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I Introduction

Electrospinning is a physical process
used for the formation of thin fibres in
which a viscous liquid is subjected to an
electrical shear stress by maintaining the
nozzle at a high electric potential [1]. In
the electrospinning process no additional
mechanical energy other than that from
the electric field is applied for the fibre
elongation. Electrospinning was used for
the production of thin fibres of diameter
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smaller than 0.5 um from a variety of
materials [1]. It is important to note that
the supermolecular structure of electro-
spun fibres does not differ significantly
from the that of fibres produced via wet
spinning [2]. It has been shown (cf. [3])
that the diameter of electrospun fibres is
smaller than that of fibres produced by
other methods, for example, blow spray-
ing. Interest in polymer materials has
grown in recent years due to their po-
tential application as smart or intelligent
materials (cf. [4]). It should be mentioned
that electrospinning from a capillary noz-
zle is not the only electrostatic method
for nanofibre production. Fibres can also
be spun from a drum covered by solu-
tion and placed in an electric field [5 - 7].
Such a device, known as a “Nanospider”,
was developed at the Technical Univer-
sity of Liberec and patented.

Electrospraying is a process similar to
electrospinning but is used when the vis-
cosity of the liquid is sufficiently low.
The electric charge draws the liquid from
the capillary nozzle in the form of a fine
jet, which eventually disperses into drop-
lets [8]. The droplets produced by elec-
trospraying are highly charged, usually
close to one-half of the Rayleigh limit,
and can be smaller than 1 pm. The size
distribution of the droplets is usually nar-
row, with low standard deviation. Elec-
trospraying can be used for the produc-
tion of small, nearly monodisperse parti-
cles when a colloidal suspension of solid
nanoparticles or a solution of a material
is sprayed [9]. In electrospraying the size
of the droplets can be controlled mainly
by the liquid flow rate, and the droplet
charge by adjusting the voltage applied
to the nozzle. The charged aerosol is self-

dispersing, which prevents the droplets
from coagulation.

Nanocomposites are materials produced
from various nanosized components of
different physical and chemical proper-
ties, for example, nanofilms produced
from nanoparticles of different kinds,
yarns or fabrics made from different na-
nofibres, or nanofibres blended with na-
noparticles.

In this paper the electrospinning and elec-
trospraying processes were tested as tools
for the production of non-woven nano-
composite fabric from a polymer material
blended with nanometer particles, with
respect to its application for the fabrica-
tion of masks, filters, or scaffolds in bio-
technology. In previous publication [10],
nanoparticles were mixed with polymer
and then subjected to electrospinning.
However, in this method the nanoparti-
cles were covered by polymer and there-
fore not accessible on the surfaces for
catalytic applications. In the experiments
presented in this paper, two separate noz-
zles were used: one for electrospinning,
and the second for electrospraying parti-
cle colloidal suspension. By this method,
PVC, PSU or PA6 (nylon) in suitable sol-
vents were used as electrospun solutions,
and TiO,, ZrO,, MgO, or Al,03 nanopar-
ticles of 20 to 100 nm in size suspended
in methanol were electrosprayed from a
capillary nozzle in order to deposit them
onto the fibres after solvent evaporation.
The diameter of the polymer nanofibres
was smaller than 500 nm. The suitability
of the two main configurations of electro-
spraying/electrospinning for these pur-
poses was investigated: the consecutive
electrospraying of nanoparticle colloidal
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Fig.ure 1. Schematic of the methods for the production of nanocomposite mats: a) in a
two-step process: electrospray deposition after electrospinning; b) via simultaneous elec-
trospinning and electrospraying from two separate nozzles.

suspension after electrospinning polymer
solution, and the simultaneous electros-
pinning of polymer solution and electro-
spraying of nanoparticle colloidal suspen-
sion from two separate nozzles.

B Experimental

Fibres were electrospun from a stainless-
steel capillary of 0.45 mm o.d. and 0.25
mm i.d. diameter, and 15 mm length,
placed horizontally. The fibres were col-
lected on an aluminium drum of 60 mm
diameter, covered with aluminium foil
(10 wm thick), rotating at a rotational
speed of about 3000 r.p.m. The distance
between the nozzle tip and the drum
was about 120 mm. In the simultaneous
electrospraying process, a second capil-
lary nozzle of 0.7 mm o.d. and 0.5 mm
i.d. diameter was placed vertically above
the drum. This nozzle served as a source
of nanoparticles which were deposited
onto the fibres on the rotating drum. The
distance between the nozzle tip and the
drum was 50 mm.

In the two-step process: consecutive
electrospraying after electrospinning,
the electrospun nozzle was replaced with
an electrospray nozzle. This nozzle also
comprised a stainless steel capillary of
0.7 mm o.d. and 0.5 mm i.d diameter.
The distance between the electrospray
nozzle and the drum was 50 mm.

The electrospinning nozzle was main-
tained at a potential of 12 kV by its
connection to a high-voltage supply
(SPELMANN HV SL600W/40kV/PN)
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of positive polarity. The electrospray
nozzle was also connected to a high-
voltage supply (SPELMANN HV
SL300W/30kV/P) maintained at a volt-
age of 8 to 10 kV. The drum was ground-
ed. The electrospinning process was car-
ried out at a 1 ml/h flow rate of polymer
solution for a time of 30 to 60 min. The
particle colloidal suspension was electro-
sprayed at a flow rate of 0.5 ml/h for a
time of 30 - 60 min. The polymer solu-
tions and particle suspensions were sup-
plied to the nozzles using two syringe
pumps of the AP22 type (Ascor - Poland).

In these experiments the voltage and dis-
tances were adjusted for each configura-
tion and particle suspension separately
in order to obtain a stable multijet mode.
Although the viscosity of the polymer so-
lutions was not measured due to the large
volume of solution required for such
measurements, the concentration of each
polymer in a suitable solvent was chosen
experimentally in order to obtain a sta-
ble electrospun jet that produced even,
bead and pore free fibres. Before deposi-
tion, the particles were stirred for a time
of 20 h in methanol with an addition of
Dynasylan ® Memo surfactant in order
to stabilise the suspension. Metal oxide
nanoparticle (MgO, TiO,, ZrO,, and
Al,O3) suspensions in methanol were
used in all these experiments.

MgO particles of 40.3 g/mol (99% met-
als basis) molecular weight and <100
nm in size, TiO, particles of 79.9 g/mol
(99.9% metal based) molecular weight
and mean diameter of 29 nm, and Al,O3

particles of 101.96 g/mol (99.6% purity)
molecular weight and mean diameter of
30 nm were purchased from Alfa Aesar.
ZrO, particles of 123.22 g/mol molecular
weight and mean diameter of < 100 nm
were supplied from Aldrich. PVC
(Mw =233 000) and PSU (Mw =22 000)
were purchased from Sigma-Aldrich
and nylon from UBE Nylon. Dimethyl-
formamide and tetrahydrofuran, used as
solvents for the polymers, were supplied
by Chempur. Methanol, which was used
as solvent for nanoparticles, was supplied
by POCH Gliwice (Poland).

The electrospinning process was carried
out under a fume hood at room tempera-
ture in air with a relative humidity of
45 - 50%. Spray plumes were recorded
using a PANASONIC NV-GS 400 CCD
camera. The structure of the nanocom-
posite materials produced by electrospin-
ning and electrospraying was tested un-
der a Zeiss EVO-40 or FEI Quanta 200
scanning electron microscope.

@ Results

Nanocomposite non-woven fabric from
polymer material blended with nano-
particles was produced via simultaneous
application of electrospinning and elec-
trospraying processes. Polymer nanofi-
bres were produced from PVC, PSU and
nylon. PVC (9 wt.%) was dissolved in a
mixture of DMF (dimethylformamide)
and THF (tetrahydrofuran) (1 : 1), PSU
was dissolved in DMF (20 wt.%), and
nylon was dissolved in 1,1,1,3,3,3 Hex-
afluor-2-propanol (8 wt.%). Metal oxide
nanoparticles such as TiO,, ZrO,, MgO,
and Al,O3 of 20 to 100 nm in size were
suspended in methanol with Dynasylan®
Memo surfactant. The diameter of fibres
produced was smaller than 500 nm.

The schematics of the experimental
set-up are shown in Figure 1. The two
main configurations of electrospinning
and electrospraying from the two sepa-
rate nozzles used for nonwoven fabric
production are consecutive electrospin-
ning followed by electrospraying (Fig-
ure 1.a), and simultaneous electrospin-
ning and electrospraying (Figure 1.b).
In the first configuration the electrospun
fibres were deposited onto a substrate (Al
foil) covering a rotating drum, and after
the process was completed, the electro-
spinning nozzle was replaced with an
electrospray nozzle which dispersed the
nanoparticle colloidal suspension. In
the second configuration two separate
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Figure 2. Electrospray plumes taken with a stroboscopic light of 3 ws: a) multijet modes for
electrosprayed MgO suspension in methanol with Dynasylan® Memo surfactant, at a flow
rate of 1 ml/h; b) single electrospun fibre of PVC.
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Figure 3. SEM images of PVC electrospun fibres with deposited MgO nanoparticles (par-
ticle concentration: 0.6 wt.%): a) Simultaneous electrospinning and electrospraying proc-

ess; b) Postspinning deposition.

F21m

Figure 4. SEM images of PVC electrospun fibres with deposited Al,O3 nanoparticles (par-
ticle concentration: 0.6 wt.%): a) Simultaneous electrospinning and electrospraying proc-

ess; b) Postspinning deposition.

nozzles were used over a rotating drum
simultaneously. In each case, after the
particles were deposited, the fabric was
dried at a slightly elevated temperature,
for example, at 45 °C or in a vacuum
chamber before its inspection under a
scanning electron microscope.

Examples of spray plumes, the multijet
modes of electrospraying and the elec-
trospinning of PVC solution are shown
in Figures 2.a & 2.b, respectively. In
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the multijet mode the droplets are small
and allow the generation of smaller par-
ticles than for other modes. The number
of spray jets during multijet spraying was
4 to 6. Due to mutual electrostatic repul-
sion, the jets were symmetrically distrib-
uted around the capillary rim. For a total
flow rate of 1 ml/h, for example the flow
rate of each of the 5 jets was 0.2 ml/h,
which is favourable for generating sub-
micron droplets. The results presented
were obtained for the multijet mode. Low

particle concentration and ease of evapo-
ration of the solvent enabled the deposi-
tion of particles on the fibres. The struc-
ture of the mats differs depending on the
size of polymer fibres and the structure of
particles deposited.

SEM images of PVC electrospun na-
nofibres with deposited nanoparticles of
MgO, Al,O3, and TiO, are presented in
Figures 3, 4 & 5, respectively. Results
obtained for simultaneous electrospin-
ning and electrospraying processes are
shown on the left, and for post-spinning
deposition on the right. PVC was dis-
solved in a dimethylformamide and tet-
rahydrofuran mixture (1 : 5 : 5). An ad-
dition of dimethylformamide to the spin-
ning solution improves the fibre structure
and reduces the fibre diameter [11, 12].

SEM pictures of electrospun nanofibres
with electrosprayed TiO, nanoparticles
deposited during the postspinning proc-
ess onto PSU and nylon nanofibres are
shown in Figures 6.a & 6.b, respectively.
Figure 7 presents two magnifications of
SEM images of electrospun nylon na-
nofibres with ZrO, nanoparticles depos-
ited during the postspinning process.

From these experiments it can be con-
cluded that the postspinning deposition
forms a denser deposit of particles on the
surface of the mat, but in the simultane-
ous electrospinning/electrospraying proc-
ess the particles are more uniformly dis-
tributed between the fibre layers. No sig-
nificant difference in the process of parti-
cle deposition for various polymers in the
postspinning deposition was noticed. The
mass percentage of nanoparticles in the
nanocomposite membrane determined
from the solution, suspension concentra-
tions and flow rates was about 3%.

It was observed that there is an optimal
viscosity of the polymer solution to be
spun, at which the fibre is homogene-
ous and beads within the fibres are not
produced, confirming the earlier results
of Doshi and Reneker [13] obtained for
PEO, and Zong et al. [14] for poly(D,L-
lactic acid). Beads are sometimes formed
within the electrospun fibres as an effect
of local higher dilution of the polymer
solution and incomplete solvent evapora-
tion. Earlier results obtained by Jaworek
et al. [15] for water-glycol mixtures
showed that the diameter of the jet de-
creases at higher viscosities of the liquid,
which should also indirectly indicate a
decrease in fibre diameter. Son et al. [16]
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noticed that a higher dielectric constant
of the solvent used for the polymer so-
lution helps to decrease the diameter of
electrospun fibres. During the experi-
ments, it was also observed that the mul-
tijet mode of spraying is more effective
for nanofibre coating than the cone-jet
mode, resulting in denser and more uni-
form coverage of fibres.

@ Conclusions

This paper provides experimental results
of electrospray deposition of metal-ox-
ide nanoparticles on electrospun PVC,
PSU and nylon nanofibres. The non-
woven mats obtained are porous, with
the nanoparticles deposited on them in-
creasing the total surface area when the
particle-catalyst is deposited. The reason
for choosing electrospray is that it is is
single-step, low-energy, and low-cost
material processing technology which
can operate in atmospheric conditions at
an easily controlled production rate by
setting the voltage and flow rate. The ma-
terials are not damaged during the spray-
ing and spinning processes. In order to
improve the electrospinning process, the
solvent mixture used has to be composed
of two components: an easily evaporat-
ing solvent which facilitates cone and jet
formation at the nozzle outlet, and a low-
evaporation rate solvent which allows
further jet elongation.

The technologies tested can be applied
for the production of nanocomposite non-
woven fabrics which could serve, for ex-
ample, as a filtration mat with improved
efficiency due to catalytic material incor-
porated, electrodes of high specific sur-
face area for fuel cells, or scaffolds for
tissue regeneration. Filter mats produced
from electrospun fibres enable gas flow
through the filter but remove particles of
nanometer size. When catalytic material
is deposited onto the fibres, the mat can
also operate as a simultaneous nanoparti-
cle filter and device for removing harm-
ful gases.

Discussing the economic aspects of the
technology presented, it should be noted
that the throughput of electrospraying
and electrospinning techniques is rather
low, which prevents their commercialisa-
tion. One of the possible solutions is us-
ing multinozzle systems, which multiply
the number of electrospinning jets. Elec-
trospinning from a drum covered with
spinning solution seems to be the more
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Figure 5. SEM images of PVC electrospun fibres with deposited TiO, nanoparticles (par-
ticle concentration: 0.6 wt.%): a) Simultaneous electrospinning and electrospraying proc-

ess, b) Postspinning deposition.

Figure 6. SEM images of electrospun fibres with TiO; nanoparticles (particle concentra-
tion: 0.6 wt.%) deposited during the postspinning process: a) PSU nanofibres, b) Nylon

nanofibres.

Figure 7. SEM images of electrospun nylon nanofibres with ZrO, nanoparticles (particle
concentration.: 0.6 wt.%, multijet mode, 8 kV, flow rate: 0.3 ml/h) deposited during the
postspinning process, for two magnifications.

economically viable due to a higher pro-
duction rate.

Acknowledgements

The research was co-sponsored by the Polish
Ministry of Science and Higher Education
(Project No. 83/SIN/2006/02) and Science
& Engineering Research Council A*STAR -
Singapore (Project No. 062 120 0017), within
the Joint Singapore-Poland Science &Tech-
nology Co-Operation programme “Fabrication
of novel nanocomposite filter membranes
for understanding basic principles and their
advanced technology application”.

References

1. Ramakrishna S., Fujihara K., Teo W.
E., Lim T. Ch., Ma Z.; An introduction to
electrospinning and nanofibres. World
Scientific (2005).

2. Bfasinska A., Krucinska I., Chrzanowski
M.; Dibutyrylchitin nonwoven biomaterials
manufactured using electrospinning me-
thod. Fibres & Textiles in Eastern Europe
vol. 12, 4, 2004, pp. 51-55.

3. Krucinska I., Komisarczyk A., Chrza-
nowski M., Paluch D.; Producing wound
dressing materials from chitin derivatives
by forming nonwovens directly from poly-
mer solution. Fibres & Textiles in Eastern
Europe vol. 15, 5-6, 2007, pp. 73-76.

FIBRES & TEXTILES in Eastern Europe 2009, Vol. 17, No. 4 (75)



10.

11.

12.

13.

14.

15.

16.

Boczkowska A., Leonowicz M.; Intelligent
materials for intelligent textiles. Fibres
& Textiles in Eastern Europe vol. 14, 5,
2006, pp. 13-17.

Pfadny M, Martinova L., Michalek J.,
Fenclova T., Krumbholcov E.; Electro-
spinning of the hydrophilic poly (2-hydro-
xyethyl methacrylate) and its copolymers
with 2-ethoxyethyl methacrylate. Central
Europ. J. Chem. vol. 5, No. 3, 2007, pp.
779-792.

fluence of applied voltage on Poly(vinyl
alcohol) (PVA) nanofibre diameter. Fibres
Textiles Eastern Europe vol. 15, 5-6,
2007, pp. 69-72.

R.; The influence of main technological
parameters on the diameter of Poly(vinyl
alcohol) (PVA) nanofibre and morphology
of manufactured mat. Mater. Sci. (Me-
dzZiagotyra) vol. 13, 2, 2007, pp. 152-155.
Jaworek A., Krupa A.; Classification of the
modes of EHD spraying. J. Aerosol Sci.
vol. 30, 7, 1999, pp. 873-893.

Jaworek A.; Micro- and nanoparticle
production by electrospraying. A review.
Powder Technol. vol. 176, 1, 2007, pp.
18-35.

Sundarrajan S., Ramakrishna S.; Fabri-
cation of nanocomposite membranes
from nanofibres and nanoparticles for
protection against chemical warfare
stimulants. J. Mater. Sci. vol. 42, 2007,
pp. 8400-8407.

Lee K. H., KimH. Y., KhilM. S., Ra Y. M.,
Lee D. R.; Characterization of nano-struc-
tured poly(1-caprolactone) nonwoven
mats via electrospinning. Polymer vol.
44, 2003, pp. 1287-1294.

Demir M. M., Yilgor 1., Yilgor E., Erman
B.; Electrospinning of polyurethane fibres.
Polymer vol. 43, 2002, pp. 3303-3309.
Doshi J., Reneker D.H.; Electrospinning
process and applications of electrospun
fibres. J. Electrostatics vol. 35, 2-3, 1995,
pp. 151-160.

Zong X., Kim K., Fang D., Ran S., Hsiao
B. S., Chu B.; Structure and process
relationship of electrospun bioabsorbable
nanofibre membranes. Polymer vol. 43,
2002, pp. 4403-4412.

Jaworek A., Balachandran W., Krupa A.,
Kulon J., Machowski W.; Electrohydro-
dynamic atomization of viscous liquids.
Inst. Phys. Conf. Ser. No. 178, 2003,
pp. 181-186.

Son W. K., Youk J. H., Lee T. S., Park
W. H.; The effects of solution properties
and polyelectrolyte on electrospinning
of ultrafine poly(ethylene oxide) fibres.
Polymer vol. 45, 2004, pp. 2959-2966.

Received 01.12.2008 Reviewed 25.02.2009

FIBRES & TEXTILES in Eastern Europe 2009, Vol. 17, No. 4 (75)

We take pleasure in inviting you to
the next XIPS Conference,

The 8th in a series of meetings on X-Ray Investigation
of Polymer Structure

XIPS’2010

Is scheduled for the beginning of December, 2010

The conference covers all topics concerning polymers structure inves-
tigations with X-rays, including various fields such as X-ray crystallogra-
phy, wide angle (WAXS) and small angle (SAXS) X-ray scattering as
well as novel methods, and instrumentation related to these methods.
Scientists using the neutron scattering method (SANS) are also wel-
come. The previous conference XIPS’07, organised in Cracow, was at-
tended by 75 distinguished scientists from European universities and
scientific institutions.

It is a great pleasure to extend to you our invitation to participate in this
Conference

—

A

For further information please contact:

The Chairman of the Conference

Prof. Jarostaw Janicki, Ph.D., D.Sc.

tel. +48 33 8279 114, fax. +48 33 8279 100
e-mail: jjanicki@ath.bielsko.pl

or
The Secretary of the Organizing Committee

Prof. Stanistaw Rabiej, Ph.D., D.Sc.

tel. +48 33 8279 159, fax. +48 33 8279 100
e-mail: stanislaw.rabiej@ath.bielsko.pl

University of Bielsko- Biata
Faculty of Materials and Environmental Sciences
Institute of Textile Engineering and Polymer Materials
ul. Willowa 2, 43-309 Bielsko-Biata, Poland

81



