOs for comparison. The
diffractogram of the membrane displays six broad peaks appearing at 20 ~ 30°, 36°, 43°,
54°, 587 and 63°, verifying the presence of magnetite (OA.Fe304) within this system (336;
335; 334).
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Figure 6.37: X-ray diffraction patterns of the as-prepared OA.Fe;sO4 NPs and the PEO/MMA-co-

AEMA/OA.Fes04 37% wt. nanocomposite fibrous membranes.

Magnetic properties: The magnetic behavior of the nanocomposite membranes was
investigated by VSM at 300K. Figure 6.38 exemplarily shows the magnetization versus
applied magnetic field strength plot (M=f(H)) corresponding to the MMA-co-AEMA and
the PEO/MMA-co-AEMA nanocomposite membranes loaded with OA.Fe304 4 and 37%
wt. respectively. The sigmoidal shape of the plots and the lack of a hysteresis loop

demonstrate the superparamagnetic behaviour of both systems at ambient temperature.

Moreover, from the magnetization plots it becomes obvious that upon increasing the

magnetic content within the membranes, the saturation magnetization (Ms) increases as

expected, while the superparamagnetic properties are retained.
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Figure 6.38: Magnetization curves of the MMA-co-AEMA/OA.Fe;04 and PEO/MMA-co-AEMA OA.Fe304
nanocomposite fibrous membranes containing 4 and 37% wt. OA.FesO4 respectively.
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6.2.1.4. Membrane application as adsorbent for heavy metal ions

Adsorption studies for the removal of Eu(l11) heavy metal ions from aqueous media:
The effectiveness of the PEO/MMA-co-AEMA (70:30) 4% w/v systems in removing
europium from agqueous solutions was investigated by carrying out experiments on the
effect of pH, initial metal ion concentration and membrane magnetic content (327). The
incorporation of magnetic NPs within the membranes targeted towards the enhancement of
the adsorption efficiency and the recovery of the adsorbent by using a simple magnet
(289).

A pre-fixed amount of the adsorbent was placed in an aqueous Eu(l11) solution of a known
concentration and the UV-vis spectrum of the supernatant was recorded after 24 hours for
determining the amount of the adsorbed Eu(lll) ions. A schematic presentation of the
adsorption process and related photographs of the membranes immersed in europium
agueous solutions are illustrated in figure 6.39. The results were compared to those
obtained using the PEO/PLLA membrane as adsorbent instead (see section 6.1.3.2.).

s‘ A !c ;b
\(' P P AA' “"

Y “lx

Figure 6.39: (a) Photographs of the PEO/MMA-co-AEMA fibrous membranes in the absence and presence
of OA.FesO4 magnetic NPs 37% wt., and (b) schematic illustration of the Eu(l11) metal ion adsorption

process realized via complexation of the s-ketoester groups with the Eu(l11) ions.
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The morphological characteristics of the membranes after immersion in an agueous
solution containing Eu(lll) ions were determined by SEM. Figure 6.40 shows
characteristic SEM micrographs of both, the magnetite-free and the magnetite-containing

nanocomposite membranes after immersion.

(@ PEO/MMA-co-AEMA after beingimmersed in Eu(l11)-containing aqueous media
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(b) PEO/MMA-co-AEMA/OA.FesO4 37% wit. after being immersed in Eu(l 1 1)-containing aqueous
media
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Figure 6.40: SEM images of (a) PEO/MMA-co-AEMA fibrous membranes and (b) PEO/MMA-co-
AEMA/OA.Fe304 37% wt. nanocomposite fibrous membranes after being immersed in aqueous media

containing Eu(l1) ions.

As already discussed in previous sections (see section 6.1.3.2.), pH is a very important
parameter which affects the capacity of an adsorbent in wastewater treatment processes.
The effect of pH on the europium sorption onto the PEO/MMA-co-AEMA e ectrospun
membranes and their magnetoactive nanocomposite analogues was investigated and the
corresponding variation curves of the metal ions adsorption percentage as a function of pH
are provided in figure 6.41. The experiments have been performed up to pH 8 since above
this value the formation of Eu(I11) carbonate complexes, EuCOs* and Eu(COs)2", occurs. As

seen in the figure, the relative adsorption of Eu(lll) on both systems, increases with
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increasing pH, reaching a maximum value of ~ 80% and ~ 95% at pH 6.5 for the
PEO/MMA-co-AEMA and the PEO/MMA-co-AEMA/OA .Fes04 systems respectively.

100

O

PEO/MMA-co-AEMA/OA. Fe, 37% wt.

304

PEO/MMA-co-AEMA

% Relative adsorption

Figure 6.41: The effect of pH on the relative adsorption of Eu(l11) metal ions by the PEO/MMA-co-AEMA

fibrous membrane in the absence and presence of OA.Fe;0, magnetic NPs..

In order to evaluate the maximum membrane adsorption capacity (gmax (Mg-g™L)) through
the effect of initial metal ion solution concentration, adsorption experiments using metal
ion solutions of different concentrations (1-10°° to 1-10* M) have been performed at the
optimum pH (pH 6.5) at room temperature. The Langmuir isotherm model was employed
to fit the equilibrium experimental data of Eu(lll) sorption onto the membranes. Figure
6.42 (a) shows the obtained ge (mol-Kg?) versus Ce (mol-LY) plots as well as (b) the
linearized 1/ge versus 1/Ce isotherms. The maximum adsorption capacity of europium onto
electrospun membranes was found to be ~ 14 and ~ 17 mmol-Kg™ for the OA.FesOs-free

and nanocomposite fibrous membranes respectively.

This small difference may be attributed to the fact that the FesOs NPs may weakly interact
with the paramagnetic Eu(l11) ions via dipole-dipole interactions due to the fact that FesOs
exhibit permanent magnetic moment (368). Another possibility might be the complex
formation between the free hydroxyl groups that may be present onto the surfaces of the

Fes04 nanoparticles located on the outer surfaces of the fibers and the Eu(l11) ions.
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Figure 6.42: (a) Langmuir adsorption isotherms and (b) linearized Langmuir adsor ption isotherms plots
corresponding to the Eu(l11) adsorption by the PEO/MMA-co-AEMA and the PEO/MMA-co-
AEMA/OA.Fe;04 nanocomposite fibrous membranes containing OA.FesO4 37% wt.

A comparison of the adsorption efficiency of the PEO/PLLA and the PEO/MMA-co-
AEMA electrospun fibrous membranes (figure 6.43) demonstrated that the latter act as
more effective adsorbents for Eu(l11) ions. More precisely the PEO/PLLA system reaches a
Onax & ~ 6 mmol-Kg! whereas the PEO/PMMA-co-AEMA membrane exhibits a
significantly higher value ~ 14 mmol-Kg™. Those findings verify our initial hypothesis that
the presence of the p-ketoester metal binding groups within the membranes may assist

favourably the sorption process.
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Figure 6.43: Langmuir adsorption isotherms plots corresponding to the Eu(l11) adsorption by the
PEO/MMA-co-AEMA and the PEO/PLLA fibrous membranes.
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6.2.2. MMA-co-BzM A-based electrospun membranes

Electrospun fibrous membranes, consisting of methacrylic random copolymers based on
benzyl methacrylate (BzMA) and methyl methacrylate (MMA) were successfully
fabricated and characterized, aiming toward the removal of two organic water-soluble

pollutants namely metronidazole and 1,2 dichlorobenzene.

6.2.2.1. Synthesisand molecular characterization

Copolymer synthesis: Conventional free radical polymerization was employed for the
synthesis of the methyl methacrylate-co-benzyl methacrylate (MMA-co-BzMA) random
copolymers. The polymerization reaction scheme isillustrated in scheme 6.6.

S
NC CN

2.2'-azobiz(isobutylnitrile)

y X
o o o}
o) . 0 AIBN, EA P o]
o)
/

65 °C, 10 hr

MMA

BzMA MMA-co-BzMA

Scheme 6.6: Synthetic scheme followed for the preparation of the MMA-co-BzZMA random copolymers.

Molecular characterization: The molecular characteristics of the MMA-co-BzMA
random copolymers obtained by free radical polymerization were determined by SEC and
4 NMR. Table 6.7 summarizes the chemical structures of the copolymers prepared in this
study along with their average molecular weights and composition characteristics. As
expected, the use of a non-controlled radical polymerization process led to the generation
of polymeric materials characterized by relatively high polydispersity indices (PDI) ~ 2.0.
In figure 6.44 the SEC traces of two MMA-co-AEMA random copolymers are displayed.
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Table 6.7: Average molecular weights, polydispersity indices and polymerization yields of the MMA-co-

BzMA random copolymers.
—_— 3
ala Chemical Structurest M . (gmol) M (gmol™) PDI Yield (%)
1 MMA10-cO-BzZMA 103 41641 90400 2.17 63
2 MMA 10-co-BzMA 10 43501 88333 2.03 45

Ithe molar ratios between the MMA and BzZMA moieties were determined by *H NMR
2M,, = Number average molecular weight

3My = Weight average molecular weight

1.0 - MMA, -co-BzMA .

08 L MNA, -co-BzMA, | |

w

dw/dlogM

04

0.2

10000 100000 1000000

0.0

Molar mass (g-mol™)

Figure 6.44: SEC eluograms of the MMA-co-BzMA random copolymers.

The expected chemica structure of the MMA-co-BzMA random copolymers was
confirmed by H NMR spectroscopy. Figure 6.45 exemplarily shows the 'H NMR
spectrum of the MMA10-co-BzMA103. The peak assignments are shown in the spectrum.
The MMA:BzMA comonomer compositions (table 6.7) were determined from the ratio of
the areas under the characteristic signals of the MMA and the BzMA, appearing at 3.54

(CHs, b) and 4.97 (CH_, d) respectively.
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(e)

Figure 6.45: 'H NMR spectrum of the MMA ¢-co-BzZMA; o3 random copolymer. * Residual monomer.

6.2.2.2. Membranefabrication

Electrospun fibrous membranes comprised of MMA-co-BzMA random copolymers were
fabricated starting from homogeneous polymer solutions prepared in CHCls, with
concentrations 10, 30, and 50% wi/v. As previously noted, the successful generation of
fibrous membranes requires the determination of the optimal processing parameters.
Experimental parametric studies were carried out for the MMA-co-BzMA systems, and
optimum parameters for the production of electrospun fibrous membranes were obtained.
Table 6.8 summarizes the optimum experimental electrospinning conditions followed for
the successful generation of the fibrous membranes. In order to improve the wettability of
the completely hydrophobic fibrous membranes, the PEO homopolymer was mixed with
the random copolymer in CHCI3 in a 4/96 weight percentage respectively and electrospun
to yield blended PEO/MMA-co-BzMA fibrous membranes. Photographs of the as-
prepared membranes are illustrated in figur e 6.46.

Table 6.8: Optimum experimental conditions employed for the fabrication of the MMA-co-BzMA-based

electrospun fibrous membranes.

ala Sample Polymer -solution Needle Flowrate Voltage Needle-to-collector
concentration (w/v) (G) (mL-h?) (kV) distance (cm)
1 MMA-co-BzMA 10 18 1.0 20 20
2 MMA-co-BzMA 30 18 0.2 25 10
3 MMA-co-BzMA 50 16, 18 0.8 25 20
4  PEO/MMA-co-BzMA (4/96) 52 16 35 25 25
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Figure 6.46: Photographs of the as-prepared electrospun MMA-co-BzMA-based fibrous membranes.

6.2.2.3. Membrane characterization

Morphological characterization: The morphological characteristics of the membranes
were determined by SEM. Figure 6.47 provides the SEM images of the MMA-co-BzMA
electrospun fibers obtained from solutions with various concentrations as well as images
of the PEO/MMA-co-BzMA system. At the lowest concentration (figure 6.47 (a))
polymer microbeads with an irregular shape were obtained instead of continuous fibers.
Upon increasing the polymer-solution concentration from 10 to 30% w/v, in addition to
polymer beads, some limited fiber formation occurred in the form of thin fibers (54; 367;
17). 1t is noteworthy to mention at this point that the formation of the beaded fibers is
governed by  severd process and solution parameters  including

viscosity/concentration/molecular weight and surface tension (367).

At higher polymer-solution concentration (50% w/v) continuous polymer fibers with
diameters ranging between 3 to 5 um were observed (figure 6.47 (c)). In the case of the
PEO/MMA-co-BzMA blended membranes, SEM revealed the presence of fibers.
However, in comparison to the MMA-co-BzMA systems, the blended analogues were

characterized by much less homogeneity in terms of fiber diameters as seen in figure 6.46

(d).
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Figure 6.47: SEM images of the MMA-co-BzMA-based electrospun fibrous membranes.

- 147 -



Chapter 6 Results and Discussion

Thermal properties: The degradation temperature of the resulting fibrous membranes was
determined by TGA measurements. The TGA trace of the MMA-co-BzMA membrane is
provided in figure 6.48. As seen in the thermogram, the membrane begins to decompose at

~ 250 °C while at ~ 400 °C, isdecomposes completely losing al of its weight.

% Loss mass

1 1 1 1 1 .
100 200 300 400 500 600
Temperature (°C)

Figure 6.48: TGA thermogram of MMA-co-BzMA fibrous membrane.

6.2.2.4. Membrane evaluation as adsor bent of organic pollutants

Adsorption studies for the removal of 1,2 dichlorobenzene and metronidazole from
aqueous media: The methacrylate-based electrospun membranes were used in the
recovery of two organic pollutants namely 1,2 dichlorobenzene and metronidazole (MET)
from agueous media. MET, the structure of which is presented in figure 6.49 is a
nitroimidazole antiprotozoal agent with a powerful antibacterial activity against anaerobics
(369). However this antibiotic when released in agueous media acts as a contaminant due
to its limited biodegrability (370; 371) .

CHs

/ OH
N%\NI
</

\

NO,

Figure 6.49: Chemical structure of metronidazole.
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1,2 dichlorobenzene (DCB), the structure of which is presented in figure 6.50 is a
manufactured organohalogen compound used as a solvent for degreasing hides and wool.
It also serves as a synthetic reagent for dye manufacture. It is chemically stable and its
photochemical degradation in soil and aquatic environments is limited. DCB exhibits very

low solubility in water; it only dissolves at very low concentrations.

Cl

Cl

Figure 6.50: Chemical structure of 1,2 dichlorobenzene.

The investigation of the effect of contact time between the pollutants dissolved in water
and the fibrous membranes was studied upon immersing small membrane pieces in MET
and DCB aqueous solutions of known concentrations and recording the UV -vis spectra of

the supernatant at different time intervals.

Figure 6.51 provides the UV-vis spectra obtained at different times intervas for (a) the
MET and (b) the DCB agueous supernatant solutions as well as the normalized absorption
versus time plots (Av/Ao vs t, where At denotes the absorption of the MET or DCB
molecules found free in solution at time t, and Ao corresponds to the initial absorption (at
t=0) of the MET o DCB molecules found free in solution) for (c) MET and (d) DCB. The
concentration of the non-adsorbed pollutant was determined at Amax (MET at ~ 320 nm and
DCB a ~ 216.5 nm) of the recording UV-vis absorption spectra using the UV-vis
calibration curves (£=60.55385+1.24702 mL-mgt-cm™ or 0.3537+7.28:10° L-mol™t-cm’?
for MET and £=3.43187+0.16994 mL-mg*-cm™ or 6.8:10°+9.31645-10%° L-mol*-cm™* for
DCB), asin the other adsorption-related experiments.

As seen from the UV-vis plots (figure 6.51 (a)) the intensity of the characteristic
absorption signal of DCB appearing at ~ 217 nm reduced with time, indicating pollutant
adsorption from the MM A-co-BzMA fibrous membranes reaching 20% in 150 min (kinetic
constant k=3.429-10%+3.522-10 min). Nevertheless, in the case of MET (figure 6.50
(b)) the absorption intensity remained relatively unchanged indicating the disfavorable
adsorption of MET from the fibrous membrane reaching only 6% in 150 min (kinetic
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constant k=7.898:10%+2.04-10° min). The preferential adsorption of DCB over MET by
the membrane may be attributed to the development of n-n interactions between the
aromatic rings existing in the DCB and in the BZMA moieties of the copolymer MMA-co-
BzMA.

Hydrophobic interactions play an important role in the adsorption of pollutants from
agueous media. However, a highly hydrophobic adsorbent may exhibit wetting difficulties
when placed in an agqueous environment that in turn may reduce its active surface area. The
incorporation of PEO within the PEO/MMA-co-BzMA blended membranes was found to
significantly improve the adsorption efficiency of the membranes (75% kinetic constant:
k=4.333-10%£5.279-10° min?) (figure 51 (d)). A possible explanation is that the
dissolution of the PEO chains upon immersing the membrane in water increases the
number of voids between the fibers facilitating the diffusion of the agueous solution within

the membrane.
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Figure 6.51: UV-vis spectra of (a) MET and (b) DCB supernatant solutions recorded at different time
intervals. Normalized AJ/Ao versus time plots, corresponding to the adsorption profile of (c) MET, and (d)
DCB by the MMA-co-BzMA and PEO/MMA-co-BzZMA membranes.
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6.3. PVP-based electrospun membranes. Fabrication, characterization and

catalytic applications

The fabrication and characterization of electrospun membranes based on the hydrophilic
and biocompatible poly(vinyl pyrrolidone) (PVP) (figure 6.52) (44) is described in this
section.

L=
PN

Figure 6.52: Chemical structure of poly(vinyl pyrrolidone) (PVP).

6.3.1. PVP, PVP/PLLA and PVP/PLLA/OA.Fes04 eectrospun membranes

Initially PVP was combined with the hydrophobic and biodegradable poly(L-lactide)
(PLLA) and pre-formed oleic acid-coated iron oxide NPs (OA.FesQ.), alowing the
development of PVP/PLLA/OA .Fe304 magnetoactive fibrous nanocomposites (174).

6.3.1.1. Membranefabrication

Fibrous membranes comprised of PVP (figure 6.52), PVP/PLLA and
PVP/PLLA/OA.FesO4 were prepared by electrospinning. For determining the optimum
electrospinning conditions to obtain fibrous (nanocomposite) membranes, different
experimental parameters were systematically varied while maintaining the rest relatively
unchanged. Experimental parametric studies were carried out for the PVP (polymer-
solution concentration: 3, 5, 10, 15% w/v) and the PVP/PLLA (weight percentage
proportion: 70/30, polymer-solution concentration: 10% w/v) systems in the absence and
presence of the magnetic NPs prepared in CHCIz solution. Under specific experimental
conditions, fibrous PVP and PVP/PLLA membranes, as well as magnetite-containing
membranes with different magnetic loading (OA.Fe3Os 5, 10, and 20% wt.) were
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successfully obtained by electrospinning. Table 6.9 summarizes the optimum experimental

electrospinning conditions employed for the fabrication of the above-mentioned systems.

Table 6.9: Optimum experimental conditions employed for the fabrication of the PVP and PVP/PLLA fibrous

membranes in the absence and presence of OA.Fes0a.

ala Sample code concentration (w/v)  (G) (mL-h?) (kV) distance (cm)
1 PVP 3 16 20 15 25
2 PVP 5 20 15 15 25
3 PVP 10 22 10 20 30
4 PVP 15 20 10 20 25
5 PVP/PLLA 10 20 10 25 30
7 PVP/PLLA/OA .Fes045% wit. 10 20 10 15 25
8 PVP/PLLA /OA.Fes0410% wt. 10 20 10 10 25
9 PVP/PLLA /OA.Fe;0420% wit. 10 20 10 10 25

6.3.1.2. Membrane characterization

Morphological characterization: The morphologica characteristics of the membranes
were determined by SEM. Initialy, parametric studies were carried out for the PVP
homopolymer upon systematically increasing the polymer-solution concentration from 3
to 15% wi/v. As aready mentioned variations in polymer polymer-solution concentration
significantly influence the size and morphology of the fibers (57; 58; 59; 367; 138).
According to literature reports (43; 37; 39) it is expected that at lower polymer polymer-
solution concentrations, fragmentation of the charged jet occurs leading to the generation
of droplets as a result of the applied voltage and the solution’s surface tension (57). Asthe
concentration of the polymer solution increases, a mixture of fibers and beads is obtained,
while a further increase causes the morphological transition of the beads from spherical to
ellipsoidal and finally to continuous fibers, owing to chain entanglement effects arising in

concentrated solutions.

Indeed as shown in figure 6.53 (a), starting from the low concentration solutions (3 and
5% wi/v), the co-existence of fibrous and beaded structures is observed with the latter being
the dominant ones, whereas upon increasing the polymer-solution concentration the fibrous
morphology dominates. As seen in the figure, an increase of the polymer-solution
concentration to 15% wi/v leads to the disappearance of the beaded structures and the

generation of continuous fibers with mean diameters of ~ 7-8 um.
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The SEM images of the produced PVP/PLLA membranes and of the nanocomposite
PVP/PLLA/OA .Fes0O4 membranes containing OA.Fe3O4 in concentration 5, 10 and 20%
wt. are also provided in figures 6.53 (b) and (c) respectively. In all cases the polymer-
solution concentration was maintained at 10 % w/v since at this concentration continuous
fibers were obtained with mean diameters in the range of ~ 55 um — 85 um. Upon
increasing the magnetic content from 5 to 20% wt., no significant changes were observed
in the morphological characteristics of the fibers in line with previously reported results
(151).

(8 PVP, polymer-solution concentration: 3, 5, 10, and 15% w/v in CHCl3

10% | __15%

B ——
ey magna ll

(c) PVP/PLLA/OA.Fes04(5, 10, and 20% wt.), polymer -solution concentration: 10 w/v in CHCls
5%

10%
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Figure 6.53: SEM images of the pristine (a) PVP and (b) PVP/PLLA e ectrospun polymer membranes as
well as (c) of the magnetoactive PVP/PLLA/OA.Fes04 analogues obtained in the presence of OA.Fe;04 NPs
5, 10 and 20% wt.

TEM was also employed for visuaizing the PVP/PLLA/OA .Fe304 systems. In figure 6.54
transmission electron micrographs of the PVP/PLLA/OA.Fe304 nanocomposite fibrous
membranes containing OA.Fe304 20% wt. NPs are depicted. From the TEM bright field
images (figure 6.54 (a), (b), and (c)) it can be clearly seen that the magnetic Fes0s NPs
embedded within the membranes are spherical with average diameters of approximately 5
nm. By comparing the TEM images and size distribution of the as-prepared OA.Fe3Os NPs
provided in a recent publication (328) with the mean diameters of the NPs embedded
within the PVP/PLLA fibers, it can be concluded that no significant agglomeration
phenomena occur during the electrospinning process since the dimensions of the embedded

NPs are retained within the same range.

Moreover, the magnetic NPs are uniformly dispersed in the PVP/PLLA matrix resulting in
high homogeneity. The HRTEM image presented in figure 6.54 (d) showed that the NPs
are nanocrystals, disclosing the crystalline planes (311) of FesO4 with 2.51 A characteristic

interplanar distance.

-154 -



Chapter 6 Results and Discussion

The EDX spectrum presented in figure 6.54 (e) shows the presence of Fe, O and C as the
major elements in the sample (element Cu comes from the copper grid). The presence of
minor elements such as Si and Cl may be attributed to mild sample contamination during

the preparation process for TEM investigations.

(e)

Figure 6.54: (a, b, c) TEM bright field and (d) HRTEM images and (€) corresponding EDX spectrum of the
PVP/PLLA/OA.Fe;04 polymeric membranesin the presence of OA.FesO4 NPs 20% wi.

Thermal properties. The thermal stability of the PVP/PLLA membranes was determined
in the presence and absence of OA.Fes0O4 NPs by means of TGA. The degradation profiles
of the pure OA.FesOs4, the pristine PVP/IPLLA and the nanocomposite
PVP/PLLA/OA .FesO4 fibrous membranes are provided in figure 6.55. In the case of the
pure OA .FesO4 the weight loss observed at temperatures below 300 °C, is attributed to the
decomposition of the organic stabilizing layer (oleic acid) (329). Two-step decomposition
profile is observed in the case of the PVP/PLLA membranes. The first degradation step is
observed at around 320 °C, and it is attributed to the decomposition temperature of PLLA
in agreement with previously reports (372; 373). PVP degradates at a higher temperature
(~ 470 °C) in line with previoudy reported findings (374). The remaining residue
observed in the case of the magnetite-containing membrane at higher temperatures (T >

400 °C), corresponds to theinorganic (Fe3O4) content.
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Figure 6.55: TGA thermograms of OA.Fe;s0O4 NPs, PVP/PLLA and PVP/PLLA/OA.Fe;0420% wit.

Magnetic properties: Investigation of the magnetic properties of the
PVP/PLLA/OA.Fe;04 nanocomposite fibrous membranes was carried out by VSM at 300
K. Figure 6.5 shows the magnetization versus applied magnetic field strength plots
(M=f(H)) corresponding to nanocomposite membranes loaded with different amounts of
OA.Fe;04 (5 and 10% wt.). The sigmoidal shape of these plots and the lack of a hysteresis
loop demonstrates the superparamagnetic behavior of these materials at ambient
temperature. Moreover tunability of the saturation magnetization (Ms) is possible upon
varying the magnetic content within the membranes, retaining at the same time the

superparamagnetic response.
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Figure 6.56: Magnetization curves of the PVP/PLLA/OA.Fe;04 nanocomposite membranes containing
OA.Fe:04 5 and 10% wt. measured at 300 K.
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These novel magnetoactive PVP/PLLA/OA.FesO4 fibrous nanocomposite membranes
consisting of microfibers with embedded, uniformly dispersed magnetite NPs could be
further crosslinked either via UV-irradiation (photo-crosslinking) or thermaly for the
development of fibrous materials exhibiting high stability in aqueous media that could be

further employed in biomedical and environmental applications.

6.3.2. PVP/Pd and PVP/Cu20 electrospun nanocomposite membranes

PV P-based microfibrous nanocomposite membranes with embedded palladium (Pd) and
copper (1) oxide (Cu20) NPs were prepared and evaluated as heterogeneous catalytic
supports in Heck, Suzuki and click chemistry reactions. While two recent reports describe
the evaluation of PVP-Pd electrospun fibers in Heck reaction processes (259; 260), no
other couplings have appeared in the literature using this type of polymer-based catalytic
support. In addition, to the best of our knowledge there are no reports on the fabrication
and characterization of Cu2O NP immobilized on electrospun PVP fibrous matrices that
have been evaluated as catalytic supportsin click chemistry reaction processes (375).

6.3.2.1. Preparation and characterization of PVP-Pd, PVP-Cu and PVP-Cu:0
colloidal solutions

The PVP-coated Pd and Cu metal NPs have been prepared in the form of stable colloidal
solutions by following previously reported synthetic methods (376; 377) as aready
described in the experimental section. The reaction process involved the reduction of
Pd(I1) ions into metallic Pd(0) NP in refluxing MeOH that functions as both, solvent and
reducing agent in the presence of PVP acting as a steric stabilizer, whereas in the case of
the Cu(ll) ions, hydrazine monohydrate was introduced as a reducing agent for generating
metallic PV P-capped Cu(0) NPs as shown in figure 6.57.
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Figure 6.57: Schematic presentation of the synthetic pathways followed for the generation of the PVP-Pd,
PVP-Cu and PVP-Cu,0 colloidal solutions stabilized in MeOH and corresponding photographs.

The PVP, PVP-Pd and PVP-Cu MeOH solutions were characterised by UV-vis
spectrophotometry and the related spectra are provided in figure 6.58. The broad
absorption tail appearing between 300 — 800 nm is typical for Pd metal NP colloidal
systems (378; 379) whereas in the case of the Cu-containing solutions the characteristic
surface plasmon resonance (SPR) signal appears at around 580 nm, indicating the
existence of Cu MNP in solution (380). When the freshly prepared PVP-Cu colloidal
solution was exposed to air, a gradual colour change of the colloidal solution from red to
light blue (see related photographs in figure 6.57) was observed, indicating the oxidation
of the Cu NP to Cu20O NP. Similar solution colour change observations (i.e. from red to
light blue) were previously reported for oleyamine-coated Cu NPs that have been
transformed into Cu2O NPs (381).

PVP/Pd

Absorption (a.u.)
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PVP
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Figure 6.58: UV-vis spectra of the pristine PVP MeOH solution and the PVP-Pd and PVP-Cu hybrid

colloidal solutions (recorded upon appropriate dilution of the as-prepared colloidal solutions).
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6.3.2.2. Membranefabrication

Fibrous membranes comprised of PVP and either Pd or Cu2O NPs were prepared by
electrospinning as schematically depicted in figure 6.59.

Electrospinning

Figure 6.59: Schematic presentation of the process used for the fabrication of the PVP-Pd and the PVP-
Cu20 nanocomposite membranes starting from colloidal nanohybrid solutions. Photographs show the

solutions and the corresponding electrospun nanocomposite membranes.

Systematic parametric studies involved varying the polymer-solution concentration, the
applied voltage, the delivery rate of the solution, the diameter of the needle and the needle-
to-collector distance, so as to determine the optimum experimental conditions for the
production of fibrous polymer-metal or meta oxide NP nanocomposite membranes. In
table 6.10 the optimum electrospinning parameters used for the production of fibrous
PVP-Pd and PVP-Cu.0 € ectrospun membranes are provided.

Table 6.10: Optimum experimental parameters employed for the fabrication of the nanocomposite PVP-Pd

and PVP-Cu,0 electrospun fibrous membranes.

Needle Flow rate Voltage Needle-to-Collector
ala Sample Code G) (mL+h) (kV) Distance (cm)
1 PVP 18 3.0 20 20
2 PVP-Pd (20:1)" 16 5.0 15 20
3 PVP-Ctp0 (3.6:1)" 16 25 20 10

*Mole ratio of VP units to the metal ion salt
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6.3.2.3. Membrane characterization

The morphological characteristics of the membranes were determined by SEM and TEM.
As seen in the SEM images presented in figure 6.60, in al cases continuous, beaded-free
cylindrical fibers were obtained under the optimum electrospinning conditions employed.
Moreover, no significant changes were observed in the morphology of the fibers in the
presence of the embedded Pd and Cu>O NPs.

3 o B
VEGAY TESCAN J 0 VEGAN " i . WD spm VEGAY TESCAN g
gt sy sios I ot Micos ot rseony e Sigta iy ssins

VEGAY TESCAN g7
s roscopy macios

Viewfie 75.23pm Dot SE Ostoctor 20 m VEGAN TESCAN g View flld: 22,66 m  Dal: SE Detector 10 m VEGAV TESCAN g
Date(nidy Q207114 papaphipo Oitotcrescapy maging [ Doty 0207114 papapntore Digts Mcrascopy maging [

Figure 6.60: SEM images of (a) the pristine PVP, (b) the PVP-Pd and (c) the PVP-Cu,O nanocomposite

electrospun fibrous membranes.
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The as-prepared Pd- and Cu,O-containing fibrous nanocomposites were aso visualized by
TEM (figure 6.61). From the TEM bright field images (figure 6.61 (a), (b), (f-h)) it can be
clearly seen that the inorganic NPs embedded within the membranes are spherical in shape
with average diameters of ~ 5 nm. Moreover, a distinct dispersion of the NP in the PVP
fibrous matrix resulting in high homogeneity can be observed in both cases. HRTEM
analysis was only feasible in the case of the PVP-Pd membranes whereas the PVP-Cu,O
system exhibited high instability in the electron beam. The Pd NPs embedded within the
fibrous PVP matrix are nanocrystals and HRTEM imaging (figure 6.61 (c-d)) discloses the
crystaline planes (111) and (200) of Pd NP with characteristic interplanar distances of
2.27 and 1.97 A, respectively. In addition, the EDX spectrum corresponding to the PV P-Pd
system (figure 6.61 (€)) shows the presence of Pd and O as the mgjor elements in the
sample. The presence of Cu is attributed to the Cu grid employed in TEM investigations.
In the case of the PVP-Cu0, the EDX analysis cannot provide any useful information
since Cu grid is employed during sample analysis and the expected oxygen can be found

both in the polymer matrix and in the Cu,O NPs.
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Energy (kev)
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Figure 6.61: (a, b) TEM bright field and (c, d) HRTEM images of the as-prepared PVP-Pd nanocomposite
electrospun membranes. (f-h) TEM bright field images of the as-prepared PVP-Cu,O membranes. (€) EDX
spectrum of the PVP-Pd electrospun membrane.

For preventing membrane dissolution and consequently NP leaching in the organic media
used for performing selected organic reactions by introducing the aforementioned
materials as heterogeneous catal ytic supports, thermal crosslinking of the membranes was
carried out. The morphology and compositional characteristics of the nanocomposite fibers
after thermal treatment were determined by means of SEM and TEM/EDX analysis.

SEM images of the thermally-induced crosslinked PVP-Pd and PVP-Cu,O electrospun
nanocomposite membranes (figure 6.62 (a) and (b)) indicate that the membranes
maintained their cylindrical shape and that no significant morphology changes were
observed compared to the non-crosslinked systems. After therma treatment the
membranes were immersed in an agueous solution where no membrane dissolution was
observed (as in the case of the non-crosslinked analogues that are water-soluble due to the
hydrophilic character of PVP) (figure 6.62 (c)) indicating that the crosslinking process was

successful.
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Figure 6.62: (a) SEM images of the PVP-Pd and (b) PVP-Cu,O crosslinked nanocomposite membranes
(before reactions). (¢) Photographs of the PVP-Pd and the PVP-Cu,O membranes immersed in water after
crosdlinking.

In figure 6.63 the corresponding TEM images accompanied by EDX analysis spectra are
provided. Owing to the superior stability of the crosslinked materials compared to the non-
crosslinked ones, it was possible to perform HRTEM anaysis on both systems that
confirmed the existence of Cu.O NP within the PVP-Cu.O membranes. As in the case of
the non-crosslinked PV P-Pd e ectrospun membranes, spherical Pd nanocrystals embedded
within the crosslinked PVP matrix can be visualized in the bright field TEM images
provided in figure 6.63 (a), (b) while HRTEM discloses the characteristic crystalline
planes of Pd NP (figure 6.63 (c), (d)). The presence of the Pd NP within the crosslinked
membranes has been aso verified by EDX analysis (figure 6.63 (€)). HRTEM confirmed
the existence of Cu20 NP in the PVP-Cu20 crosslinked membranes (figure 6.63 (i)) since
the characteristic crystalline planes (110) and (111) of Cu2O NP with respective 3.02 and
3.47 A interplanar distances can be clearly seen.
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Figure 6.63: (a, b) Bright field and (c) high resolution TEM images, and (d) corresponding EDX spectrum of
the PVP-Pd crosslinked electrospun nanocomposite membrane. (e, f) Bright field and (g) high resolution
TEM images of the PVP-Cu,0 crosslinked electrospun nanocomposite membrane.

6.3.2.4. Membrane application in heter ogeneous catalysis

Heck reactions. In the course of our current research, the use of electrospun PVP-Pd
membranes in performing a Heck coupling reaction was first reported by Bai and co-
workers (259). As such, we used identical reaction conditions to perform the reaction of
phenyl iodide with butyl acrylate. The authors performed the reaction of phenyl iodide
with butyl acrylate in DMF with 7.4 mol % Pd and obtained a 99% conversion of acrylate
1 (scheme 6.7) after 23 h reaction time. Moreover, they could recover their catalyst and
use it repeatedly without loss of activity after washing several times with EtOH and water.

Having in our hands both a crosslinked and a non-crosslinked membrane containing Pd
NPs, we performed the same Heck reaction, using 1.5 equivalent of the acrylate, 2.7
equivalent of EtsN and 7.4 mol % Pd from the either crosslinked or non-crosslinked
material. After 14 h we observed complete consumption of the starting iodide and the
formation of product 1 in 88% yield (isolated yield) with both catalysts used (scheme 6.7).
Under these conditions the non-crosslinked membrane dissolved to give a dark brown
coloured solution as expected. The crosslinked membrane demonstrated higher tolerance in
the reaction conditions employed (DMF, 125 °C, reaction time: 14 hr). An attempt to
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isolate the polymer catalysts by filtration upon completion of the reaction led to low

recoveries of up to ~ 60%.

Pd (7.4 mol %)
EtzN (2.7 equiv.)
DMF, 125°C, 14 h

Phl + /YOnBU PhWO”Bu

') 88% e)

1.5 €quiV. 1

Scheme 6.7: Heck reaction between iodobenzene and n-Butyl acrylate using the PVP-Pd electrospun
membrane as heterogeneous catalytic support.

A better way to isolate the catalyst was required, as well as a reduction of catalyst loading
that would prove the usability of the method. Using a lower loading of Pd (2.4 mol %) and
reducing the reaction temperature to 100 °C the reaction was successful with both the
crosslinked and the non-crosslinked polymer systems, giving good yields of product (table
6.11). Most importantly, a change in reaction work-up allowed the recovery and reuse of
the colloidal PVP-Pd nanocatalyst generated via dissolution of the membranes under the
reaction conditions employed. In order to verify whether the catalysts could be reused and
whether there was any notable difference between the two catalytic systems, the reaction
was repeated up to three times. Gratifyingly, both catalysts were active even during the 3™

run and gave consistent high yields of product.

Table 6.11: Heck reaction with PVP-Pd electrospun membranes.

Heck reaction with PVP-Pd electrospun membranes

Pd (2.4 mol %)
| EtsN (2.7 equiv.)
O'Bu 0 Ph._~__ O"B
= DMF, 100 °C, 14 h u
Phl + /ﬁg g
@]
1.5 equiv.

1

Reaction run Electrospun membrane  Yield of 1
(%)

Crosslinked 97

" 88

" 89
Non-Crosslinked 98
) 96

95

WNEFP WN P
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The reactions involving the crosslinked material showed a marked drop in product yield
(from 97% in run 1 to 88 and 89% in runs 2 and 3), however, a similar drop was not
observed with the non-crossiinked membrane. This phenomenon may be due to a partial
destruction of the membrane morphology under the reaction conditions employed that may
have led to a reduction in its active surface area and consequently to a decrease in its
catalytic efficacy. To verify this hypothesis SEM anaysis was performed on the
crosslinked PV P-Pd membrane recovered after 3 consecutive reaction runs. Indeed, as seen
in the SEM images provided in figure 6.64 (b), cylindrical fibers with larger mean
diameters compared to the as-prepared crosslinked analogue (figure 6.64 (a)) were
obtained after 3 reaction runs. The above-mentioned problem may be overcome by
performing the Heck reaction in different organic solvents or under milder reaction

conditions.

Figure 6.64: SEM images of (a) the as-prepared PVP-Pd crosslinked membrane and (b) the crosslinked

PVP-Pd membrane recovered after 3 reaction runs.

Suzuki reaction: To further evaluate the versatility of the crosslinked PV P-Pd el ectrospun
fibers as coupling agents, a classical Suzuki reaction was then attempted. The Suzuki
reaction between phenylboronic acid and 4-iodoanisole was successful in the absence of a
phosphine ligand, using THF and water as the reaction solvents. Furthermore, the
reusability of the catalyst was briefly investigated with up to 3 consecutive coupling
reaction runs being effective. Interestingly, after three reaction cycles a gradual increase of
the reaction time was observed indicating a drop in the reactivity of the catalyst. However,
even in this case the obtained yields of the product (4-methoxybiphenyl, 2 — scheme 6.8)
were still high (> 92%).
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PhB(OH), (1.5 equiv.)
Pd (1.6 mol %)
K>,CO3 (2 equiv.)

THF/H,0, 80 °C
I@OMe - Ph@OMe

run 1: 98%, 48 h
run 2: 96%, 60 h
run 3: 92%, 72 h 2

Scheme 6.8: Suzuki reaction between 4-iodoanisole and phenylboronic acid performed in the presence of
the crosslinked PVP-Pd membrane.

Click chemistry: The well-known click chemistry is used to afford inert triazole units
from Huisgen [3+2] cycloadditions between organic azides and terminal alkynes and it is
catalysed by copper(l) sdts (382). Some of the click reaction strategies that have been
developed involve apart from the introduction of Cu(l) salts, their generation in situ from
Cu(ll) in the presence of a reducing agent as well as from metallic copper oxidized in situ
by air (383). An improvement to this procedure has been the use of solid supported copper
NPs which results in reusable catalysts and reduces both the amount of copper needed in
catalysis and also copper contamination of the products (384). This first use of electrospun
PV P-Cu20 NPs expands the usability and flexibility of this reaction.

The click reaction between benzyl azide and phenylacetylene in the presence of EtsN and
PVP-Cu.0O electrospun nanocomposite membranes (crosslinked) was investigated. The
reaction was successful with the starting materials been consumed within 2 h and the
product 1-benzyl-4-phenyl-1H-1,2,3-triazole (3) was isolated in 87% yield (scheme 6.9).
The polymer catalyst was reused in three consecutive reaction runs, and a small drop in
product yield was observed indicating a gradual |oss of catalyst reactivity over consecutive
runs (scheme 6.9). SEM characterisation of the crossiinked PVP-Cu,O membranes after 3
runs revealed that athough the fibers retain their cylindrical shape they tend to merge
(figure 6.65), in line with the above-discussed results on the PVP-Pd crosslinked

membrane employed in the Heck reaction processes.
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Cu,0 (2.5 mol %)
EtsN (1.1 equiv.)
dioxane, 60°C,2h Ph

Bn—N3; + Ph— - /N:N
(1.1 equiv.) run 1: 87% Bn
run 2: 83%
run 3: 77% 3

Scheme 6.9: Click reaction between benzyl azide and phenylacetylene performed in the presence of the

crosslinked PVP-Cu,0O electrospun nanocomposite membrane.

Figure 6.65: SEM images of the (a) as-prepared PVP-Cu,O crosslinked electrospun membrane and (b) the
crosslinked PVP-Cu,O membrane upon completion of the click reactions (after 3 reaction cycles).

In conclusion, catalytic Pd and Cu>O NP have been immobilized into electrospun PVP
crosslinked mats and the resulting fibrous nanocomposites were evaluated as
heterogeneous catalytic supports in Heck, Suzuki (PVP-Pd) and click chemistry (PVP-
Cu20) reactions. By employing a new recovery protocol, the crosslinked membranes can
be easily recovered and re-used as demonstrated by the fact that they remained
catalytically active even after 3 consecutive reaction runs exhibiting high catalytic
efficienciesin all cases. The high versatility of PVP to act as effective steric stabiliser for
various NPs in organic solvents (including Ag, Au, Cu, Pd, Cu2O etc.) allowing for their
intermixing within a single electrospun fibrous membrane, creates new prospects for the

future development of multifunctional electrospun catal ytic supports.
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In the present work, novel electrospun fibrous membranes comprised of polymers with
specific functionalities combined or not with inorganic nanoparticulate systems were
fabricated, characterized and evaluated in drug delivery, environmental, and catalytic
applications. These polymer-based fibers were successfully generated by means of the

electrospinning technique.

Firstly, multi-responsive polymer-based nanocomposite membranes consisting of
biocompatible and biodegradable polymers and magnetite nanoparticles were fabricated,
characterized by various techniques and evaluated as drug delivery and hyperthermia-
induced materials. More precisely, electrospun magnetoactive fibrous nanocomposite
membranes based on the water soluble and biocompatible poly(ethylene oxide) (PEO), the
biocompatible and biodegradable poly(L-lactide) (PLLA) and pre-formed oleic acid-coated
magnetite NPs (OA.Fe304) have been fabricated and characterized by different methods to
obtain information on their morphological characteristics, composition, thermal and
magnetic properties. These magnetoactive fibrous membranes, exhibited tunable
superparamagnetic behavior in the presence of the magnetic field at temperatures suitable

for biological applications.
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Moreover, the widely wused phenolic pharmaceutical N-acetyl-p-aminophenol
(acetaminophen (paracetamol)) has been encapsulated within the membranes and the
resulting drug loaded electrospun mats were evaluated in controlled drug delivery. Our
findings suggested that the presence and the presence of OA.Fe304 and the protein content
of the release are critical parameters for the drug release rate. In the absence of magnetite,
a relatively high drug percentage (~ 35%) is retained within the PLLA insoluble phase of
the membrane. This percentage was found to significantly decrease by increasing the
magnetic content reaching ~ 5% in the PEO/PLLA/OA.Fe30s membrane with the highest
magnetic content (70% wt.). The high concentration of protein in the fetal calf serum
(FCS) present in complete media caused further reduction of the release rate. Such changes
could be attributed to intermolecular interactions between serum proteins, acetaminophen
and polymeric fibers. The heating ability of the magnetoactive fibrous nanocomposites was

also successfully tested for hyperthermia remote induction through AC magnetic field.

The above-mentioned system was also evaluated for the first time as a substrate for the
removal of metal ions belonging to the lanthanides and actinides including trivalent
europium Eu(l1), tetravalent thorium Th(IV), and hexavalent uranium U(VI) from aqueous
media. The experimental data indicated increased affinity of the membrane for the metal
ions, which was pH dependent and reached maximum values (>90 %) for Eu(lIl), Th(IV)
and U(VI) at pH 6, pH 3 and pH 6, respectively. The maximum adsorption capacity (Qmax)
at optimum conditions was evaluated from the Langmuir isotherm and was found to
amount ~ 6.5, ~ 10.5, and ~ 4.5 mmol-kg™ for Eu(lIl), Th(IV) and U(VI), respectively. In
addition, studies on the effect of ionic strength on the adsorption efficiency, no significant
effect was observed indicating that the adsorption of Th(IV) and U(VI) on the membrane
was most probably based on specific interactions and the formation of inner-sphere surface
complexes. The significantly higher adsorption efficiency of the membrane for Th(IV) in
acidic media (pH < 3) could be utilized for a pH-triggered, selective separation of Th(IV)
from Eu(l11) and U(VI) from aqueous media.

The prepared PEO/PLLA and magnetoactive PEO/PLLA/OA.Fe304 membranes were also
evaluated for the first time for the removal of MG from aqueous solutions. An in-depth
investigation of the efficacy of the (Malachite Green) MG removal from aqueous solutions
was carried out, recording experiments on the effect of pH, initial dye concentration
(adsorption capacity of the membranes), and membrane magnetic content. Moreover,
changes in free energy (AG), enthalpy (AH®) and entropy (AS°) were determined from
adsorption experiments carried out at different temperatures. Most importantly, it was
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found that the presence of FesOs4 NPs within the membranes seems to disfavor the
adsorption process. In addition the obtained results showed that adsorption also depends on
operating variables including initial MG concentration and solution pH. The
thermodynamic parameters determined from temperature dependent adsorption
measurements suggest that the adsorption of MG onto the FesOs-free and the FezOs-

containing membranes is spontaneous and endothermic.

In conclusion, the demonstration of the ability of these materials to act as effective
adsorbents for MG and harmful metal ions combined with the possibility of their recovery
from aqueous solutions upon applying an external magnetic field and their recyclability,
provides a promising tool for the future development of highly efficient, stimuli

(magneto)-responsive adsorbents for the removal of hazardous materials from wastewater.

Methacrylate-based random copolymers that were in house synthesized were used for
fabricating functional electrospun fibrous membranes that were further evaluated in water
remediation processes. More precisely, methacrylic random copolymers based on methyl
methacrylate (MMA) and 2-(acetoacetoxy)ethyl methacrylate (AEMA) (MMA-co-AEMA)
were synthesized by free radical polymerization and further combined with pre-formed
oleic acid-coated magnetite (OA.Fes04) nanoparticles for the generation of magnetoactive,
electrospun microfibrous nanocomposite membranes. A series of well-defined
nanocomposite membranes was fabricated and characterized. The incorporation of pre-
formed oleic acid (OA)-coated magnetite NPs within the membranes, resulting to a
superparamagnetic response combined with the presence of fS-ketoester metal binding
functionalities that were present on the polymer chains allowed for their evaluation as
adsorbants for the removal of Eu(lll) metal ions from aqueous media. The resulting
membranes were further characterized in term of their morphological and thermal
properties. The maximum adsorption capacity of europium onto electrospun membranes
was found to be ~ 14 and ~ 17 mmol-Kg* for the OA.FesO4-free and nanocomposite
fibrous membranes respectively. A comparison of the adsorption efficiency of the
PEO/PLLA and the PEO/MMA-co-AEMA electrospun fibrous membranes demonstrated
that the latter act as more effective adsorbents for Eu(lll) ions. More precisely the
PEO/PLLA system reaches a Qmax at ~ 6 mmol-Kg* whereas the PEO/PMMA-co-AEMA
membrane exhibits a significantly higher value ~ 14 mmol-Kg™. Those findings verify our
initial hypothesis that the presence of the p-ketoester metal binding groups within the

membranes may assist favourably the sorption process.
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Additionally, polymethacrylate-based fibrous membranes, consisting of benzyl
methacrylate (BzMA) and methyl methacrylate (MMA), in the form of MMA-co-BzMA
random copolymers, were also prepared and used as adsorbents for the removal of organic
water-soluble pollutants from aqueous solutions including metronidazole and 1,2
dichlorobenzene. The adsorption affinity studies showed that the MMA-co-BzMA-based
fibrous membranes demonstrated sorption only for the organic pollutant 1,2
dichlorobenzene.

In an effort to further expand the polymer-based magnetoactive electrospun membrane
families, prepared in this Thesis, the fabrication and characterization of electrospun
membranes consisting of the hydrophilic and biocompatible poly(vinyl pyrrolidone) (PVP)
the hydrophobic and biodegradable poly(L-lactide) (PLLA) and pre-formed oleic acid-
coated iron oxide nanoparticles (OA.FesO4) has been also carried out. The fabricated
fibrous membranes were characterized in terms of their morphology providing information
on the fiber diameters, which were strongly affected by the solution properties, as well as
the morphological/dimensional characteristics of the embedded OA.FesOs NPs. The
nanocomposite microfibrous membranes, with uniformly dispersed of magnetic NPs
within the fibers, exhibited superparamagnetic behavior at room temperature that can be
tuned depending on the magnetic content. The additional ability of PVP for self-
crosslinking when exposed to UV irradiation or upon thermal treatment allows for the
future development of highly stable in aqueous media PVP-based crosslinked fibrous
magnetoactive nanocomposites, with potential use in the biomedical and environmental
fields.

Finally, metal NP-containing electrospun polymer-based nanocomposite fibrous
membranes were successfully prepared upon the incorporation of inorganic metal NPs
within polymeric (PVP) fibers enabling the production of materials with special
functionalities and unique properties. Specifically, electrospun fibrous membranes
containing Pd and Cu.O NPs were fabricated aiming toward the investigation of their
catalytic performance in organic reactions. Following synthetic protocols appearing in the
literature stable colloidal solutions of PVP-capped Pd and Cu NPs were prepared.
Subsequently, electrospinning was employed under specific processing conditions
resulting to metal NP-containing fibrous membranes, which then crosslinked via thermal
treatment. The resulting nanocomposite fibrous membranes were evaluated as
heterogeneous catalytic supports in Heck, Suzuki (PVP-Pd), and click chemistry (PVP-
Cu20) reactions. By employing a new recovery protocol, the crosslinked membranes can
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be easily recovered and re-used as demonstrated by the fact that they remained
catalytically active even after 3 consecutive reaction runs exhibiting high catalytic
efficiencies in all cases. The high versatility of PVP to act as effective steric stabiliser for
various nanoparticles in organic solvents (including Ag, Au, Cu, Pd, Cuz0 etc) allowing
for their intermixing within a single electrospun fibrous mat, creates new prospects for the

future development of multifunctional electrospun catalytic supports.
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