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Abstract

In this work silica nanoparticles were incorporated in a polymeric matrix (fibers) aiming at the production of new composite materials that can
be useful for the development of nanomaterials and/or microanalysis systems. Polyethyleneoxide and Ludox TM-50 were used as phases for elec-
trospinning. Due to the high amount of effective charge present in the solutions, a new setup for electrospinning was devised by adding another
electrode to a conventional deposition system. The presence of this electrode was investigated numerically using electrostatic application mode of
the COMSOL Multiphysics 3.2b package. The simple model developed to explain the nanoparticle behavior for the used electrospinning setup
showed good agreement with the experimental results and can be useful for simulations in the production of similar composites. Fibers with a high
amount of particles were obtained using this third electrode biasing the flow in a preferred direction. Infrared spectra, EDX and SEM microscopy

analysis show nanoparticle incorporation in the fibers.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Invented in the 1930s, electrostatic deposition (or electro-
spinning) technique has recently gained significant interest
because it can produce a variety of ultra fine polymer fibers
in the micro or even nano-scale diameters at low cost [1—5].
Huang et al. [1] compared in detail this technique with others
used to obtain polymeric fibers and, also, gave extensive infor-
mation about the use of different types of polymers with elec-
trospinning. Recent works have demonstrated the feasibility of
obtaining alignment of fibers and structures (normally pads for
electric contact) previously defined on the substrate [6,7].

A typical electrospinning process is depicted in Fig. 1 [1].
An electrostatic field is used to form and accelerate liquid jets
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from the tip of a capillary. The surface of a hemispherical lig-
uid drop suspended in equilibrium at the end of the capillary
will be distorted into a conical shape in the presence of the
electric field. The balancing of the repulsive force, resulting
from the induced charge distribution on the surface of the
drop with the surface tension of the liquid, causes this distor-
tion. Once a critical voltage is exceeded, a stable jet of liquid
is ejected from the cone tip. For a sufficiently viscous liquid
the jet travels to the grounded target and the solvent evapo-
rates. Charged polymer fibers are formed and lay themselves
randomly on the collecting metallic electrode.

It is well known that the morphology of the resulting fibers
is determined by a synergetic effect of solution parameters and
electrostatic forces [8—12]. These parameters include viscos-
ity, surface tension, concentration and dielectric properties of
the spinning solution and process parameters such as the
feed rate of the solution to the tip and acceleration voltage.
Controlling the process parameters, the fibers can be
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Fig. 1. Schematic diagram of an electrospinning process.

electrospun from different precursor solutions and their melts,
like water-soluble polymers, biopolymers, suspensions con-
taining particles, etc [1].

Silica nanoparticles present promising characteristics, such
as good thermal and chemical resistance besides its relative
biocompatibility, high surface area useful for catalytic pur-
poses, and others [13—15]. All these properties strongly sug-
gest the use of these particles in new materials development.
However, up to now the use of silica nanoparticles for the
development of microstructures for sample pretreatment in
catalytic devices, has not being fully explored [16]. Moreover,
although there are several methods to produce these micro-
structures, the use of electrospinning of an organic polymeric
fiber to support these nanoparticles has not been attempted yet.
Nonetheless, this possibility requires only two steps and con-
sists of a simple method to distribute the particles saving their

vast superficial area, which allows the better use of their cat-
alytic properties [15].

Therefore, the aim of this work was to produce new com-
posite materials, useful for the development of nanomaterials
and/or microanalysis systems, using the electrospinning of dis-
persed organic and inorganic compounds in water, an environ-
mentally mild solvent [17,18].

2. Experimental
2.1. Simulations

In order to understand the electrostatic interactions in the
electrospinning setup, simulations were performed using
COMSOL Multiphysics (FEMLAB) 3.2b [19] in a Pentium
Dual Core platform (2.66 GHz, 4 GB of RAM). Fig. 2 shows
the used design and mesh configuration (251,776 elements).
The syringe is divided into two distinct parts: the metallic nee-
dle, which is considered inside the apparatus environment and
may influence the electric field on the surroundings, and the
body, which is not relevant to the electric field application.
The surrounding environment is considered as a square area
that contains the main parts of the setup. Table 1 describes
the potentials applied and materials of the main parts of the
experimental setup.

Electrospinning was usually processed using tens of kV of
DC voltage applied to two electrodes (syringe needle and col-
lector in Table 1) that are positioned tens of centimeters apart.

S5cm
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C—1 Surrounding environment - Collector
Syringe
needle (wm|
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i

-

3rd electrode

Scm

Fig. 2. Design and mesh configuration (251,776 elements) used in simulations with COMSOL Multiphysics.
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Table 1
Potentials applied to the main parts of the experimental setup and materials

Setup parts Material Applied potential

Stainless steel +15kV; £35kV
Stainless steel ov

Stainless steel +500 V; £250V; 0V,
without electrode
Floating or grounded

Syringe needle
Collector
Third electrode

Surrounding environment Air

Since the nanoparticles require high amount of effective
charges in order to be dispersed in water, the electrospinning
might be hindered due to particle repulsion. Therefore, we
propose the addition of a third DC voltage electrode to the
setup in order to direct the nanoparticles, and, consequently,
the obtained composite fibers. This is a small electrode posi-
tioned between the syringe and the collector screen.

The simulations were performed considering total number
of charges 10" or 10?° on the nanoparticles. The lower total
charge corresponds to a very diluted solution containing silica
nanoparticles and the higher total charge to a solution contain-
ing nearly 10% of silica nanoparticles dispersed in the sol-
vent. Whereas the nanoparticles are negatively charged,
because the surface corresponds to silicate ions, the solution
itself is positively charged due to the presence of sodium
ions as counter ions.

Finally, a homogeneous Neumann condition [20,21] was
assumed for all simulations, unless another condition was
specified.

2.2. Materials and methods

The reactants are (a) polyethyleneoxide (PEO) (molecular
weight: 2,000,000), (b) Ludox TM-50 (a commercial suspen-
sion of silica nanoparticles) from Aldrich Co., (c) a buffer so-
Iution (pH 10.00; color-coded blue — potassium carbonate/
potassium tetraborate/potassium hydroxide/disodium EDTA
dihydrate), (d) ethanol, and (e) isopropanol, all from Fisher
Sci. All solutions used deionized water. Silicon wafers were
used as substrates for fiber deposition.

The solutions were analyzed by infrared spectroscopy on
the transmission mode while the thin films on silicon wafers,
obtained by spinning (1000 rpm, 45 s), were analyzed by the
attenuated total reflectance (ATR) mode. Fibers’ dimensions
and morphology were determined by optical and scanning
electron microscopy (SEM). The chemical composition of
these fibers deposited on silicon was obtained using the
SEM EDX module or infrared using the ATR mode.

3. Results and discussion
3.1. Simulations

The electrospinning process requires the formation of Tay-
lor’s cone [22]. This effect depends on several parameters, one
of the particular relevance being the electric potential applied
to the syringe needle. The influence of the electric field is even

more significant if charged particles and polar solvents or
polymers are used, due to their electric repulsion.

Considering the conditions presented in Table 1, typical
simulation results (presented in Fig. 3) reveal that the elliptical
shape of the equipotential lines, which favors the formation of
Taylor’s cone, can be observed only if the equipotential lines
in the surrounding environment end at the base of the syringe
needle, Fig. 3a and a’ (detail). Equipotentials ending at the
needle outlet, Fig. 3¢ and ¢/, corresponds to a condition where
a strong perturbation, such as a different material, electrically
grounded, is placed at the surrounding surface, which may
distort the shape of the Taylor’s cone and the drop that forms
the fiber. An intermediate state is found in Fig. 3b or b’ and
corresponds to a perturbing object placed in the middle of
the needle.

A perturbing electric field in front of and near the outlet of
the syringe needle was added to the simulation, by the addition
of an array of negatively charged particles (100 elements,
elliptical shape, maximum size of 20 pm, distance from the
needle outlet = 150 pm, 10® total number of charge/each ele-
ment). This condition corresponds approximately to a cloud
of nanoparticles frozen immediately after the ejection from
the needle. Typical results are presented in Figs. 4 and 5. As
can be seen in Fig. 4, the maximum disturbance of the electri-
cal field is found for surroundings with floating potential, since
the nanoparticles array does not allow the electric field to
penetrate the base in the direction of the grounded electrode.
However, this shielding effect is reduced for grounded sur-
roundings, as presented in Fig. 5.

Note how this simple and qualitative model allows for a
better understanding of the influence of charged particles in
the fibers’ formation process.

In order to compensate for the disturbance caused by the
highly charged particles in the simulations, a third (small)
electrode was added to the system, as described earlier. For
all conditions it was assumed that the equipotentials through
the environment ends at the base of the needle, as shown in
Figs. 3a and 4a, which represent less disturbed conditions.
Figs. 6—9 show the electric field streamlines (perpendicular
to the equipotentials) with or without the additional electrode,
as a function of the potential in the surrounding environment.
As can be seen in Fig. 6, there is no meaningful difference be-
tween floating and grounded environment if the third electrode
is not used. Similar results can be obtained using negative
potentials or higher values such as +35 kV.

With the addition of the third electrode, which corresponds
to an electrostatic lens and a disturbance to the grounded con-
dition, the electric field is highly dependent on the surrounding
conditions. For grounded surrounding conditions, as shown in
Figs. 7 and 8, the addition of the third electrode plays an im-
portant role even at 0 V but does not show any dependence on
needle potential. Applying a potential of 0 V at the third elec-
trode it acts as a convergent lens, that orients and/or confines
(focus) the electric field (Figs. 7b and 8b). If the electrode po-
tential is opposite to that of the needle (Figs. 7c and 8a), the
electrode acts as a more potent lens, which allows for diver-
gence. Finally, with an equivalent charge accumulation
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Fig. 3. Equipotential lines for a not grounded surrounding environment (floating potential) ending at (a, a’) the base, (b, b’) the middle and (c, ¢’) the outlet of the
syringe needle. Potential applied to the syringe was +15 kV and surroundings with floating potential.

(potential) (Figs. 7a and 8c) repulsion occurs and a high diver-
gent lens is obtained between the needle and the third
electrode.

For floating surrounding environment, or even with
a grounded electrode much bigger than the third electrode as
presented in Fig. 9, any set of parameters displays a similar re-
sult and the typical solution is shown in Fig. 9a. Therefore, the
third electrode always allows for directing the electric field.

However, if a severe perturbation in the needle outlet
occurs, e.g. a non-homogeneous Neumann condition, the third
electrode no longer acts as a convergent electrostatic lens
(Fig. 9b). On these conditions a Taylor’s cone probably will
not be formed.

The numerical simulations point out the use of a third elec-
trode in order to orient the electric field, which creates prefer-
ential paths for the charged nanoparticles slurry throughout
the chaotic process of electrospinning. Thus, an array of

nanoparticles, similar to the one used previously, was simu-
lated using the conditions in Fig. 9. The obtained results are
the same for both surrounding environment conditions and
the typical equipotential lines are shown in Fig. 10.

This last result is quite similar to the one obtained in Fig. 4
and shows that the third electrode plays an important role once
the field is oriented so it passes through it on both conditions.
Considering the results obtained, a setup including the third
electrode was built and fibers were deposited using silica
nanoparticles dispersed on PEO.

3.2. Fiber formation

There are some constraints to the complete mixture of the
reactants and consequently to obtain one stable slurry of
PEO with dispersed silica nanoparticles (Ludox), such as (a)
the stability of Ludox dispersion is quite dependent on pH
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Fig. 4. Equipotential lines for a floating potential ending at (a, a’) the base, (b, b’) the middle and (c, c¢’) the outlet of the syringe needle, with charged particles
disturbing the outlet of the needle surroundings. Potential applied to the syringe was +15 kV and surroundings with floating potential. o is the surrounding
environment; B is the array of charged particles.

Fig. 5. Equipotential lines for a floating potential ending at (a) the base, (b) the middle and (c) the outlet of the syringe needle, with charged particles disturbing the
outlet of the needle surroundings. Potential applied to the syringe was 415 kV and grounded surroundings.
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Fig. 6. Electric field streamlines for a setup without the third electrode, as a function of the surrounding environment potential. Syringe needle potential was
+15 kV and total space charge of 10?°. (a) Grounded; (b) floating.
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Fig. 7. Electric field streamlines for a setup including the third electrode. Syringe needle potential of —35 kV, surrounding environment grounded, and total space

charge of 10%°. Additional electrode at (a) —500 V; (b) 0 V; (c) +500 V.

(a)

(b)

(c)

Fig. 8. Electric field streamlines for a setup including the third electrode. Syringe needle potential of +35 kV, surrounding environment grounded, and total space

charge of 10%°. Additional electrode at (a) —500 V; (b) 0 V; (c) +500 V.

and ionic activity; (b) homogeneity of the PEO emulsion de-
pends on the experimental manufacturing procedures, e.g.
heating. In order to obtain stable dispersions, the following pa-
rameters were evaluated: (a) PEO and/or Ludox concentration;
(b) solvent polarity, using water, ethanol and isopropanol; (c)
ionic activity using pH 10.00 buffer solution and (d) heating.

Table 2 summarizes data obtained by infrared analysis of
slurries and/or dispersions using different solvent polarity,
polymer and particle concentration. Bands were measured
mainly at a wavenumber of 2880 cm ™! (CH,), 1150 cm™!
and 1050 cm™'. The intensity at 1050 cm ™', corresponding
to Si—O—Si groups from silica, was used as a nanoparticles’
concentration index in the composite film. On the other
hand, the amount of polymer was evaluated by the integrated
intensity of the band at 1150 cm™'. Despite proximity in the
spectra, Fig. 13 shows that the interference of one band over

the other, in the fiber samples, is not qualitatively significant
and does not demand correction. Under those circumstances,
the ratio Si—O—Si/C—O was used as a parameter to evaluate
the composition of the final samples. For ethanol, the position
of the CO band has to be considered due to the organic solvent
contribution.

As can be see in Table 2, due to its characteristics, ethanol
samples do not favor particle dispersion. For a similar PEO
concentration, the increase in the relative intensity due to the
buffer solution, most likely is due to the increase in ionic
activity.

In general, in a much-diluted concentration (<10 wt%) the
nanoparticles can be stable in water, and mixtures of water and
alcohol even in concentrated PEO slurries (10 wt%). The use
of buffer solutions favors dispersion, but diminishes the
amount of nanoparticles that can be introduced in the slurry.
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(a) (b)

Fig. 9. Electric field streamlines as a function of surrounding environment.
Syringe needle potential of £15 kV or £35 kV. (a) Floating surrounding envi-
ronment or grounded frontal wall (G); positioned as in Fig. 4a and additional
electrode at 0 Vor 500 V; (b) floating surrounding environment positioned as
in Fig. 4a and additional electrode at 0 V, or £500 V in a non-homogeneous
Neumann condition.

The use of organic solvents shows similar behavior. Moreover,
buffer solutions may lead to nanoparticles’ precipitation after
24 h resting. Heat favors the formation of PEO slurries but
does not preserve the nanoparticles suspended in that slurry.
Therefore, the PEO solutions were prepared and the nanopar-
ticles were added immediately before use. The most stable dis-
persions are 1 wt% PEO, 1 wt% silica nanoparticles in water
or in buffer solution. XRD analysis of PEO solutions, with
or without nanoparticles, did not show any difference, indicat-
ing a low probability of nanoparticles’ aggregation. Fig. 11
shows a typical analysis of these dispersions and also of Ludox
TM-50, for comparison.

Fig. 10. Equipotential lines near the needle considering the disturbance caused
by the presence of charged particles. Potential applied to the syringe was
+15kV.

Table 2

Relative intensity for Si—O—Si/C—O bands obtained by infrared analysis of
emulsions and/or dispersions using different solvent polarity, polymer and
particle concentration

Si—0-Si/C—0
relative intensity

Sample conditions

Concentration Solvent Nanoparticles/
(g PEO/g solvent) PEO weight
proportion

0.0056 Ethanol 1:1 0.08
N.A. Water 1:0 0.05
0.080 Water 1:1 0.31
0.012 Water 1:1 0.35
0.012 Water 1:2 0.39
0.017 Water 1:1 0.19
0.015 Buffer solution 1:1.3 0.23

N.A.: not applicable.

Emulsions or dispersions with water or buffer solution as
solvents were used to make fibers in the setup previously de-
scribed and simulated. The voltages used were 0V, =100 V
and 250 V (from the third electrode to the ground). The use
of a third electrode and positive or negative voltage drives

250

200

150

counts

50

2 theta

Fig. 11. XRD analysis: ll — Ludox TM-50 only; X — PEO emulsion only;
* — Ludox (1 wt%) + PEO (1 wt%) using buffer solution as the solvent;
A — Ludox (1 wt%) + PEO (1 wt%) using water as the solvent.

Table 3
Fiber morphology determined by optical microscopy

Dispersion Applied voltage on third electrode (V)
—250 0 +250
PEO (0.01 wt%) + Thin fibers, Mainly drops Thick fibers,

Ludox (0.01 wt%)
in water

PEO (0.01 wt%) +
Ludox (0.01 wt%)
in buffer solution

smooth surface smooth surface

Thin fibers,
rough surface

Thin fibers,
rough surface

Fibers and drops,
rough surface

Pure PEO (0.01 wt%) Thin fibers, Mainly drops, Drops,
emulsion in water ~ smooth surface smooth surface smooth surface
Pure Ludox TM-50 Drops Drops Drops
dispersion + PEO
(0.01 wt%)
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the flow straight, whereas voltage zero allows for some flow
divergence. However, the removal of the third electrode pro-
duces a condition where the flow can spread completely around
the environment but is preferentially driven to the nearest
grounded surface. No meaningful difference between 100 V
and £250 V was observed. These results are in good agreement
with simulations for a condition with floating surroundings
(Fig. 9a) that better corresponds to our experimental

BI-FEB B&

18 m

E17EER/DE

Fig. 12. SEM analysis: (a) PEO water emulsion; (b) PEO buffer emulsion and
(c) PEO + nanoparticles dispersion. All conditions with the third electrode at
—250 V.

conditions, although the proximity of grounded parts cannot
be ignored as they may explain the occurrence of some fiber
flow divergence for 0 V applied to the third electrode.

Table 3 summarizes the morphology differences found on
deposited fibers using optical analysis if a PEO (0.01 wt%) +
Ludox (0.01 wt%) dispersion is electrospinned. The case of
0V did not seem adequate to drive the nanoparticles in the
direction of the third electrode, as only drops can be collected
on the surface of this electrode. High levels of charges hinder
the fiber formation and the Ludox dispersion only shows the
formation of drops, not fibers, on the third electrode. The
buffer likely allows for a better distribution of the nano-
particles inside the fibers and therefore, a rough surface is
obtained.

SEM analysis showed differences on the fiber surfaces ac-
cordingly if the solution or dispersion was used. Fig. 12 shows
typical results with the third electrode at —250 V. For the PEO
water emulsion (Fig. 12a), it is possible to observe a smooth
surface even near a bead and the same is noticed for PEO buffer
emulsion (Fig. 12b), although this emulsion leads to much big-
ger beads. PEO + nanoparticles dispersed on buffer (Fig. 12c)
shows a rough surface, most likely due to the presence of nano-
particles. Also, infrared analysis shows silica particles inside
the fibers as can be seen in Fig. 13. In this figure, the infrared

PEO thick film

5:‘ Ludox TM-50
<

z

w

c

g |

£

1 1\ Ludox TM-50 +
l‘.,l PEO fiber

A
| '-‘“_“J "'-_.‘,A,_‘.“"-'-"\-”h \N}\ijb

1400 1200 1000
cm-l

Fig. 13. Infrared spectra of PEO thick films, Ludox dispersion and fibers pro-
duced with PEO (0.01 wt%) + Ludox (0.01 wt%) and buffer solution as
solvent.
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Fig. 14. Particles formed with electrospinning process in a (a) dispersion of
nanoparticles in PEO water emulsion (optical microscopy) and in a (b) viscous
emulsion (SEM analysis).

spectrum of the fibers shows bands that can be assigned to
Ludox and PEO.

Highly viscous dispersions (10 wt% PEO, 3 wt% silica
nanoparticles in water) also lead to fiber formation. Some of
these fibers may present particles inside, as can be seen in
Fig. 14a. It is possible to observe in Fig. 14a that several par-
ticles aligned inside a fiber. Nonetheless, nanoparticles easily
aggregate and produce clusters as big as 200 um, as can be
seen in Fig. 14b. EDX analysis of the large clusters presented
in Fig. 14b shows atomic ratio of 1:1 to Si:O whereas the sil-
icon substrate presents 1:0.1. This fact indicates that the large
cluster is formed by coalescence of silica particles. The spher-
ical format and big size suggest that the clusters are formed
during electrospinning process.

4. Conclusion

The simple and qualitative model used to simulate the use
of a third electrode shows a good agreement with the

experimental results and can be used to guide other composite
production.

We demonstrated, experimentally and by simulation, the
advantages of using electrospinning, a simple procedure, to
obtain nanoparticles dispersed on polymeric fibers. Due to
the high amount of effective charges on the dispersion used,
an adaptation of the electrospinning setup was needed, and
the new composite formed can be useful for several applica-
tions, such as sample pretreatment for chemical analysis.
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